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Low extracellular lysyl oxidase expression is associated
with poor prognosis in patients with prostate cancer
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Abstract. Remodeling of the extracellular matrix (ECM),
which is induced by lysyl oxidase (LOX), has been demon-
strated to accompany tumor progression; however, the
association between LOX expression levels and the malignant
behavior of prostate cancer (Pca) remains unclear. The present
study aimed to analyze the tumor-associated expression profile
of LOX in patients with Pca and to evaluate its potential prog-
nostic value. In the form of a retrospective study, the expression
patterns of LOX and collagen I were analyzed in patients with
benign prostate hyperplasia and Pca by immunohistochemical
examination. The results demonstrated that, with the initia-
tion and progression of Pca, the expression levels of LOX and
collagen I were closely associated with Gleason score and
tumor stage. In addition, although LOX was expressed in
cancer and non-cancer tissues, the differential expression
pattern observed in the ECM of Pca cells may indicate that
LOX is an important molecule that affects the progression of
this disease. Therefore, LOX expression level in the ECM may
function as an independent predictor of Pca.

Introduction

Prostate cancer (Pca) is the most common malignancy
affecting American men, with estimated 180,890 new cases and
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26,120 mortalities in 2015 (1). A number of studies have reported
that remodeling of the tumor cell microenvironment-extra-
cellular matrix (ECM) is closely associated with invasion and
metastasis (2). However, the association between ECM remod-
eling and malignant behavior in Pca remains unclear.

The ECM is an omnipresent, three-dimensional structure
located between tumor cells and their surrounding tissues (3).
The function of the ECM is to provide more than just physical
support for tissue elasticity and integrity, since the ECM is
a flexible structure that is continuously remodeled to regu-
late tissue homeostasis (4). Collagen I is the most abundant
ECM scaffolding protein, whose deposition, degradation
and cross-linking affects cell growth and survival, and also
promotes migration (5). In previous decades, a number of
studies demonstrated that lysyl oxidase (LOX) and matrix
metalloproteinases (MMPs) are crucial components of ECM
remodeling (6-8). However, MMP inhibitors have failed
clinically, indicating that other ECM remodeling parameters,
including LOX, may instead regulate malignancy (9,10).

LOX is a secreted, copper-dependent amine oxidase, which
covalently cross-links elastin and collagen in the ECM (11-13).
LOX is implicated in a number of pathological processes that
affect the connective tissue (14,15), including cancer progres-
sion and metastasis (16). LOX protein has been reported to
possess intracellular and extracellular functions (17). Notably,
previous studies have reported contradictory results regarding
the expression of LOX in various forms of cancer (18). However,
the associations between LOX expression, clinicopathological
characteristics and Pca prognosis remain to be elucidated.

Therefore, the present study analyzed the expression of
LOX in benign prostate hyperplasia (BPH) and Pca tissues,
and compared the expression data with the pathological and
clinical tumor features, and with patient prognosis. Further-
more, the current study aimed to explain the association
between LOX and the malignant behavior of Pca.

Patients and methods

Patients and specimens. A total of 113 patients participated in
the present study, with 36 patients having previously undergone
transurethral resection of the prostate (TURP) or suprapubic
transvesical prostatectomy for BPH, and 77 patients having
undergone TURP or radical prostatectomy for Pca. The mean
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Table I. Expression of LOX-cytoplasm, LOX-nuclear and LOX-ECM in BPH and Pca tissues.

LOX-cytoplasm LOX-nuclear LOX-ECM
Characteristic N 0 +1 +2 +3 P-value 0 +1 +2 +3  P-value 0 +1 +2 +3 P-value
BPH 36 3 5 18 10 0.674 8 2 5 21 0.433 2 5 12 17 0.001
Pca 77 5 11 32 24 21 6 11 39 15 31 19 12

Significant differences were observed between LOX-ECM in BPH and Pca tissues, as determined using the Mann-Whitney U test. LOX, lysyl
oxidase; ECM, extracellular matrix; Pca, prostate cancer; BPH, benign prostate hyperplasia.

patient age was 72.3+7.8 years, and the mean follow-up period
was 33.1 months. None of the patients received chemotherapy or
radiotherapy prior to surgery. The surgeries were performed at
the Department of Urology, First Affiliated Hospital of Dalian
Medical University (Dalian, China) between January 2007
and December 2009. The use of the samples was approved by
the Ethics Committee of Dalian Medical University, and all
patients provided written informed consent prior to surgery.
Gleason scores were examined by two senior pathologists who
were experienced in Pca diagnosis. The 36 patients with BPH
formed the control group, while the Pca group was divided
into two subgroups based on Gleason score (32 patients with
Gleason score 2-7 and 45 patients with Gleason 8-10) and pres-
ence or absence of metastasis (50 patients, non-metastasis; and
27 patients, metastasis). The 2002 Tumor-Node-Metastasis
classification system was used for pathological staging (19).

Immunohistochemical staining in human prostate tissues.
Reagents, including anti-LOX (1:200; ab31238) and
anti-collagen I (1:100; ab34710) polyclonal antibodies, were
purchased from Abcam (Cambridge, UK). The BPH and Pca
tissues (3-4 ym thick) were immediately fixed in 10% formalin,
followed by paraffin embedding, deparaffinization and hydra-
tion. For antigen retrieval, all slides were placed in 10 mM
buffer (pH 9.0 LOX; pH 6.0 collagen I) and boiled for 20 min.
Subsequently, 3% hydrogen peroxide in methanol was used to
destroy endogenous peroxidase activity. The tissue specimens
were incubated with primary antibodies at room temperature
for 1 h, followed by incubation with the secondary horseradish
peroxidase-conjugated anti-rabbit/mouse immunoglobulin G
antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
For immunohistochemical staining, an EliVision™ Plus kit
(Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China) was used.
The tissues were stained with 3,3'-diaminobenzidine and
subsequently counterstained with hematoxylin.

Evaluation of immunostaining. The extent of expression of the
target protein was calculated by two independent pathologists
who were blinded to the clinicopathological features of the
patients. For cytoplasm LOX assessment, staining intensity
was scored as follows: 0, negative; +1, weak; +2, medium; and
+3, strong. For nuclear LOX and for ECM LOX and collagen I
assessment, the staining intensity was calculated by averaging
five randomized microscopic fields, and was scored according
to the percentage of positively stained cells out of the total
number of tumor cells or matrix cells. The scoring system was
as follows: 0, 0%; +1, 1-25%; +2, 26-50%;, and +3, >50%.

Statistical analysis. SPSS software version 19.0 (IBM
SPSS, Armonk, NY, USA) was used to perform the
statistical analyses. Differences in LOX and collagen I
expression in Pca and BPH tissues were assessed using the
non-parametric Mann-Whitney U test. The associations
between LOX and collagen I expression in the ECM and the
clinicopathological features of Pca were also assessed by the
non-parametric Mann-Whitney U test. Survival functions
and differences were calculated using the Kaplan-Meier
method and assessed using the log-rank test. Associations
between LOX-ECM expression and collagen I were assessed
using Spearman's rank correlation coefficient and linear
regression analysis, and multivariate survival analyses were
performed using the Cox proportional hazards regression
model. P<0.05 was considered to indicate a statistically
significant difference.

Results

Clinical and pathological variable analysis. Clinicopatho-
logical variables for the patients are summarized in Table I. A
total of 77 patients with Pca who were between 53-86 years of
age (mean, 72.3+7.8 years) were included in the present study.
According to the pathological classification for tumor staging,
33 patients with Pca were considered low grade and 44 patients
were high grade. There were 32 low-to-medium grade cases
(Gleason score, 2-7) and 45 high-grade cases (Gleason
score, 8-10). Follow-up time ranged from 6 to 60 months
(mean, 33.01 months).

LOX and collagen I expression in BPH and Pca. Immunohis-
tochemistry was performed to detect the presence and location
of LOX and collagen I expression in BPH and Pca tissues. The
results demonstrated that LOX was expressed in the cytoplasm,
nucleus and ECM (Table I), while collagen I was expressed in
the ECM (Table II). The cytoplasmic and nuclear expression
of LOX was not significantly different between BPH and Pca
tissues (P=0.674 and P=0.433, respectively). A significant
decrease was observed in LOX and collagen I expression in
the ECM in the Pca tissues compared with the BPH tissues
(P=0.001; Table II).

LOX staining features in the ECM and Pca. The associations
between clinical and pathological variables and LOX expres-
sion in the ECM are presented in Table III. No significant
associations were observed between LOX expression and age
(P=0.826), tumor metastasis (P=0.272) or prostate-specific
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Table II. Expression of collagen I in the ECM in BPH and Pca
tissues.

Collagen I
Characteristic ~ No. 0 +1 +2 +3 P-value
BPH 36 1 2 6 27 0.001
Pca 77 6 45 23 3

Significant differences were observed between collagen I in BPH and
Pca tissues, as determined by the Mann-Whitney U test. LOX, lysyl
oxidase; ECM, extracellular matrix; BPH, benign prostate hyper-
plasia; Pca, prostate cancer.

Table ITI. Association between clinicopathological parameters
and LOX-ECM expression.

LOX-ECM
Variable No. 0 +1 +2 +3 P-value
Age, years 0.826
<72.3 37 7 14 11 5
>72.3 40 8 17 8 7
Stage 0.004
T1-T2 33 3 12 10 8
T3-T4 44 12 19 9 4
Gleason score 0.004
2-7 32 4 10 9 9
8-10 45 11 21 10 3
Metastasis 0.272
No 50 9 19 12 10
Yes 27 6 12 7 2
PSA, ng/ml 0.540
<20 29 5 11 8 5
>20 48 10 20 11 7

LOX staining in the ECM was observed to be significantly associated
with tumor stage (P=0.004) and Gleason score (P=0.004), as
determined by the Mann-Whitney U test. LOX, lysyl oxidase; ECM,
extracellular matrix; PSA, prostate-specific antigen.

antigen (PSA; P=0.54). However, LOX staining in the ECM
was identified to be significantly associated with tumor stage
(P=0.004) and Gleason score (P=0.004).

Association between LOX expression and cancer prognosis.
Associations between overall survival time and LOX expres-
sion parameters were assessed by Kaplan-Meier survival
analysis with a log-rank test. As presented in Fig. 1, the
mean overall survival time significantly decreased in the low
ECM LOX expression group compared with the high ECM
LOX expression group (low LOX in ECM: Mean overall
survival, 27.89 months; high LOX in ECM: Mean overall
survival, 40.61 months; P=0.023).
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Figure 1. Kaplan-Meier estimates of cumulative overall survival time from
LOX-ECM expression levels. Significant differences were observed between
the high- and low-expression LOX-ECM groups, indicating the predictive
value of LOX-ECM expression for prostate cancer. Log-rank test P-values
are presented in the figure. LOX, lysyl oxidase; ECM, extracellular matrix.

A multivariate analysis was performed based on the Cox
proportional hazards regression model that assessed the
independent predictive value of LOX expression in the ECM,
in addition to relevant clinical and pathological parameters,
including tumor stage, age, Gleason score, PSA and distant
metastasis. As presented in Table IV, decreased LOX expres-
sion in the ECM was identified as an independent prognostic
marker for overall survival (P=0.032), in addition to tumor
stage (P=0.005) and Gleason score (P=0.008).

Taken together, these results suggest that the expression
of LOX in the ECM has a prognostic effect independent of
Gleason score and tumor stage, and a decreased expression of
LOX in the ECM predicts an increased risk of tumor-associ-
ated mortality.

Association between ECM LOX and collagen I expression.
To investigate whether LOX expression in the ECM was
associated with collagen I, the most important component of
the ECM (20), the current study analyzed the expression of
collagen I. As presented in Fig. 2, collagen I was primarily
expressed in the ECM, and its expression levels were signifi-
cantly reduced in the Pca tissues compared with the BPH
tissues (P=0.001). The expression of collagen I in the ECM
is in agreement with that of LOX, which suggests that they
are closely associated. Spearman's rank correlation coefficient
analysis identified a significant correlation between ECM
LOX percentage and collagen I percentage (r=0.722; P=0.001).

Discussion

Over the last few years, a number of researchers have focused
on the association between solid tumor ECM remodeling and
malignant behavior (21,22). Previously published results have
indicated that the remodeling of the ECM is important in the
progression of Pca (23-25). LOX is well known for its role in
ECM remodeling, whereby the protein initiates cross-linking
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Table I'V. Cox regression analysis of prognostic parameters for overall survival in patients with prostate cancer.

Overall survival parameters B SE Wald df P-value HR 95% CI

LOX-ECM -0.760 0.355 4.594 1 0.032¢ 0.468 0.233-0.937
Gleason score 1.175 0.440 7.117 1 0.008* 3.238 1.366-7.675
Stage 1.389 0.491 8.002 1 0.005* 4013 1.532-10.508

*Significant values. LOX expression has a prognostic effect independent of tumor stage and Gleason score. B, coefficient; SE, standard error;
df, degrees of freedom; HR, hazard ratio; CI, confidence interval; LOX, lysyl oxidase; ECM, extracellular matrix.

Collagen |

LOX

Figure 2. Immunohistochemical analysis of LOX and collagen I expression in BPH and Pca specimens. (A) Collagen I was primarily expressed in the ECM
of BPH tissues. (B) Collagen I was expressed at low levels in the ECM of low-grade Pca tissues. (C) Collagen I expression was significantly reduced in the
ECM of high-grade Pca tissues. (D) LOX was primarily expressed in the ECM of BPH tissues. (E) LOX was expressed at low levels in the ECM of low-grade
Pca tissues. (F) LOX expression was significantly reduced in the ECM of high-grade Pca tissues. LOX, lysyl oxidase; BPH, benign prostate hyperplasia; Pca,

prostate cancer; ECM, extracellular matrix. Magnification, x400.

of elastin and collagen I (26). However, LOX contradictory
functions have been observed intra- and extracellularly in
different solid malignancies; for instance, LOX enhanced
breast cancer metastasis but had a inhibitory effect on hepatic
and lung cancer (27). Thus, the current study analyzed the
expression levels of LOX and collagen I in Pca and BPH
tissues by immunohistochemistry, and aimed to determine the
association between LOX and the malignant behavior of Pca.
Collagen I is the most abundant scaffold protein observed
in the ECM, and through its organization, orientation and
chemical modification, the malignant behavior of tumor cells
may be altered (28). The mechanism of collagen remodeling
has been studied in a number of solid tumors. For example,
following the deposition and cross-linking of collagen induced
by LOX, it was observed that phosphoinositide 3-kinase
signaling was activated, which promoted invasion and tumor
progression in breast cancer (29). However, in accordance
with a previous study (30), the current study demonstrated
that the expression of collagen I was significantly decreased
in Pca tissues, particularly in advanced Pca, compared with

BPH tissues (Fig. 2A-C). These results demonstrate that
the mechanism of ECM remodeling may vary in different
malignancies.

It is widely understood that collagen cross-linking is
primarily mediated by LOX and LOX-like enzymes, which
are commonly upregulated in various forms of cancer and at
metastatic sites, and that patients with high LOX expression
have poor survival in comparison with those with low LOX
expression (31). In the current study, it was observed that
LOX exhibited a differential expression pattern between BPH
and Pca tissues. In the BPH tissues, LOX was located in the
cytoplasm, nucleus and ECM, whereas in the Pca tissues, a
lower level of LOX was secreted into the ECM. In addition,
the expression of LOX was higher in the low-grade Pca tissues
compared with the high-grade Pca tissues (Fig. 2D-F). The
expression patterns of LOX and collagen I corresponded
to tumor stage and Gleason score (Table IV). These results
demonstrate that the remodeling effect induced by LOX was
present in the ECM in Pca tissues, which is in accordance with
previous studies (32,33).
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Multiple studies have reported that the LOX family
functions intra- and extracellularly in cancer tissues (34). To
maintain homeostasis and tissue stability, LOX is expressed
intra- and extracellularly in normal tissues (35). When tissue
suffers from injury or damage, the oxidative effect induced
by LOX results in the cross-linking of collagen and elastin in
what is known as a host response (36). This response is similar
to the formation of a ‘shell’, repairing the damage and inhib-
iting tumor cell migration (37). Notably, a high expression of
LOX was observed in basal cells, which functions as another
form of ‘shell’ to maintain glandular structure integrity. In the
present study, it was observed that, with the progression of Pca,
LOX expression in the ECM significantly decreased. Subse-
quently, it was speculated that during the initial stages of Pca
development, LOX may drive collagen to form a host response
to repair the damage arising from tumorigenesis. However,
with the progression of Pca, certain hydrolytic enzymes such
as MMPs may inhibit this process through the degradation of
collagen, resulting in a loss of the stimulatory element. This
may be the reason that the expression of LOX decreases in the
ECM with Pca progression.

To the best of our knowledge, LOX, MMPs and fibro-
nectin are key molecules in the ECM remodeling signaling
pathway (38,39). Following the initiation of Pca, the tumor
cells transform to acquire a malignant phenotype. Certain
important proteases, including LOX and MMPs, are secreted
from the intracellular space to the ECM, which may result
in collagen deposition, cross-linking and degradation. These
changes in components result in the remodeling of the cellular
biomechanical microenvironment. The signal transduction
of fibronectin inside tumor cells functions via integrins,
which are molecular switches located on the cell membrane.
In addition, the secretion of focal adhesion kinase and LOX
strengthens the malignant phenotype. Simultaneously, due to
limited space, hyperproliferative cancer cells compress against
each other and generate tension that may result in cytoskeletal
deformation. The change in the biomechanical properties of
tumor cells may also affect the expression of integrins. Finally,
with the simulation of ECM remodeling and biomechanical
changes, the invasive and metastatic ability of Pca cells are
likely to be enhanced (34,40-42).

In conclusion, the present study identified that LOX expres-
sion in the ECM is correlated with Pca stage, Gleason score
and tumor-associated mortality. Expression of LOX protein
also appeared to function as a marker for Pca prognosis. Thus,
LOX may operate as a cancer suppressor in Pca. However,
in vivo experiments are required to confirm the function of
LOX in Pca detection. Furthermore, additional studies are
warranted to further understand the mechanism of LOX in
the regulation of Pca cell apoptosis, proliferation, invasion and
metastasis, in addition to elucidate the association between
LOX and the ECM.
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