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Inhibition of Lysyl Oxidase and 
Lysyl Oxidase-Like Enzymes Has 
Tumour-Promoting and Tumour-
Suppressing Roles in Experimental 
Prostate Cancer
Maria Nilsson, Hanibal Adamo, Anders Bergh & Sofia Halin Bergström

Lysyl oxidase (LOX) and LOX-like (LOXL) enzymes are key players in extracellular matrix deposition and 
maturation. LOX promote tumour progression and metastasis, but it may also have tumour-inhibitory 
effects. Here we show that orthotopic implantation of rat prostate AT-1 tumour cells increased LOX 
and LOXLs mRNA expressions in the tumour and in the surrounding non-malignant prostate tissue. 
Inhibition of LOX enzymes, using Beta-aminopropionitrile (BAPN), initiated before implantation of 
AT-1 cells, reduced tumour growth. Conversely, treatment that was started after the tumours were 
established resulted in unaffected or increased tumour growth. Moreover, treatment with BAPN did not 
suppress the formation of spontaneous lymph node metastases, or lung tumour burden, when tumour 
cells were injected intravenously. A temporal decrease in collagen fibre content, which is a target for 
LOX, was observed in tumours and in the tumour-adjacent prostate tissue. This may explain why early 
BAPN treatment is more effective in inhibiting tumour growth compared to treatment initiated later. 
Our data suggest that the enzymatic function of the LOX family is context-dependent, with both 
tumour-suppressing and tumour-promoting properties in prostate cancer. Further investigations are 
needed to understand the circumstances under which LOX inhibition may be used as a therapeutic 
target for cancer patients.

The Lysyl oxidase (LOX) family has five members, LOX and Lysyl oxidase-like (LOXL) 1–4, which are all secreted 
copper-dependent amine oxidases with the primary function to covalently cross-link collagen and elastin in 
the extracellular matrix (ECM), though intracellular functions of LOX have also been reported1–3. The role of 
the LOX family in cancer is unclear, and the data available (dealing particularly with LOX and LOXL24) suggest 
that these enzymes have both tumour-suppressing and tumour-promoting effects. Increased activity of extra-
cellular LOX remodels the ECM and creates a stiffer microenvironment that promotes tumour progression and 
metastasis5,6. LOX promotes tumour cell invasion6–8, and is required for pre-metastatic niche formation9. LOX 
secreted by breast cancer cells, has been shown to induce pre-metastatic bone lesions that precedes and facilitates 
the formation of bone metastases10. Inhibition of LOX has been found to suppress the establishment of lung 
and liver metastases in an orthotopic breast cancer model6. Recently, LOX was shown as a predictive marker 
in pancreatic cancer, and inhibition of LOX in mouse models of pancreatic tumours reduced metastases and 
affected primary tumours in combination with gemcitabine8. Tumour-secreted LOXL2 activates fibroblasts and 
induces collagen remodelling in the ECM11. Furthermore, LOXL2 has been shown to promote tumour growth 
and metastasis in a breast cancer model12,13, and is critical for niche formation in hepatocellular carcinoma14. 
LOXL4 increases proliferation and metastasis in gastric cancer15, and silencing Loxl4 expression in bladder cancer 
using miRNA-193a-3p retards tumour growth16. These results have implicated LOX, LOXL2 and LOXL4 as pos-
sible therapeutic targets, particularly for metastatic disease. However, other studies have suggested that the LOX 
enzymes suppress tumours. LOX inhibits HRAS-induced tumour formation and reverses HRAS transformation 
of fibroblasts17,18. LOX is secreted as a proenzyme and it is subsequently cleaved into catalytically mature LOX and 
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a LOX propeptide (LOX-PP)2,19,20. The LOX-PP has tumour-suppressing properties21–23. Reduced LOX expression 
has been observed in a number of cancers, and has implicated LOX as a tumour suppressor gene24–26. It has also 
been suggested that LOXL1 and LOXL4 may have tumour-suppressing roles in bladder cancer27.

The role of the LOX family in prostate tumour progression is largely unknown. High expression of LOX 
mRNA is associated with high-grade prostate tumours and tumour recurrence28, and has been shown to corre-
late with a high Gleason score29. Conversely, LOX mRNA expression has been found to be lower in metastatic 
prostate tumours than in primary prostate tumours30, and low levels of LOX expression have also been reported 
in high-grade tumours31,32, suggesting loss of LOX expression during prostate tumour progression. Reduced 
LOXL2 expression has been shown in prostate tumours due to deletion of the chromosome region containing 
the LOXL2 gene33. Using immunohistochemistry, in situ hybridization and transcriptomics we showed that LOX 
was synthesized both in tumour epithelial cells and in epithelial cells in the non-malignant normal parts of the 
tumour-bearing organ34. High LOX levels in the tumour epithelium correlated to high Gleason score and pres-
ence of metastases at diagnosis, and high LOX in the normal epithelium was associated with a poor outcome 
and gave prognostic information in addition to tumour Gleason score34. Implantation of rat prostate cancer cells 
into the rat prostate resulted in increased expression of LOX in the tumour and in the rest of the tumour-bearing 
prostate lobe35 suggesting that tumours may stimulate LOX synthesis in adjacent tissues.

The aim of this study was to investigate the expression of LOX and LOXL enzymes in orthotopic rat prostate 
tumours and in the tumour-adjacent normal prostate tissue, and how Beta-aminopropionitrile (BAPN) treat-
ment (an irreversible inhibitor of LOX and other LOX-family members’ catalytic activity36–41) would affect rat 
prostate tumour growth and metastasis. BAPN treatment initiated prior to orthotopic tumour cell implantation 
resulted in significantly reduced tumour growth, whereas BAPN treatment started after tumour establishment 
significantly increased tumour growth. BAPN treatment did not affect spontaneous formation of lymph node 
metastases. Similarly, no effect on lung tumour burden was found when the tumour cells were injected intrave-
nously. Our results suggest that the enzymatic function of LOX is highly context-dependent and that it can have 
both tumour-suppressing and tumour-promoting properties in prostate cancer.

Results
Expression of the LOX family in orthotopic rat prostate tumours and in the surrounding normal 
prostate tissue.  In a recent microarray study we found that that the expressions of Lox, Loxl1, and Loxl2 
increased in orthotopic rat prostate AT-1 tumours and in the tumour-adjacent normal prostate tissue compared 
to tumour-free control rat prostate tissue, suggesting that these enzymes may have a role in tumour progression 
or tumour defence in prostate cancer35.

To verify these results, AT-1 tumour cells were injected into the prostate of fully immunocompetent 
Copenhagen rats and grown for 10 days and the mRNA expressions of Lox and Loxl1-Loxl4 were examined using 
qRT-PCR. As found previously, the expression of Lox, Loxl1, Loxl2, and also Loxl4, was significantly higher in 
the tumour-adjacent non-malignant prostate tissue than in tumour-free vehicle injected control prostate tissue 
(Fig. 1a), showing that the presence of a tumour can induce the expression of Lox and Loxl in the tumour-bearing 
organ. In addition, we compared mRNA expression of Lox and Loxl1-Loxl4 in AT-1 tumours in vivo with that 
in AT-1 tumour cells in vitro. All genes encoding the LOX family, except Loxl3, had significantly higher mRNA 
expression in the tumour tissue in vivo than in the tumour cells in vitro (Fig. 1b). The highest relative increase in 
mRNA expression in the tumours was seen for Lox, whereas Loxl3 mRNA expression was significantly reduced in 
implanted AT-1 tumours. Taken together, these results suggest that some factor or factors in the prostate microen-
vironment up-regulate the expression of LOX enzymes both in prostate tumour tissue and in the surrounding 
normal prostate tissue.

In addition, we examined LOX protein expression using immunohistochemistry. In AT-1 tumours, LOX 
expression varied within the tumours—with both nuclear and cytoplasmic staining (Fig. 1c). This type of tumour 
grows in a poorly developed stroma, and LOX expression in the tumour stroma was therefore difficult to eval-
uate. LOX expression was detected in glandular epithelial cells and in stromal smooth muscle cells in both 
tumour-adjacent non-malignant prostate tissue and tumour-free normal rat prostate tissue (Fig. 1c). The intensity 
of LOX immunoreactivity was, however, not significantly different in the tumour-adjacent prostate tissue and in 
tumour-free prostate tissue.

Expression of LOX family members are increased by hypoxia.  We have shown in previous studies 
that orthotopic AT-1 tumours are hypoxic and that the tumour-adjacent rat prostate tissue is more hypoxic than 
tumour-free prostate tissue35,42. As the expression of LOX, LOXL1, LOXL2, and LOXL4 was increased by hypoxia 
in other tissues6,43–46, we investigated whether hypoxia would induce the expression of LOX enzymes in prostate 
cancer. AT-1 cells incubated under hypoxia for 24 h in vitro had significantly higher Lox, Loxl1, and Loxl2 mRNA 
levels than normoxic controls (Fig. 1d). To determine whether hypoxia also could induce the expression of LOX 
enzymes in non-malignant rat prostate, we prepared primary cultures of rat prostate fibroblasts in vitro. We could 
not, however, study LOX expression in rat prostate epithelial cells since we were unable to isolate these cells in 
culture. Hypoxia increased the mRNA expression of Lox and Loxl2 in primary rat prostate fibroblasts (Fig. 1e). 
This suggests that upregulation of these LOX-family enzymes in both the tumour tissue and non-malignant rat 
prostate tissue could be due to hypoxia.

BAPN treatment of rats with orthotopic prostate tumours, and in a lung colonization 
model.  Targeting of the LOX family has been suggested as a new cancer therapy4. The effect of such a treat-
ment for prostate cancer has not been explored. To examine this further, we treated rats with AT-1 tumours 
with BAPN, an irreversible inhibitor of LOX and other LOX-family members36–41. When BAPN treatment was 
started one day before tumour cell implantation and continued until sacrifice at day 10, AT-1 tumour size was 
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significantly reduced (by 80%) compared to PBS-treated controls (Fig. 2a). If, however, BAPN treatment was 
started on day 6—when tumours were already established—and continued until day 10, tumour growth was 
unaffected (Fig. 2b). Surprisingly, when BAPN treatment was started on day 6 and continued until day 16, AT-1 
tumour weight increased significantly (by 50%) compared to the PBS-treated controls (Fig. 2c). Our results 

Figure 1.  Expression of Lox and Loxl1—Loxl4 mRNAs in orthotopic rat prostate tumours and in the 
surrounding normal rat prostate tissue. (a) Relative mRNA expression of Lox and Loxl1—Loxl4 in non-
malignant tumour-adjacent rat prostate tissue (n =  8) expressed in relation to the levels of each factor in 
tumour-free control rat prostate tissue (n =  7) (b) Relative mRNA expression of Lox and Loxl1-Loxl4 in 
orthotopic AT-1 tumours (n =  8) on day 10 after tumour implantation, expressed in relation to the levels of each 
factor in the AT-1 tumour cells in vitro. (c) Representative sections from a 10-day orthotopic AT-1 rat prostate 
tumour (T), tumour-adjacent normal rat prostate tissue (N), and tumour-free control rat prostate tissue stained 
for LOX (inserts show LOX staining in higher magnifications). (d,e) Relative mRNA expression of Lox and 
Loxl1-Loxl4 in rat prostate AT-1 tumour cells (d) and in primary rat prostate fibroblasts grown in vitro (e) under 
normoxic or hypoxic conditions for 24 h. Values are mean ±  SEM; *p <  0.05, **p <  0.01.
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suggest that the enzymatic activities of LOX proteins are important for tumour progression during the early 
stages of tumour establishment, as BAPN treatment at this point inhibited tumour growth. Conversely, at later 
time points—when the tumours have already been established—the enzymatic activity instead appears to have 
tumour-suppressing roles, as BAPN administration resulted in increased tumour growth. This illustrates the com-
plex and somewhat paradoxical roles of LOX enzymes during tumour progression.

To determine whether BAPN treatment had any effect on metastatic ability, the animals with orthotopic 
tumours were examined for the presence of lymph node and lung metastases. No metastases were detected in the 

Figure 2.  BAPN treatment of rat prostate tumours. Rats were injected orthotopically with AT-1 prostate 
tumour cells (2 ×  103 cells) and treated with an inhibitor of LOX-family enzymes (BAPN, 100 mg/kg) or vehicle 
(PBS) and tumour weight was analyzed in three different experiments: (a) treatment was started one day before 
tumour cell implantation and continued on a daily basis until sacrifice at day 10; (b) treatment was started on 
day 6 when tumours were established, and continued on a daily basis until sacrifice at day 10; and (c) treatment 
started on day 6 and continued on a daily basis until sacrifice at day 16. Values are mean tumour area (mm2) 
or mean tumour weight (mg) at sacrifice ±  SEM; n =  6–8 per group; *p <  0.05, **p <  0.01. (d) Representative 
haematoxylin- and eosin-stained sections showing tumour growth in the lymph nodes of both PBS- and  
BAPN-treated animals (arrowheads indicate the border between lymph node tissue and tumour tissue).  
(e) Tumour area of spontaneous lymph node metastases in animals with orthotopic tumours treated with BAPN 
or PBS from day 6 to day 16. Values are mean ±  SEM; n =  5 per group; ns: not significant (f) Representative 
haematoxylin- and eosin-stained sections showing tumour growth in the lungs of both PBS- and BAPN-treated 
animals. (g) Lung tumour burden in animals injected intravenously with AT-1 cells and treated with a LOX 
inhibitor (BAPN, 100 mg/kg) or vehicle (PBS) from day 6 to day 16. Values are mean ±  SEM; n =  7 per group.
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lymph nodes or lungs 10 days after tumour cell implantation. Although AT-1 is not a highly metastatic tumour, 
we detected spontaneous lymph node metastases in both BAPN treated animals (5/7) and control animals (5/6) 
on day 16 after intra-prostatic implantation of tumour cells (Fig. 2d). In addition, there was no significant dif-
ference in tumour area in lymph nodes of treated animals compared to control animals (Fig. 2e). Tumour tissue 
occupied approximately 30% of the total lymph node area in both groups (PBS; 28 + /−  16 vs. BAPN; 30 + /−  
12%, mean + /−  SEM, p =  0.602) and there was no significant difference in the total lymph node area analyzed 
for each group (PBS; 12.9 + /−  1.7 vs. BAPN; 14.3 + /−  0.6 mm2, p =  0.754). This shows that BAPN treatment did 
not affect metastatic capacity in the model tested. Only one animal in the control group and two animals in the 
BAPN-treated group had microscopic metastatic lesions in their lungs at this time point.

To simulate metastatic colonization in the lungs, AT-1 tumour cells were injected in the tail vein and BAPN 
treatment was started on day 6 and continued on a daily basis until day 16. There was no significant difference 
between lung tumour burden in BAPN-treated animals and that in the controls (Fig. 2f,g ), and only small dif-
ferences were found in the mean number of tumour foci (32 for BAPN treatment vs. 27 for PBS). Although not 
significant, lung tumour burden was actually greater in the BAPN-treated animals than in the controls. This sug-
gests that care should be taken before inhibiting LOX in the metastatic setting, and that more studies are needed 
to examine the function of LOX in the metastatic microenvironment.

Viability of AT-1 tumour cells treated with BAPN or recombinant LOX protein in vitro.  To deter-
mine whether BAPN treatment directly affected tumour cell growth, we examined how BAPN affected AT-1 cell 
viability in vitro under both hypoxic and normoxic conditions. BAPN treatment did not affect tumour cell viabil-
ity under normoxic or hypoxic conditions compared to untreated controls (Fig. 3a,b). In addition, we treated the 
AT-1 cells in vitro with increasing concentrations of recombinant LOX protein under both normoxia and hypoxia 
to determine whether LOX could affect tumour cell viability directly. LOX did not affect AT-1 tumour cell via-
bility at any of the concentrations or under any of the conditions used (Fig. 3c,d). As neither inhibition of LOX 
enzymatic activity with BAPN nor stimulation with recombinant LOX protein affected AT-1 viability in vitro, 
LOX does probably not directly affect tumour cell viability. The effects of BAPN treatment on tumour growth seen 
in our animal model are therefore probably due to LOX activities in the tumour stroma and/or the surrounding 
tumour-adjacent non-malignant prostate stroma and epithelium.

Figure 3.  Cell viability of AT-1 tumour cells treated with BAPN or recombinant LOX in vitro. Cell viability 
was measured at different time-points using an MTT assay of cultured AT-1 cells incubated with different 
concentrations of (a) BAPN in normoxia, (b) BAPN in hypoxia, (c) recombinant LOX protein in normoxia, and 
(d) recombinant LOX in hypoxia. No significant changes were found.
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Collagen fibre content and expression of factors related to ECM remodelling in the AT-1 tumour 
and in the tumour-adjacent prostate tissue.  As LOX cross-links collagen and elastins, we stained our 
prostate samples with Sirius red and examined the sections under polarized light. Small AT-1 tumours at day 3 
contained collagen fibres while almost no collagen was found inside AT-1 tumours at day 7 or 10 (Fig. 4a and 
data not shown. This demonstrates that the extracellular target for LOX was only present in the tumour stroma 
during early tumour stages in this model and almost absent within the tumour stroma at later time points. This 
could explain why LOX inhibition was more effective when initiated earlier. Furthermore, the density of Sirius 
red stained fibres in the tumour-adjacent non-malignant prostate tissue at day 10, measured 0–2 mm out from 
the tumour border, was significantly lower than in the contralateral prostate lobe and compared to tumour-free 
controls (Fig. 4b,c), suggesting that the presence of a tumour results in loss of collagen fibres not only in the 
tumour stroma but also outside in the stroma of the tumour-bearing organ. This loss of collagen in the sur-
rounding non-malignant tissue was also observed at day 7 (Fig. 4c), suggesting that collagens were reduced in 
the tumour-adjacent tissue when LOX inhibition was initiated for the established tumours. Taken together this 
shows that the target for LOX was absent in the stroma of established tumours and reduced in the surround-
ing non-malignant tissue, which may explain why BAPN treatment did not inhibit tumour growth at later time 
points. Moreover, LOX mRNA expression was higher in AT-1 tumours at day 3 compared to at day 6 and 10 while 
LOX mRNA expression in the tumour-adjacent non-malignant prostate tissue was increased at day 10 compared 
to the earlier time points (Fig. 4d). This suggests that LOX was more active in small tumours that contained more 
collagen, and inhibiting LOX using BAPN at this time point may therefore suppress tumour growth. Conversely, 
at later time points inhibiting LOX may affect other aspects of LOX than collagen cross-linking, that possibly 
could enhance tumour growth.

Hypoxia has been suggested to stimulate collagen degradation in tumours47. Increased LOX expression in 
the tumour-adjacent non-malignant tissue at day 10 could thus be part of an ECM remodelling response in the 

Figure 4.  Collagen fibre density in AT-1 tumours and in tumour-adjacent non-malignant prostate tissue. 
(a) Representative sections of AT-1 tumours at day 3 and day 10 stained with Sirius red in both regular light 
microscopy and in polarized light microscopy (Original magnifications 400x, T; tumour). (b) Representative 
sections of tumour-adjacent prostate tissue at day 7 and 10, contralateral prostate tissue at day 10 and tumour-
free control prostate tissue stained with Sirius red and shown in polarized light. (c) Quantification of Sirius 
red staining in tumour-adjacent prostate tissue and controls. Values are the mean collagen percentage ±  SEM; 
n =  5–7 per group; *p <  0.05, **p <  0.01. (d) Relative mRNA expression of Lox and in AT-1 tumours and in non-
malignant tumour-adjacent rat prostate tissue at 3, 6 and 10 days after tumour cell implantation (n =  2–8 per 
group) expressed in relation to the levels in tumour-adjacent prostate tissue at day 3.
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tumour-bearing organ. We therefore further examined our previously published data on global gene-expression35 
in AT-1 tumours and the surrounding non-malignant tissue at day 10 for more changes in factors related to 
ECM remodelling. Particular interest was given targets for LOX and LOX-family members such as collagens and 
elastin, and factors affecting their levels such as matrix metallo-proteinases (Mmp), their inhibitors (Timp) and 
other proteases. Expression-levels changed more that 2-fold compared to tumour-free (vehicle injected) normal 
prostate tissue controls and with a p-value < 0.05 were considered. In tumours, Collagen 1a1 (5.0 fold), Collagen 
3a1 (5.0 fold), Collagen 4a1 (2.4 fold), Collagen 4a3 (2.1 fold), Collagen 5a1 (4.6 fold), Collagen 5a2 (11 fold), 
Collagen 18a1 (7 fold), Mmp3 (21 fold) Mmp14 (4.5 fold), Timp1 (2.5 fold), Cathepsin L (2.4 fold), Cathepsin S (2.3 
fold), uPa (2-fold), Prolyl 4-hydroxylase alpha 1 (P4Ha1)(3.6 fold) and P4hb (−1.7 fold) were altered compared to 
controls35. In the tumour-adjacent non-malignant prostate tissue, Collagen 1a1 (4 fold), Collagen 1a2 (2.4 fold), 
Collagen 3a1 (5 fold), Collagen 4a1 (3.8 fold), Collagen 5a1 (3 fold), Collagen 5a2 (3.8 fold), Collagen 15a1 (2.5 
fold), Collagen 28a1 (2.2 fold), Mmp3 (2.6 fold), Mmp14 (2.7 fold), Timp1 (3.3 fold), Elastin (3.4 fold), Cathepsin 
L (1.8 fold), Cathepsin S (2.4 fold), uPa (2 fold), P4ha1 (1.8 fold) showed changed expression compared to control 
prostate tissue35. This suggests that both the tumour and the tumour-adjacent non-malignant prostate tissue have 
active ECM remodelling, with a net balance between collagen synthesis and degradation that favours degradation.

Discussion
LOX has been shown to be an important regulator of the ECM, for pre-metastatic niche formation, and for meta-
static establishment and growth of metastases5,6,8–10. However, LOX and LOX by-products have also been shown 
to have tumour-suppressor functions17,18,22,23,26. We therefore require a better understanding of these phenomena 
in order to identify tumours that are suitable for anti-LOX treatment and in what context, and also the circum-
stances under which LOX functions as a tumour suppressor. In the present study we used BAPN, an irreversible 
inhibitor of the catalytic activity of LOX and LOXL enzymes36–41, to study the function of the LOX family during 
prostate tumour progression. We have shown for the first time that treatment with BAPN resulted in opposite 
effects on prostate tumour growth, depending on when the treatment was initiated. When treatment was started 
one day before the orthotopic tumour cell implantation, this significantly reduced tumour growth—while starting 
the same treatment after tumour establishment increased tumour growth. Furthermore, BAPN treatment did not 
inhibit spontaneous metastatic growth in the lymph nodes and did not suppress lung tumour burden when the 
tumour cells were injected intravenously. The reasons behind these seemingly contradictory results are unknown, 
but they show that the role of LOX catalytic activity during tumour progression is complex. In a breast cancer 
model, inhibition of LOX reduced the formation of liver and lung metastases but did not affect orthotopic tumour 
growth6. When using the same type of breast tumour cells, BAPN treatment was found to reduce metastatic 
tumour burden in mice when the treatment was started one day before intra-cardiac tumour cell injection, but it 
had no effect on metastatic tumour growth when treatment was started on day 748. Miller et al. showed that met-
astatic formation was inhibited when treating mice with pancreatic cancer with a LOX-blocking antibody, while 
no survival effect was shown with the antibody alone, indicating that the primary tumour was unaffected by the 
treatment8. In the same study, blocking LOX in combination with gemcitabine reduced metastases and increased 
survival of the mice when treatment was started on respectable tumours but not at later stages8. Together with 
our results, this indicates that LOX inhibition could be effective in preventing tumour initiation and metastatic 
colonization. Using data from our previously published study we note that the expression of collagens (targets for 
LOX) but also Mmps and other proteases, were increased in tumour and in tumour-adjacent non-malignant pros-
tate tissue in rats35. Sirius red staining showed almost no collagen inside larger tumours, possibly due to simulta-
neous increase in collagen degradation, but considerably more collagen was observed in the invasive zone and in 
the rest of the prostate lobe. This shows that the main target for extracellular LOX activity in established tumours 
is probably not within but outside tumours. A stimulatory effect of LOX on tumour establishment and growth 
could be particularly important early after tumour cell injection when few cells have to interact successfully with 
a potentially hostile collagen rich environment but perhaps less important for established tumours facing less 
collagen. Interestingly growth of the poorly differentiated and locally aggressive and hypoxic35 AT-1 tumour 
resulted in decreased Sirius red staining also in the tumour-adjacent non-malignant stroma possibly because both 
the tumour and the surrounding prostate tissue secreted factors degrading collagen fibres. We therefore suggest 
that the tumour promoting role of LOX in the tumour microenvironment decreases with time in tumour-types 
with a high capacity to stimulate degradation of the ECM. The low collagen content inside the tumours may also 
explain why there was no effect of the LOX treatment on metastasis in this model. One factor stimulating collagen 
degradation in tumours is hypoxia, and it has been suggested that once tumours become hypoxic the tumour cells 
become less dependent on a collagen matrix47.

In patients we have noted that high LOX in tumour epithelial cells was associated with high Gleason score but 
not with survival, whereas high LOX in non-malignant prostate epithelial cells was associated with a poor out-
come34. The results in this study suggest that LOX levels should perhaps be related to collagen content in tumours 
and the tumour-bearing organ in order to elucidate its role in individual patients. In prostate cancer patients, 
tumour collagen content is apparently inversely related to tumour grade, but in the surrounding tissue it could be 
increased in cases with high grade tumours49, while collagen 1 content in tumour stroma is not associated with 
outcome50.

In this study treatment of established tumours with BAPN increased tumour growth. The reason to this is 
unknown but one possible explanation could be that increased LOX activity in the tumour-bearing organ, in 
contrast to the early tumour-promoting role in the tumour microenvironment, could be part of an insufficient 
defence trying to seal off the tumour. Inhibition of this defence in situations where the tumour-promoting role 
of LOX within the tumour is of limited importance may therefore actually speed tumour growth. Alternatively, 
in tumours with low collagen content, other tumour suppressing functions of LOX may be dominating. Further 
studies are needed to study these possibilities.
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The LOXL proteins have not been thoroughly studied in tumourigenesis. If expressed, they are likely to have 
functions similar to those of LOX, both as tumour suppressors and tumour promoters13,51–53. This adds to the 
complexity of targeting the LOX family in cancer. We found that the mRNA expression of all members of the LOX 
family—except Loxl3—were up-regulated both in the tumour tissue and in the normal prostate tissue adjacent to 
the tumour. Thus, remodelling of the ECM by all of the LOX enzymes, by cross-linking collagen, might prepare 
the tumour-adjacent normal prostate tissue for tumour expansion and invasion or as suggested also be part of a 
defence mechanism induced to repair and strengthen the normal tissue. Further studies are needed to determine 
whether the different LOX enzymes have different functions in tumours or if they are able to compensate for each 
other. Whether or not there is a difference in the functions of these enzymes in tumours relative to their functions 
in the surrounding tissues is also unknown, and should be investigated further. As all LOX-family enzymes, 
except LOXL3, are upregulated under conditions of hypoxia6,43–46, hypoxia is likely to be one mechanism involved 
in the increased expression in our tumour model. Hypoxic incubation of AT-1 tumour cells in vitro increased 
the mRNA expression of Lox, Loxl1, and Loxl2, suggesting that hypoxia also increased their expression in vivo. 
Hypoxia is also likely to upregulate the expression of LOX-family enzymes in the normal prostate tissue, espe-
cially Lox and Loxl2, as hypoxia increased their mRNA expressions in rat prostate fibroblasts in vitro.

Intracellular localization of LOX has been observed in several cell lineages, suggesting that LOX may also 
have enzymatic activity inside cells1–3. Recently, intracellular expression of Loxl2 in a breast cancer model stimu-
lated tumour invasiveness54. Whether tumour-suppressive vs. tumour-enhancing functions, are due to temporal 
changes in the relative importance of intracellular vs. extracellular LOX activity, different roles of LOX in the 
intra-tumoural vs. extra-tumoural environments, as well as temporal changes in available collagens and elastin 
to cross-link is unknown, and warrants further investigation. The role of LOX as a tumour suppressor has been 
proposed as an intracellular function, mainly mediated via the LOX-PP4,21. Treatment with BAPN or stimulation 
with recombinant LOX peptide did not affect tumour cell viability in vitro, suggesting that LOX does not affect 
the AT-1 tumour cells directly. The effects of BAPN treatment in vivo are therefore probably due to inhibition of 
LOX activities in the tumour stroma and in the surrounding prostate tissue.

In summary, functional studies inhibiting LOX enzymes in an orthotopic prostate cancer model resulted in 
opposite effects, with reduced tumour growth if the treatment was initiated before to tumour cell implantation, 
and increased tumour growth if the treatment was initiated when tumours were already established. Anti-LOX 
treatment did not affect the growth of metastases in lymph nodes or lungs. The paradoxical roles of the LOX 
family therefore need to be studied further, to enhance the tumour-suppressive effects while inhibiting the 
tumour-promoting ones.

Materials and Methods
Animal studies and treatments.  Dunning R-3327 AT-1 rat prostate tumour cells (ATCC, tested negative 
for murine viruses and mycoplasma with Impact Profile VIII, IDEXX Radil) were grown in culture as previously 
described55. AT-1 cells (2 ×  103 in 10 μ l RPMI 1640) or vehicle (10 μ l RPMI 1640) were carefully injected into one 
lobe of the ventral prostate of adult male Copenhagen rats (Charles River, Sulzfeld, Germany; bred in our labora-
tory) as previously described42. The animals were sacrificed 3, 6, 7 and 10 days later, when the tumours were still 
surrounded by non-malignant prostate tissue, and the prostate lobes were quickly removed and snap-frozen and/
or formalin-fixed for further analysis.

For LOX inhibition studies, AT-1 cells (2 ×  103) were injected into rat prostate and the rats were treated with 
intraperitoneal injections of the LOX inhibitor BAPN (100 mg/kg, 0.39 M; Sigma-Aldrich) or PBS (matching 
controls). Three different experiments were performed for orthotopic tumours: (1) treatment started one day 
before to tumour cell injection and continued on a daily basis until sacrifice on day 10 (BAPN, n =  8; PBS, n =  8); 
(2) treatment started on day 6 continued on a daily basis until sacrificed on day 10 (BAPN, n =  8; PBS, n =  8); and 
(3) treatment started on day 6 and continued on a daily basis until sacrifice on day 16 (BAPN, n =  7; PBS, n =  6). 
The prostate lobes containing the tumours were removed, weighed, formalin-fixed and paraffin-embedded. 
The lymph nodes and lungs were removed and formalin-fixed to study spontaneous formation of metastases. 
Furthermore, AT-1 cells (2.5 ×  106 cells, 250 μ l) were injected in the tail vein to simulate metastatic colonization 
in the lungs, and treatment started on day 6 and continued on a daily basis until sacrifice on day 16 (BAPN, n =  7; 
PBS, n =  7). For small orthotopic tumours growing within the ventral prostate tissue (treatment from day -1 to 
10 and day 6–10), tumour area was assessed in haematoxylin- and eosin-stained prostate tissue sections using 
the Pannoramic Viewer software version 1.15 (3DHistech, www.3dhistech.com). The section with the largest 
tumour area in each animal was chosen to represent tumour size. For large orthotopic tumours that had outsized 
the normal prostate tissue and predominantly contained tumour tissue (treatment from day 6–16), tumor weight 
represent tumor size. For lymph node metastases, total tumour area in all lymph node tissue in each animal was 
analyzed on representative sections and represented the lymph node tumour size. For tumours in the lungs, 
tumour size is given as the total area of all tumours in a representative section of each lung. Animal experiments 
were carried out in accordance with protocols approved by the Umeå Ethical Committee for animal studies (per-
mit number A110-12).

RNA preparation and quantitative RT-PCR analysis.  Frozen prostate tissues, containing both AT-1 
tumour and surrounding non-malignant tissue, were sectioned and stained with haematoxylin and eosin to deter-
mine tumour location. Using the sections for guidance, frozen tumour tissue and surrounding non-malignant 
tissue were separated and dissected with a surgical blade. To avoid contamination with tumour tissue, the 
non-malignant tissue was taken with a spacing of 1 – 2 mm from the tumour. Total RNA was then extracted 
from AT-1 tumour tissue (day 3; n =  2, day 6; n =  4, day 10; n =  8), corresponding adjacent non-malignant 
prostate tissue (day 3; n =  5, day 6; n =  4, day 10; n =  8), tumour-free vehicle-injected control prostate tissue 
(n =  7), and AT-1 cells in vitro (n =  2 different cell culture flasks), using the TRIzol method according to the 

http://www.3dhistech.com
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manufacturer’s directions (Invitrogen). The RNA was DNase-treated (DNase 1; Ambion) to remove contami-
nating DNA, and 0.8 μ g was used for synthesis of cDNA using Superscript II according to the manufacturer’s 
instructions (Invitrogen). Real-time qRT-PCR was performed using the Applied Biosystems 7900HT Real-Time 
PCR System and Taqman Gene Expression Assay (Applied Biosystems). Quantification of mRNA levels was done 
in a 20-μ l reaction volume with 20 ng cDNA per reaction, with commercially available primer and probes (LOX, 
Rn005566984_m1; LOXL1, Rn01410838_m1; LOXL2, Rn01466080_m1; LOXL3, Rn01765242_m1; LOXL4, 
Rn01410872_m1) (Applied Biosystems). Negative controls were run in parallel, and the relative values for each 
gene were normalized using beta-actin (Rn00667869_m1) as reference gene. We used Taqman Analysis Software 
SDS2.4 (Applied Biosystems).

LOX immunohistochemistry and Sirius Red staining.  Rat prostate tissues were stained for LOX using 
the automatic staining system Ventana Benchmark Ultra (Ventana Medical Systems Inc.). Briefly, 4-μ m-thick 
paraffin sections were pretreated with CC1 for antigen retrieval and stained with primary polyclonal antibodies 
to LOX (NB100-2527, diluted 1:100; Novus Biologicals). Samples were visualized using the ultraView Universal 
DAB Detection Kit. Sections were analysed using Pannoramic Viewer software. To visualize collagen fibres, par-
affin sections from AT-1 tumours at day 7 (n =  5) and 10 (n =  7), and tumour-free controls (n =  5) were stained 
with Sirius red and examined by polarization microscopy56. The density of Sirius red stained fibres was assessed 
in 3 photos/animal/group and quantified using Photoshop software (Adobe Photoshop CS5).

Hypoxia treatment in vitro.  Primary rat mesenchymal cells, referred to as fibroblasts, were isolated from 
the ventral prostate of tumour-free Copenhagen rats as previously described57. Briefly, the prostate was removed, 
cut into small 1-mm cubes, washed with HBSS, and cultured in DMEM (Life Technologies) supplemented with 
5% bovine serum (Life Technologies), 5% Nu-serum (BD Biosciences), 10 nM dihydrotestosterone, 5 μ g/ml insu-
lin, 100 units/ml penicillin and 100 μ g/ml streptomycin (all Sigma). The explants were incubated at 37 °C, in an 
atmosphere of 5% CO2, and the medium was changed every other day. When the stromal cells that had migrated 
from the tissue were confluent, the explants were removed and the stromal cells passaged a few times before the 
start of the hypoxic incubation. Verification of a mesenchymal phenotype was done by immunohistochemical 
staining; showing that the cells were vimentin-positive (Atlas, HPA001762) and cytokeratin-5 and -18 negative 
(CK5, Covance, AF138 and CK18 Progen, GP-CK18). AT-1 and primary rat fibroblasts were grown in 6-well 
plates at 37 °C for 24 h under hypoxia (1.0% O2, 5% CO2 and 94% N2) or under normoxia (21.0% O2, 5% CO2 and 
74% N2). Six replicates were used when total RNA was prepared, and Lox and Loxl1-Loxl4 mRNA levels were 
examined as described above.

MTT viability assay.  Cell viability was determined with an MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-dip
henyltetrazolium bromide assay (product no. 11465007001, Roche Diagnostics). Briefly, AT-1 cells (103 cells/
well) were seeded on a 96-well plate in complete medium and incubated in 37 °C over night. The following day, 
the indicated concentrations of BAPN (0, 1, 100 or 500 μ M) or recombinant LOX protein (Origene) (0, 15, 150 
or 300 ng/ml) were added to the cells (6 replicates/concentration/time-point) and the cells were incubated for 
24–96 hours in normoxia or for 24–48 hours in hypoxia as described above. MTT labelling reagent and solubilisa-
tion solution was added at the different time-points and absorbance was measured on the following day at 550 nm 
with a reference wavelength of 650 nm according to the manufacturer’s protocol.

Statistics.  Values are presented as mean ±  SEM and the Student t-test was used for comparison between 
groups. The level of statistical significance was defined as p <  0.05. Statistical analysis was performed using the 
SPSS software version 22.0.0 (SPSS Inc.).
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