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Abstract

Microenvironment components profoundly influence the propensity of cancer metastasis through regulating key molecules
controlling metastasis. Lysyl oxidase (LOX) contributes to extracellular matrix (ECM) remodeling, and finally promoting bone
metastasis in breast cancer. Kynurenine (Kyn), a microenvironment component, is capable of regulating the biological behaviors
of cancer cells, such as promoting node metastasis in vivo. However, it is still unclear whether Kyn controls the generation of
LOX. In the current study, a significant increase of migration in the Kyn (30, 50, 100, 200, and 500 uM) group was detected
compared with that in the control group in 95D cells in vitro. Subsequently, we demonstrated that 50 uM Kyn not only
substantially upregulated the mRNA and secreted levels of LOX rather than cytoplasmic LOX, but also markedly reduced the
level of miR-30b at the same time. Furthermore, the direct interaction between LOX mRNA and miR-30b was also confirmed by
dual-luciferase assay system. Most importantly, not only was Kyn-induced increase of LOX mRNA significantly attenuated on
miR-30b mimics treatment, but also Kyn-mediated the upregulation of the mRNA, and secreted levels of LOX were distinctly
strengthened on miR-30b inhibitor treatment. These results suggest that miR-30b is involved in Kyn-mediated LOX expression.
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Introduction

Molecular constituents regulated by the microenvironment
components in both the primary cancer and distant tissue pro-
foundly influence the propensity of cancer metastasis. Lysyl
oxidase (LOX) is a copper-dependent amine oxidase, and cat-
alyzes the covalent cross-linking of collagen and elastin,
which leads to the extracellular matrix (ECM) remodeling
[18], and finally influencing the metastasis of cancer cells
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[15]. LOX has been wrongly considered as a tumor suppressor
in the past few decades. However, recent evidences show that
the tumor suppressor activity of LOX lies not within the active
enzyme itself, but within the propeptide domain following
extracellular cleavage from the proenzyme [22, 31].
Furthermore, it has been demonstrated that the LOX
propeptide achieves its suppressing effects by reentering the
cell following cleavage [12]. However, the mRNA and protein
levels of LOX are upregulated in invasive or metastatic breast
cancer and melanoma cell lines, and the invasion of them can
be prevented, in vitro, by the addition of f3-
aminoproprionitrile, a nonspecific small molecule inhibitor
of LOX activity [9], or by using LOX-targeting antibodies
[1]. More importantly, data provided by Cox et al showed that
the bone metastasis of breast cancer was driven by LOX [5].
These data suggest that active LOX promotes cancer cells to
metastasize.

Kynurenine (Kyn), an endogenous substance in microen-
vironment, is generated through catalyzing tryptophan degra-
dation by indoleamine 2,3-dioxygenase (IDO) during infec-
tion, inflammation, tumor or oxidative stress, or by tryptophan
2,3-dioxygenase under physiological conditions in vivo [13,
19, 28]. It has been reported that the 3-year survival rates of
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diffuse large B cell lymphoma patients undergoing R-CHOP
therapy is higher if their serum levels of Kyn are below
1.5 uM [29], which suggests that there is a close relationship
between Kyn and cancer metastasis. Indeed, high level of Kyn
is strongly positively related to lymph node metastasis, tumor
size, parametrial invasion, and poor disease-specific survival
in cervical cancer in vivo [11]. Therefore, it is important to
further decoding the mechanism of Kyn-mediated metastasis
of cancer cells.

miRNAs are endogenous small non-coding RNAs. They
can regulate gene expression in the post-transcriptional stage
by interacting with the 3'-UTR of the target mRNA [2].
Growing evidences have demonstrated that aberrantly
expressed miRNAS can act as oncogenes or tumor suppressors
in various types of malignancies [10]. Data from Chen et al
showed that miR-30b and collagen triple helix repeat contain-
ing 1 (Cthrcl) were downregulated and upregulated respec-
tively in non-small cell lung cancer (NSCLC), which was
related to tumor differentiation and tumor node metastasis
(TNM) stage [3]. Moreover, miR-30b inhibited NSCLC inva-
sion and migration by targeting Cthrcl [3]. Similarly, miR-
30b-suppressing metastasis in hepatoma cells was detected by
regulating Snail [25], in gastric cancer cells by targeting eu-
karyotic translation initiation factor SA2 [26], and in colorec-
tal cancer by controlling SIX homeobox 1 (SIX1) [30].

In the present paper, we demonstrated that 50 uM Kyn
not only significantly upregulated the mRNA and secreted
levels of LOX, but also markedly reduced the level of miR-
30b in 95D cells. Moreover, LOX mRNA, a novel target of
miR-30b, was also confirmed. Notably, although Kyn me-
diated the increase of secreted LOX was not completely
abrogated upon miR-30b mimics treatment, it was distinct-
ly strengthened upon miR-30b inhibitor treatment. These
results suggest that miR-30b plays key roles in Kyn-
induced LOX expression.

Materials and methods
Cell culture

95D cells, a human lung cancer cell line, were purchased from
Beijing Chuanglian North Carolina Biotechnology Research
Institute and cultured in 1640 medium (Hyclone) supplement-
ed with 10% fetal bovine serum (Gibco), 100-pg/ml strepto-
mycin and 100-U/ml penicillin. The HEK 293T cells were
obtained from the Kunming Institute of Zoology, Chinese
Academy of Sciences and grown in high-glucose DMEM me-
dium (Hyclone) supplemented with 10% fetal bovine serum
(Gibco), 100-pg/ml streptomycin and 100-U/ml penicillin.
All cells were maintained at 37 °C in an atmosphere of 5%
C0O5,95% air.
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Migration assay

Migration assays were conducted in transwell with 8-pum-pore
filter inserts (Corning). Cells (1 x 10%/well) were seeded in the
upper chamber. The lower chambers were filled with DMEM
medium containing selected concentrations of Kyn. After
16 h, the inserts were removed, and the cells that migrated to
the lower chamber were fixed. The cells were stained with
0.1% crystal violet (Solarbio), and captured by a microscope
(% 64).

Cell transfection

The transfection experiments in this paper were performed by
the Lipofectamine™ 2000 reagent (11668-019, Invitrogen),
according to the manufacturer’s recommendations.

Real-time PCR

95D cells were administered with Kyn (K8625-100MG,
Sigma-Aldrich) (30, 50, 100, 200, and 500 uM), miR-30b
mimics (GenePharma), miR-30b inhibitor (GenePharma),
50 uM Kyn + miR-30b mimics, 50 uM Kyn + miR-30b inhib-
itor or without for 16 h. The non-treated cells were considered
the control group. Total RNA was extracted by Trizol reagent
(Invitrogen) or RNeasy kit (Qiagen). Subsequently,
EasyScript First-Strand cDNA Synthesis SuperMix
(Transgen Biotech) was used to synthesize cDNA.
CFX96TM real-time system (BIO-RAD) was used to perform
real-time PCR analysis. Amplification of cDNA was per-
formed using the TransStart Tip Green qPCR SuperMix
(Transgen Biotech) as suggested by the manufacturer’s in-
structions. Gene names and primer sets were listed in
Table 1. The real-time PCR cycling conditions were as fol-
lows: after an initial denaturation and enzyme activation at
95 °C for 3 min, the amplification was performed by denatur-
ation at 95 °C for 15 s, annealing at 56.5 °C for 15 s, and
extension at 72 °C for 30 s. The levels of LOX and miR-30b
were normalized to GAPDH and small nuclear RNA U6 re-
spectively, in order to control for differences in RNA loading,
quality, and cDNA synthesis. Relative gene expression data
were analyzed using the 2" method.

Western blot analysis

Total cellular protein samples of 95D cells were harvested in
RIPA lysis buffer (Pierce) supplemented with PMSF
(Solarbio). The non-administered cells were considered the
control group. In brief, samples were loaded per lane of
SDS-PAGE gels, electrophoresed, and then transferred onto
PVDF membranes (Millipore) using a wet transfer technique.
Rabbit anti-LOX antibody (1:1000) (17958-1-AP,
proteintech) and mouse anti-f3-actin antibody (1:5000) (sc-
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81,178, Santa Cruz Biotechnology) were used as the primary
antibodies, respectively. Immunoreactivity was detected by
incubation with HRP-labeled anti-rabbit/mouse IgG antibody
(1:5000; 1:5000) (ab6721, abcam; sc-2005, Santa Cruz
Biotechnology) respectively, and visualized using an ECL
chemiluminescence kit. Quantitation of LOX expression was
done by densitometry and normalized with loading controls
(B-actin).

Enzyme-linked immunosorbent assay

Cell culture supernatants were collected from 95D cells. The
non-stimulated cells were considered the control group. A
human lysyl oxidase ELISA kit (HM10997, Bio-Swamp)
was used to detect secreted LOX, according to the manufac-
turer’s instructions. The OD at 450 nm was read using an
ELISA plate reader (SYNERGY4, BioTek).

Plasmid construction and luciferase reporter assay

The 3'-UTR fragments containing the predicted LOX-miR-
30b binding sites were amplified by PCR amplification kit
(Takara), and the mutant fragments with mutant sites located
in the complementary sequences of miR-30b seed region were
obtained by the PCR site-directed mutagenesis. Next, they
were cloned into the pmirGLO dual-luciferase miRNA target
expression vector (Promega) using a DNA ligation kit
(Takara). The recombinant plasmids—pmirGLO-LOX
(pmirGLO-L) and pmirGLO-LOX mutant (pmirGLO-L
mt)—and the pmirGLO vector were extracted from LB cul-
ture using the PureYield Plasmid Midiprep System
(Promega). The related PCR primer sets were listed in

Table 1. HEK 293T cells were plated in 24-well plates at the
concentration of 2 x 10° cells/well. MiR-30b (20 pmol) and
each plasmid (0.4 pg) were co-transfected into the HEK 293T
cells that were used as a vehicle cell to detect the interaction
between miR-30b and predicted target. Luciferase activity
was measured using the dual-luciferase assay system
(Promega) with SYNERGY4 (BioTek). Firefly luciferase ac-
tivity was normalized to Renilla luciferase activity to adjust
for variations in transfection efficiency among experiments.

Statistical analysis

All the experiments are repeated three times, and data are
expressed as the mean =+ standard error of mean. Statistical
analyses were performed using the professional statistical
computer software, SPSS. Differences between groups were
determined using an unpaired ¢ test. P < 0.05 was considered
statistically significant.

Results
Promoting migration by Kyn in vitro

Considering that Kyn promotes node metastasis in vivo, and
the complex regulation among systems, organs, and tissues, it
needs to be clarified whether Kyn can induce cancer cells to
metastasize. So, we firstly studied the effects of Kyn on mi-
gration using Transwell in vitro. As shown in Fig. 1, compared
with the control group, the count of cells into the lower cham-
bers through 8-pum-pore filter inserts is markedly increased in
the Kyn (30, 50, 100, 200, and 500 uM) group in vitro, in a

Table 1 Sequences of primers

Sequences (5-3")

used in this study Gene name

miR-30b RT
Forward
Reverse

snRNA U6 RT/reverse
Forward

LOX' Forward
Reverse

GAPDH Forward
Reverse

LOX? Forward
Reverse

Mutant forward

Mutant reverse

GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACAGCTGAGT
GCCGACTGTAAACATCCTACAC
GTGCAGGGTCCGAGGT

AACGCTTCACGA ATTTGCGT
CTCGCTTCGGCAGCACA
GCCGACCAAGATATTCCTGGG
GCAGGTCATAGTGGCTAAACTC
TGTTGCCATCAATGACCCCTT
CTCCACGACGTACTCAGCG
ACGAGCTC*ATCAGTGCCTGGTGTTCT
CGCTCTAGA*TTCACGGCTGCCTTATGT
CCCTATATAAAAAGTATTTAAAAAATTAGTAGATAA
CTAATTTTTTAAATACTTTTTATATAGGGATGT

! Primers for real-time PCR; 2 primers for plasmid construction; 3 the site of restriction endonuclease Sac I; * the

site of restriction endonuclease Xba 1
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Fig. 1 Effect of Kyn on cell migration. 95D cells were seeded in
Transwell inserts. Indicated doses of Kyn were supplemented in 1640
medium placed in the lower chambers. Cell migration was determined

dose-dependent manner. The results strongly suggest that Kyn
promotes the migration of 95D cells.

Upregulating the mRNA and secreted levels of LOX
by Kyn in 95D cells

Because LOX can drive metastasis in breast cancer cells [5],
real-time PCR, ELISA, and Western blot were performed to
detect the effects of Kyn on LOX. As shown in Fig. 2 aand b,
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Fig. 2 Effect of Kyn on LOX and miR-30b expression. 95D cells were
administered with the indicated concentrations of Kyn for 16 h. Real-time
PCR (a), ELISA (b), and Western blot (¢) were performed to analyze the
mRNA, secreted, and cytoplasmic levels of LOX respectively, as
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as described in the experimental procedures. Results were shown as
average £ SEM, n=3. Unpaired ¢ test was used and P <0.05 was
considered statistically significant

compared with the control group, the mRNA and secreted
levels of LOX were significantly upregulated by 50 uM
Kyn, which indicated that Kyn enhanced the LOX expression.
Nevertheless, no significant differences in the mRNA and
secreted levels of LOX were detected between the control
group and the other selected doses of Kyn (30, 100, 200,
and 500 uM) group. Surprisingly, the selected concentrations
of Kyn (30, 50, 100, 200, and 500 uM) in the current paper
failed to alter the level of cytoplasmic LOX protein (Fig. 2c).
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described in the experimental procedures. The miR-30b expression in
95D cells was detected by real-time PCR (d). Results were shown as
average £ SEM, n=3. Unpaired ¢ test was used and P <0.05 was
considered statistically significant
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Attenuating miR-30b expression by Kyn

A significant negative correlation in gene expression level
between miR-30b and LOX mRNA in clear cell kidney car-
cinoma (300 samples; »=—0.38104; P=8.39395¢—12), co-
lon and rectal adenocarcinoma (299 samples; r=—0.42154;
P =2.60847¢—14), urothelial bladder cancer (229 samples;
r=—0.37855; P=3.2404e—09), and lung adenocarcinoma
(441 samples; r=—0.37427; P =4.12282e—16) was presented
by webpage (starBase v2.0). Moreover, it has been reported
that miR-30b expression is significantly downregulated in
NSCLC [32]. Therefore, the effects of Kyn on the miR-30b
expression were analyzed. As shown in Fig. 2d, the level of
miR-30b in the 50 uM Kyn group was decreased compared
with that in the control group, which confirmed that Kyn
inhibited miR-30b expression. However, there were no signif-
icant differences in miR-30b expression between the control
group and the other selected doses of Kyn (30, 100, 200, and
500 uM) group.

LOX mRNA, a novel target of miR-30b

As described above, since Kyn (5S0uM) may downregulate
miR-30b level and upregulate LOX expression at the same
time, is miR-30b targeting LOX directly? Thus, we further
analyzed the interaction between miR-30b and LOX mRNA
using luciferase reporter assay. The web-accessible miRNA
database search programs (Targetscan and MiRanda) predict-
ed one miRNA recognition element (MRE) for miR-30b with-
in the LOX 3'-UTR (Fig. 3a), which indicated that LOX

mRNA might be a candidate target for miR-30b. The UCSC
blat tool (http://genome.ucsc.edu) was conducted to analyze
the conservation status of the MRE among animals. The
results showed that it was conserved in human, chimp,
rhesus, mouse, rat, pig, cat, dog, and elephant (Fig. 3b).
Figure 3 ¢ shows a schematic map about the position and
sequences of the primers used for PCR site-directed mutagen-
esis and amplification of wild/mutant LOX 3'-UTR se-
quences. After co-transfection in HEK 293T cells for 48 h,
luciferase reporter assay was performed to analyze the direct
interaction between miR-30b and LOX mRNA. As shown in
Fig. 3d, luciferase activity in the pmirGLO-L+miR-30b group
was distinctly lower than that in pmirGLO+miR-30b group,
whereas there was no significant difference in luciferase ac-
tivity between pmirGLO-L mt+miR-30b group and
pmirGLO+miR-30b group, which demonstrated that LOX
mRNA was a novel target of miR-30b.

Involvement of miR-30b in Kyn-mediated increase
of LOX

The transfection efficiency of miR-30b mimics and the miR30b
inhibitor was analyzed using real-time PCR (Supplementary
Fig. 1). The mRNA and cytoplasmic levels of LOX in the
miR-30b mimics group were significantly downregulated
(Fig. 4a, ¢) compared with that in the control group. On the
contrary, the mRNA, cytoplasmic and secreted levels of LOX
in the miR-30b inhibitor group were markedly higher than that
in the control group (Fig. 4a—). These data further confirmed
that LOX mRNA was a novel target of miR-30b. Additionally,
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Fig. 3 The direct interaction between miR-30b and LOX mRNA. The
position of predicted MRE located in LOX 3'-UTR and the pairing status
of miR-30b and predicted MER sequences (a). Sequence alignment of
predicted MRE in human, chimp, rhesus, mouse, rat, pig, cat, dog, and
elephant (b). The position and sequences of the primers used for PCR

site-directed mutagenesis and amplification of wild/mutant LOX 3'-UTR
was presented in schematic map (c). Effect of miR-30b expression on
LOX promoter was analyzed by luciferase assay (d), and plotted as
average £ SEM, n=3. Unpaired ¢ test was used and P <0.05 was
considered statistically significant
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Fig. 4 Effect of miR-30b on LOX expression induced by Kyn. 95D cells
were administered with the indicated procedures for 16 h. Real-time PCR
(a), ELISA (b), and Western blot (¢) were performed to analyze the
mRNA, secreted, and cytoplasmic levels of LOX respectively, as
described in the experimental procedures. Results were shown as
average £ SEM, n=3. Unpaired ¢ test was used and P<0.05 was
considered statistically significant

although miR-30b mimics tended to decrease the gene expres-
sion of LOX when co-administrated with 50 uM Kyn (Fig. 4a—
¢), only mRNA and secreted levels of LOX were markedly
downregulated (Fig. 4a, b). Notably, Kyn-induced increase of
LOX, including the mRNA and secreted levels, was substan-
tially strengthened on miR-30b inhibitor treatment (Fig. 4a, b),
which strongly indicated that miR-30b was involved in Kyn-
mediated upregulation of LOX.

Discussions
Cancer metastasis is often associated with high mortality be-
cause it is difficult to treat surgically or with conventional che-

motherapy and radiation therapy. Recent studies have demon-
strated that molecular constituents regulated by
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microenvironment components in cancer cells play key roles
in metastasis [6]. Therefore, it is important to understand the
effects of microenvironment on metastasis.

Kyn, a microenvironment component, is upregulated due
to the high expression of IDO, an enzyme catalyzing trypto-
phan into Kyn, in cancer tissues [14]. This suggests that Kyn
is probably responsible for some biological response of cancer
cells. Indeed, the concentration of Kyn in serum is negatively
related to the 3-year overall survival rates in clinical studies
[29]. However, this was only a phenomenon observed in vivo.
Whether Kyn has a significant impact on cancer metastasis in
fact still needs to be further confirmed. In the current paper, we
firstly demonstrated that Kyn promoted 95D cells, a lung can-
cer cell line with strongly invasive ability, migration in vitro,
which was the same as we expected.

It has been confirmed that ECM reduction in the primary
tumor has a high impact on invasion and metastasis [24], which
indicates that ECM plays key roles in cancer metastasis.
Besides, the alterations in the composition of the tumor ECM,
like stiffness and architectural properties, are also altered due to
the overexpression of ECM-remodeling enzymes such as the
lysyl oxidase [20]. In the present paper, we demonstrated that
Kyn (50 uM) markedly upregulated the mRNA and secreted
levels of LOX, which revealed that Kyn might fasten the ECM
remodeling and ultimately promote the cancer metastasis.
Surprisingly, the selected dose of 50 uM Kyn failed to alter
the cytoplasmic level of LOX protein. In fact, LOX is synthe-
sized as an approximately 50 kDa proenzyme, secreted, and
cleaved by procollagen-C-proteinase (BMP-1) into a 32 kDa
mature, active enzyme and a 18 kDa propeptide [27]. The mo-
lecular weight of cytoplasmic LOX observed by Western blot in
this paper was approximately 47 kDa, which corresponded with
the proenzyme of LOX. Therefore, the results from cytoplasmic
and secreted LOX are not contradictory. In addition, it has been
reported that aryl hydrocarbon receptor, that functions as recep-
tor for Kyn, significantly attenuated the level of miR-96 [23],
which is negatively correlated with the expression of BMP-1 in
six kinds of malignant tumors (http://starbase.sysu.edu.cn/
pcMirTargetInfo.php?database=hg19&name=hsa-miR-96-
Sp&targetGene=BMP1&autold=241534). So, it can be
speculated that Kyn enhances the expression of BMP1 and
accelerates the maturation of LOX.

Considering the negative correlation between LOX mRNA
and miR-30b in clinical specimens, we further analyzed the
effect of Kyn on miR-30b expression, and found that Kyn
(50 uM) significantly reduced miR-30b level in 95D cells.
However, other selected doses of Kyn (30, 100, 200, and
500 puM) failed to alter markedly the level of miR-30b. The
possible reasons are as follows. Firstly, Kyn induced DRE-
luciferase activity in glioma cells, with a concentration giving
half-maximal response of 36.6 uM [21]. Therefore, we specu-
late the reason that 30 uM Kyn fails to cause significant chang-
es of miR-30b/LOX maybe largely contribute to low
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concentration. Additionally, when the concentration of Kyn is
higher than 50 puM, the increase of Kyn-mediated DRE-lucif-
erase activity gets in the relative plateau stage [21], which is
partly accordance with the “tide” model, tight feedback be-
tween costimulatory factors and coinhibitory factors maintains
that the responses induced by stimulants are tuned and return to
baseline [33]. So, the phenomenon that higher concentrations of
Kyn (100, 200, and 500 uM) fail to cause the significant dif-
ferences of miR-30b/LOX maybe partly contribute to
coinhibitory factors that play a leading role in the effects of
Kyn (100, 200, and 500 uM) on miR-30b/LOX expression.

Next, we studied how miR-30b affects LOX expression. We
found that the expression of cytoplasmic LOX was markedly
reduced when miR-30b level increased. On the contrary, cyto-
plasmic LOX was markedly upregulated by decreasing miR-
30b expression. These results were in accordance with the
mechanism of miRNAs. The data from this study demonstrated
that LOX mRNA is a novel target of miR-30b. Interestingly, no
substantial changes in secreted LOX when miR-30b expression
was increased. However, significant enhancement of secreted
LOX was detected when miR-30b expression was decreased.
This indicates that the effects of miR-30b on the secretion of
LOX are related to the range of miR-30b variation. Because the
level of miR-30b is higher than that of the complementary
chain, which is similar to miR-30b inhibitor in base sequences,
more obvious effects are detected when miR-30b is downreg-
ulated by miR-30b inhibitor. In additional, although there is the
greater specificity between miRNAs and their targets, some
miRNA may target hundreds of different mRNAs [17]. For
example, besides LOX, it has been reported that the key tran-
scriptional factors controlling the B cell terminal differentiation,
Bach2 [7, 8] and Bcl6 [4], are also the targets of miR-30b.
Downregulation of miR-30b will increase the expression of
Bach2 and Bcl6, which suppresses immune responses induced
by antigens, and facilitates cancer cells to evade immune re-
sponses and metastasize. Considering the principle of energy
saving in body, these data suggest that miR-30b plays key roles
in the process of Kyn-mediated increase of LOX expression.

Lastly, the contribution of miR-30b to the upregulation of
LOX expression induced by Kyn was analyzed. miR-30b
mimics tended to reduce Kyn-mediated increase of LOX,
whereas miR-30b inhibitor significantly increased the Kyn-
mediated upregulation of LOX, which suggested that miR-
30b is involved in the process of Kyn-induced enhancement
of LOX. These results are consistent with previous data show-
ing that upregulation of miR-30b is favorable for the thera-
peutic actions produced by trastuzumab in breast cancer [16],
and by the finding that forced expression of miR-30b inhibits
the migration and invasion of colorectal cancer cells in vitro
via its target gene SIX1, an epithelial-mesenchymal transition
promoting gene [30]. Taken together, our data indicate that
miR-30b plays important roles in Kyn-induced increase of
LOX expression in 95D cells.
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