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Abstract: Disease progression after curative surgery is still the main challenge for colorectal cancer (CRC). Identify-
ing biomarkers and precise mechanisms in CRC disease progression is necessary for therapeutic improvement.
As a transcription factor, ZEB1 promotes malignancy, but the precise mechanism by which ZEB1-dependent tran-
scriptional regulation remains largely undefined. In this study, the transcriptional regulation of lysyl oxidase-like 2
(LOXL2) by ZEB1 in CRC was investigated. Our data show that ZEB1 enhanced LOXL2 transcription through direct
binding to its promoter. The gain of function assays of ZEB1 showed increased cell proliferation, migration, and inva-
sion. The inhibition of LOXL2 impaired the invasion and migratory ability of CRC cells, but had no effect on cell pro-
liferation in vitro and in vivo. Immunohistochemical staining of tumor tissues indicated that elevated ZEB1/LOXL2
expression was significantly associated with lymph node metastasis and TNM stage. More importantly, elevated
ZEB1/LOXL2 expression was an independent prognostic factor in CRC patients. These findings provide a molecular
basis for the promotion of an invasive cancer phenotype by ZEB1-LOXL2 overexpression. Our results identify ZEB1/

LOXL2 as a prognostic biomarker and potential therapeutic target against progression of CRC.
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Introduction

Colorectal cancer (CRC) is one of the leading
causes of morbidity and mortality [1]. About
half of the CRC patients suffer disease progres-
sion within five years [2]. Local recurrence or
distant metastasis after curative surgery leads
to shorter survival, which is still the main chal-
lenge for therapeutic efficiency in CRC patients
[3]. Therefore, the identification of molecular
markers that participate in tumor progression
and metastasis, is necessary for personalized
therapy and life expectancy improvement of
CRC patients.

As a transcription factor, Zinc finger E-box bind-
ing homeobox 1 (ZEB1) has emerged as a key
player in cancer progression [4-6]. Aberrant
expression of ZEB1 transcriptionally regulates
gene expression status to enhance aggression
and malignant disease progression in various
cancers [7-9]. Previous studies indicated an
increased ZEB1 expression in CRC cell lines
and tumor tissues [10]. ZEB1 expression

showed different clinical correlation and func-
tional roles in the different studies, such as
epithelial-mesenchymal transition and cross-
talk with extracellular matrix [11-13]. However,
the precise molecular mechanisms behind the
downstream modification of ZEB1 in CRC are
still unclear. Further studies of clinical signifi-
cance are still needed on the precise mecha-
nisms of ZEB1-dependent transcriptional regu-
lation in CRC.

Lysyl oxidase-like 2 (LOXL2) is a member of the
lysyl oxidase (LOX) family, which is an extracel-
lular copper-dependent amine oxidases cluster
[14]. LOXL2 participates in the formation of
collagen-elastin  crosslinks in extracellular
matrix [15, 16]. Elevated LOXL2 expression is
observed in many types of tumors to predict
poor outcome, and it may function in malignant
biologic behavior [17, 18]. LOXL2 is also a can-
didate downstream molecular of ZEB1 tran-
scriptional regulation in lung cancer [19]. The
underlying gene regulation and clinical signifi-
cance of LOXL2 in CRC is worth exploring. In
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the present study, the modification mechanism
of LOXL2 by ZEB1 in CRC cell lines was evalu-
ated. The functional roles of ZEB1/LOXL2
were analyzed in CRC cell lines. Furthermore,
ZEB1 and LOXL2 expression in CRC tissues
were also examined for clinical significance.

Materials and methods
Cell culture

CRC cell lines (HCT116 and SW480) and 293T
cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA), which
were cultured in Dulbecco’s Modified Eagle
Medium (Hyclone, Logan, UT) supplemented
with 10% fetal bovine serum (Gibco, NY).

Cell transfection

For the ectopic expression of ZEB1, cells were
transfected with pCl-neo-RL-ZEB1 plasmid,
which was a gift from Greg Goodall (#35535,
Addgene) with Lipofectamine 2000 (Invitrogen,
Green Island, CA) according to the manufactur-
er’'s instructions. For LOXL2 knockdown, cells
were transfected with shRNA targeting LOXL2
with a sequence of 5-GCCACAUAGGUGGUU-
CCUUCAUU-3’) or scramble shRNA with Lipo-
fectamine 2000 (Invitrogen).

Western blotting

Western blotting was performed as described
elsewhere [20]. The antibodies against LOXL2
(@ab96233, Abcam, Cambridge, MA), ZEB1
(@b180905, Abcam), and GAPDH (#5174, Cell
Signaling Technology, Danvers, MA) were used
in the immunoblotting assays.

Quantitative RT-PCR

Quantitative real-time PCR was performed as
previously described [20]. Primer sequences
used in each PCR set are: LOXL2: Forward
5-AGGACATTCGGATTCGAGCC-3’, Reverse 5-
CTTCCTCCGTGAGGCAAAC-3’; GAPDH: Forward
5-TGTGGGCATCAATGGATTTGG-3’, Reverse 5-
ACACCATGTATTCCGGGTCAAT-3'.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation assays were
performed with ChIP Assay Kit (P2078,
Beyotime Inst Biotech, Shanghai, China) as
described elsewhere [21]. Immunoprecipit-
ation was carried out using an anti-ZEB1 anti-
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body or mock IgG control (Abcam). Promoter
segment enrichment was analyzed by qPCR to
investigate ZEB1 binding sites in the LOXL2
promoter as previously reported [19].

Luciferase reporter assays

Luciferase reporter assays were carried out by
transfection of 500 ng of the reporter con-
structs in specified cell lines with ZEB1 overex-
pression. Assays used Dual-Luciferase Re-
porter Assay kit (Promega, Madison, WI) acc-
ording to the manufacturer’s instructions.

Cell proliferation assay

For the proliferation analysis, Cell Counting
Kit-8 (Beyotime Inst Biotech, China) was used,
according to the manufacturer’s instructions.
Tumor cells were seeded in a 96-well flat-bot-
tomed plate (2000 cells/well), and were cul-
tured with indicated treatment. Relative prolif-
eration rates were calculated with Multiskan
Spectrum 1500 (Thermo Scientific, PA) for
light absorbance at 450 nm at the indicated
time.

Cell invasion assays

Cell invasion assays were performed as previ-
ously reported [20]. Transwell inserts (8 um)
were pre-coated with Matrigel or 100 pl of 0.2
mg/ml collagen type | (BD Biosciences, San
Jose, CA). B-aminopropionitrile (BAPN, Sigma,
St. Louis, MO) was added in the outer com-
partment as indicated. Invaded cells were
imaged by bright field microscopy and counted
using ImageJ software.

Wound-healing assay

Indicated cells (10%) were cultured in 6-well
plates for 8 hours. Then the medium was
changed to a low-serum DMEM medium (1%
fetal bovine serum). Wound scratching was
produced. The cells were cultured for another
48 hours, and captured images were collected
during the 48 hours. Cell migration was deter-
mined by the percentage of the remaining cell-
free distance compared with that of the initial
wound.

Tumorigenesis assays

Subcutaneous xenografts were planted as pre-
vious reported [20]. Cells were subcutaneously
injected for a xenograft in the right flanks of
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Figure 1. ZEB1 transcriptionally elevates LOXL2 expression in colorectal cancer cells. A. ZEB1-expressing plasmids
were transfected into HCT116 and SW480 cells. The expression levels of ZEB1 and LOXL2 were evaluated with west-
ern blotting. B. Box plot depicting LOXL2 mRNA levels in transfected cells as assessed by gRT-PCR. GAPDH was used
as control. C. ELISA assays of secreted LOXL2 in conditioned media of transfected CRC cell lines. D. Amplex Red
assay to determine LOXL2 enzymatic activity in conditioned media of transfected cells. E. The schematic showed
two predicted ZEB1 binding sites in LOXL2 promoter region, which was analyzed with the JASPER transcription factor
binding database (http://jaspar.genereg.net/). F. Fold enrichment was measured by qPCR analysis of LOXL2 pro-
moter segments, which was analyzed by chromatin immunoprecipitation in HCT116-ZEB1 and control cells. ZEB1
antibody or control IgG was used in ChIP assays. G. LOXL2 reporter was constructed and transfected into 293T cells,
as well as ZEB1 expressing plasmid or vector control and relative luciferase activity was determined. Wild type and
mutant potential ZEB1 binding sites were constructed as indicated in the schematic. Three experimental replicates
were performed for each experiment. *, P < 0.05.

nude mice (6 weeks old with an average weight for 37 days with the volume not exceeding 600
of 20 g). All the tumors were allowed to grow mm3. Tumors volumes were measured with
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Figure 2. ZEB1 promotes colorectal cancer cell proliferation and invasion in vitro and in vivo. (A, B) The effects of
ZEB1 overexpression on HCT116 (A) and SW480 (B) cell proliferation were assessed with CCK-8 assays. The prolif-
eration ability of ZEB1-overexpressed HCT116 and SW480 cell were increased compared with the corresponding
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control group. (C) The migratory capacity of ZEB1 overexpressed cells was determined by wound-healing assays. The
percentage of migration was determined at 48 h after the initial scratch wound. *P < 0.05. (D, E) The invasion capa-
bility was evaluated in ZEB1 overexpressed CRC cells and corresponding control cells. Scale bars represent 50 ym.
Results were obtained from three independent experiments, and bar graphs represent cell number per image field
(mean + SD). (F) HCT116 cells with stable ZEB1 overexpression were planted in nude mice for subcutaneous tumor
(n =5 each group). Tumor volume was measured every three days with a caliper (volume = 1/2 (length * width?)).
(G) Microscopic images of tumor tissues with H&E staining. The boundary between tumor and normal tissue was
shown with a blue dotted line. Poorly-defined margins were observed in HCT116-ZEB1 tumors. Bar, 100 um.

caliper at the indicated time. All animal experi-
ments were reviewed and approved by the
Institutional Animal Care and Use Committee
at Jiangjin District Central Hospital.

Amplex red assay

LOX family enzyme activity was measured with
cell culture media. Cells were pretreated as
indicated and then measured with the Amplex
Red protocol (Thermo) and 2 mM benzylamine
(Sigma), which was performed as previously
reported [22].

Clinical data collection

Patients who underwent surgical resection for
CRC in 2010 and 2013 at lJiangjin District
Central Hospital were included in this study.
Clinicopathologic data, such as age, gender,
tumor size and location, and follow-up infor-
mation were obtained from medical records.
Pathologic information, including histologic
grade and pathologic TNM staging were deter-
mined by the 7th American Joint Committee
on Cancer criteria. Our study was approved by
the Institutional Review Board of Jiangjin
District Central Hospital, and the study was
conducted according to the principles ex-
pressed in the Declaration of Helsinki.

IHC staining and analysis

Four-micrometer large tissue sections were
prepared for IHC staining, which was perfor-
med using the Ventana Discovery XT automat-
ed staining system (Ventana Medical Systems,
Inc., Tucson, AZ). ZEB1 and LOXL2 antibody
(Abcam) were used for IHC staining. A semi-
quantitative scoring system was used to deter-
mine the expression levels of ZEB1 and LOXL2,
which was measured by the staining intensity
and the proportion of stained cells [23]. The
score >1 was positive and <1 was negative by
a statistical analysis. IHC evaluation was per-
formed by two pathologists in a blinded
manner.
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Statistical analysis

SPSS Statistics software v. 24 (SPSS Inc.,
Chicago, IL) was used for statistical analysis.
For measurement data, statistical analyses
and the determination of p-values were per-
formed by Student’s t-test. For the analysis of
clinicopathologic characteristics, Fisher’s exact
test was used for the analysis of various clin-
icopathologic factors. Kaplan-Meier survival
curves with log-rank statistics and Cox regres-
sion analysis were applied to evaluate time to
survival. p-values < 0.05 were considered
significant.

Results

ZEB1 transcriptionally elevates LOXL2 expres-
sion in colorectal cancer cells

To assess the roles of ZEB1 in CRC progres-
sion, ectopic expression of ZEB1 was per-
formed in HCT116 and SW480, CRC cell lines.
The expression of LOXL2 was evaluated in the
transfected cell lines, which showed higher
protein levels of LOXL2 in ZEB1 overexpressing
cells (Figure 1A). Furthermore, elevated mRNA
levels of LOXL2 in ZEB1 overexpressing cells
were consistent with western blot assays
(Figure 1B). Analyzing the conditioned media
from HCT116-ZEB1 cells revealed increased
secreted LOXL2 protein (Figure 1C) and demon-
strated active LOXL2 enzymatic function by
Amplex Red assays (Figure 1D).

Due to the strong correlation between mRNA
and protein levels of LOXL2 and ZEB1, we pro-
ceeded to examine whether LOXL2 was tran-
scriptionally regulated by ZEB1. The promoter
region of LOXL2 contained two ZEB1 regul-
atory sites which were predicted by the JASPER
transcription factor binding database (Figure
1E). We further confirmed direct binding of
ZEB1 to the endogenous LOXL2 promoter re-
gion by chromatin immunoprecipitation (ChIP)
assays with HCT116 cells (Figure 1F). Lu-
ciferase reporter assays with the wild-type

Int J Clin Exp Pathol 2021;14(1):9-23
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Figure 3. LOXL2 knockdown inhibits ZEB1-induced colorectal cell invasion and migration, but has no effect on cell
proliferation. A. LOXL2 knockdown was performed in ZEB1 overexpressing CRC cells. LOXL2 protein levels were
evaluated by western blotting. GAPDH was used as a loading control. B. Cell proliferation was assessed with CCK-8
assays, which showed no significant difference in cell proliferation with LOXL2 knockdown in HCT116 cells. C. The
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migratory capacity of LOXL2 knockdown CRC cells was determined by wound-healing assays. The percentage of
migration was determined at 48 h after the initial scratch wound. D, E. The invasion capability was evaluated in
LOXL2 knockdown CRC cells and control cells. F. HCT116-ZEB1 cells with LOXL2 knockdown were planted in nude
mice for subcutaneous tumor (n = 5 each group). Tumor volume was measured every three days. G. Subcutaneous
tumor pictures are shown with transfected HCT116 cells (LOXL2 knockdown and control cells). NT, scramble control

cells. Scale bar = 10 mm.

LOXL2 promoter region further confirmed its
transcriptional regulation by ZEB1 (Figure 1G),
which was verified by the introduction of muta-
tions into each of the ZEB1 binding sites indi-
vidually and in combination (Figure 1G).

ZEB1 promotes colorectal cancer cell prolifera-
tion and invasion in vitro and in vivo

Gain-of-function assays were performed to
assess the role of ZEB1 in CRC. Forced ex-
pression of ZEB1 accelerated the proliferation
of HCT116 and SW480 cell lines according to
cell viability analysis (Figure 2A, 2B). Wound
healing assays indicated increased cell migra-
tion ability in ZEB1 overexpressing cells com-
pared to control ones (Figure 2C). Transwell
assays also showed increased cell invasion
ability of ZEB1 overexpressing cells compared
to corresponding control cells (Figure 2D, 2E).
Furthermore, increased xenograft growth was
observed in those with ectopic ZEB1 express-
ing CRC cells (Figure 2F). Subcutaneously im-
planted tumors of ZEB1 overexpression also
showed enhanced tissue infiltration compared
to corresponding control tumors (Figure 2G).
Our data suggested that ZEB1 expression pro-
moted cell proliferation and invasion of CRC
cells.

LOXL2 knockdown inhibits ZEB1 induced
colorectal cell invasion and migration, but has
no effect on proliferation

We next assessed the functional relevance of
LOXL2 in promoting CRC cell proliferation and
invasion. LOXL2 knockdown was performed in
ZEB1 expressing cells, which was confirmed
with western blot assays (Figure 3A). Cell prolif-
eration and viability showed no obvious inhibi-
tion in LOXL2 knockdown cells compared to
control cells (Figures 3B and S1A). Wound
healing assays showed decreased cell migra-
tion ability in LOXL2 knockdown cells vs. control
cells (Figure 3C). Transwell invasion analysis
also indicated decreased cell invasion in LO-
XL2 knockdown cells (Figure 3D, 3E). We next
evaluated the effects of LOXL2 silencing on

15

tumor growth of HCT116-ZEB1 cells in vivo. The
xenografts from LOXL2 knockdown cells sh-
owed no significant decrease in tumor size
(Figure 3F, 3G). Furthermore, mRNA expre-
ssion of EMT-related molecules was examined,
which showed decreased SNAI1 and VIM and
increased CDH1 in LOXL2-silenced ZEB1 over-
expressing cells (Figure S1B). These results
indicated LOXL2 expression participated in the
cell invasion and migration process, but was
not involved in cell proliferation induced by
ZEB1 overexpression.

LOXL2 inhibition by BAPN attenuates colorec-
tal cancer cell invasion and migration

Pan-LOX enzymatic activity was inhibited with
BAPN, which showed significantly reduced
enzymatic activity in the conditioned media of
ZEB1 overexpressing and control HCT116 cells
(Figure 4A). Cell viability assays also indicated
no obvious inhibitory effects of cell proliferation
of BAPN-treated ZEB1 expressing cells (Figure
4B, 4C). Wound healing assays showed de-
creased cell migration ability in BAPN-treated
cells (Figure 4D, 4E). Transwell invasion of
ZEB1-overexpressed HCT116 and SW480
cells, showed significant decrease in invasion
through laminin-rich Matrigel with BAPN treat-
ment (Figure 4F, 4G). These results are consis-
tent with LOXL2 knockdown analysis, suggest-
ing LOXL2 is a promising target to attenuate
CRC progression.

Positive correlation between ZEB1 and LOXL2
expression in colorectal cancer specimens

IHC staining for ZEB1 and LOXL2 was per-
formed with CRC specimens, which was evalu-
ated with the semi-quantitative scoring system
[24]. Stained ZEB1 protein was located in the
cell nuclei (Figure 5A), whereas LOXL2 was
arranged in cytoplasm (Figure 5B). About
29.28% of specimens were positive for ZEB1
(77/263), and 65.02% positive for LOXL2
(171/263). A higher percentage of LOXL2 ex-
pression was observed in ZEB1 positive speci-
mens than negative ones (87.01% vs. 55.91%,

Int J Clin Exp Pathol 2021;14(1):9-23
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Figure 4. LOXL2 inhibition by BAPN attenuates colorectal cancer cell invasion and migration. (A) Amplex Red assays
were performed to determine LOXL2 enzymatic activity in conditioned media of transfected HCT116 cells with or
without 500 uM BAPN treatment. (B, C) Relative cell viability of HCT116-ZEB1 (B) or SW480 (C) cells with different
treatment was evaluated with CCK-8 assays, which showed BAPN treatment had no significant inhibitory effect on
cell proliferation. (D) Migration ability of infected CRC cells with or without BAPN treatment in vitro was determined
in a wound healing assay. Images were obtained 72 h after seeding. The percentage of migration was determined
at 48 h after the initial scratch wound. (E) Representative figures obtained in three independent experiments are
shown. (F, G) The invasion capability was evaluated in ZEB1-overexpressing cells with different treatments by tran-
swell assays. Results were obtained from three independent experiments, and bar graphs represent cell number
per image field (mean + SD). *, P < 0.05.
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Figure 5. Positive correlation between ZEB1 and LOXL2 expression in colorectal cancer specimens. (A, B) IHC analy-
sis of ZEB1 (A) and LOXL2 (B) expression in CRC tissues. Representative images of CRC tissue with negative and
positive expression are presented. Scale bars represent 100 um. (C) The percentage of LOXL2-positive specimens
was compared between ZEB1-positive or negative CRC specimens. (D) Positive correlation of ZEB1 and LOXL2 ex-
pression scores in CRC specimens according to linear regression.

P < 0. 01, Figure 5C). Moreover, significant sion was not found to be associated with age,
positive correlation was observed between gender, ECOG score, ortumor location (P
ZEB1 scores and LOXL2 scores (P < 0. 0001, >0.05).

Figure 5D). We further evaluated the correla-

tion between ZEB1/LOXL2 expression status Increased ZEB1/LOXL2 expression predicts
and related features of CRC (Table 1). Positive poor prognosis in colorectal cancer patients
ZEB1/LOXL2 expression correlated with lymph

node metastasis and TNM stage (P < 0.001 Based upon these findings, we wanted to de-
and P = 0.002, respectively). ZEB1/LOXL2 co- termine the prognostic value of ZEB1/LOXL2
expression showed a positive correlation with expression in CRC patient survival estimation.
increased lymph node metastasis and later Significantly worse disease-free survival (DFS)
clinical stage. However, ZEB1/LOXL2 expres- was observed in ZEB1 or LOXL2-positive pa-
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Table 1. Correlation of ZEB1/LOXL2 expres-
sion with clinicopathologic characteristics of
CRC patients

. ZEB1/LOXL2
Characteristic Cases —
Positive (%) P-value
Total 263 67 (25.48)
Gender
Male 165 46 (27.88) 0.246
Female 98 21 (21.43)
ECOG
0 159 34 (24.26) 0.060
1,2 104 33 (31.73)
Age
<59 136 33(24.26) 0.641
>59 127 34 (26.77)
Tumor location
RCC 44 10 (22.73)  0.295
LCRC 219 67 (30.59)
Histologic grade
Low 43 9 (20.93) 0.455

Medium-High 220 58 (26.36)
LN metastasis

Yes 89 38(32.58) <0.001
No 174 29 (21.84)
TNM stage

-1l 152 28 (18.42) 0.002
-1v 111 39 (35.14)

tients than negative ones (P = 0.017 and P <
0.001, Figure 6A, 6C). However, no significant
difference was observed in overall survival (OS)
between two groups (P = 0.752 and P = 0.084,
Figure 6B, 6D). Further survival analysis
revealed that ZEB1+/LOXL2+ patients showed
significant worse prognosis in both OS and
DFS compared to other patients (P =0.001, P =
0.011. Figure 6E, 6F). To evaluate the indepen-
dent prognostic significance of ZEB1/LOXL2,
COX-regression analysis was performed. The
results showed that ZEB1/LOXL2 expression
was a significant detrimental factor for DFS (HR
= 1.513, 95% Cl: 1.096-2.089, P = 0.012) and
0S (HR = 2.005, 95% CI: 1.302-3.086, P =
0.002. Table 2). Multivariate analyses also
indicated that ZEB1/LOXL2 co-expression was
significantly associated with poor DFS (HR =
1.601, 95% Cl: 1.148-2.233, P = 0.006) and
0S (HR = 2.172, 95% Cl: 1.384-3.408, P =
0.001. Table 2). Our results indicated that
ZEB1/LOXL2 co-expression was an indepen-
dent detrimental factor for CRC patients.
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Discussion

High proportions of CRC patients suffer dis-
ease progression after curative surgery, lead-
ing to poor therapeutic response and shorter
survival [25]. It is urgently needed to identify
molecular mechanisms in disease progression
of CRC. In this study, we investigated the
expression of ZEB1 and LOXL2 in CRC cells
and tumor tissues, which indicated that the
transcriptional regulation of LOXL2 by ZEB1
participates in cell migration and invasion of
CRC cells. IHC evaluation of ZEB1 and LOXL2
provided predictive evidence for the prognosis
of CRC patients.

Previous published studies showed that aber-
rant ZEB1 expression enhanced malignant bio-
logic behavior and disease progression in CRC
cell lines [4, 26, 27], such as increased epithe-
lial-mesenchymal transition by suppressing the
expression of basement membrane compo-
nents [28-30]. ZEB1 is a member of the zinc
finger family, and works as a transcription fac-
tor in molecular regulation [30, 31]. The tran-
scriptional regulation of multiple genes, such
as IL-2, CD4, GATA-3 and epithelial cadherin
(E-cadherin) [10, 32], plays an important role in
carcinogenesis, progression, invasion, and
metastasis of a variety of tumors [8, 33-35].
Our study provided further evidence that ZEB1
promoted cell growth, migration, and invasion
of CRC cells. Molecular mechanism studies
identified the transcriptional activity of ZEB1 in
LOXL2 expression in CRC cells. Detailed mech-
anistic studies are still needed to show the mol-
ecules involved in this procession.

The LOX family catalyzes the covalent inter-
chain crosslinking of collagen, enhancing fi-
brotic matrix crosslinking and stabilization in
the extracellular matrix [36]. Other than fibrotic
diseases, LOXL2 also plays a crucial role in can-
cer by the modification of extracellular matrix
[37]. Elevated LOXL2 expression in fibroblasts
contributes to the formation of a metastatic
niche in hepatocellular carcinoma [15]. LOXL2
inhibition with allosteric antibody reduced can-
cer-associated fibroblasts in human tumors
[38, 39]. Furthermore, LOXL2 overexpression in
cancer cells contributes to cancer invasion by
silencing matrix metalloproteinase-9 and -1 to
inhibit extracellular protein formation [40].
More importantly, LOXL2 induced epithelial-
mesenchymal transition (EMT) of CRC cells
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Figure 6. Increased ZEB1/LOXL2 expression predicts poor prognosis in colorectal cancer patients. A, B. The OS and
DFS of CRC patients with different ZEB1 expression status. Positive ZEB1 expression was correlated with poor OS
survival (P = 0.017), but no significant difference in DFS (P = 0.752). C, D. The OS and DFS of CRC patients with
different ZEB1 expression status. Positive ZEB1 expression was correlated with poor OS survival (P < 0.001), but
there was no significant difference in DFS (P = 0.084). E, F. Correlation between OS or DFS of CRC patients and
ZEB1/LOXL2 expression. High ZEB1/LOXL2 expression was correlated with poor patient survival (P = 0.001, P =

0.011, respectively).

Table 2. Univariate and multivariate analyses of ZEB1/LOXL2 expression in disease-free survival and

overall survival of colorectal cancer patients

Disease-Free Survival

Overall Survival

Variable analysis

HR 95% Cl P HR 95% Cl P

Univariate N =263 N =263

ZEB1/LOXL2 1.513 1.096-2.089 0.012 2.005 1.302-3.086 0.002
Multivariate N =263 N =263

Age 0.943 0.696-1.277 0.704 0.685 0.449-1.045 0.079
Gender 0.936 0.714-1.226 0.629 0.78 0.53-1.147 0.207
ECOG 1.479 1.009-2.168 0.045 0.733 0.402-1.336 0.311
Location 0.859 0.58-1.274 0.451 0.899 0.496-1.628 0.725
Grade 0.908 0.571-1.444 0.684 1.234 0.657-2.319 0.514
Stage 0.907 0.581-1.417 0.667 0.606 0.322-1.142 0.121
LNM 0.914 0.662-1.262 0.587 0.831 0.529-1.306 0.422
ZEB1/LOXL2 1.601 1.148-2.233 0.006 2172 1.384-3.408 0.001

Cl = confidence interval; HR = hazard ratios; LNM = lymph node metastasis. The variables were compared in the
following ways: Age, <59 years vs. >59 years; Gender, male vs. female; ECOG, O vs. >1; Location, left vs. right;
Grade, low vs. middle and high; Stage, I-ll vs. llI-IV; LNM, no vs. yes; ZEB1/LOXL2 expression, both positive vs.

others.

through the activation of FAK/Src pathway and
upregulation of SNAIlI [36]. Increased cancer
metastasis was also observed in LOXL2-
positive CRC cells which was correlated with
EMT [37, 41]. Our data also supported that
LOXL2, as a downstream factor of ZEB1, part-
icipated in cell migration and invasion of CRC
cells, but had no obvious effects on cell prolif-
eration. The inhibition of LOXL2 impaired the
invasion and migratory abilities in ZEB1-over-
expressing CRC cells, which was correlated
with the regulation of EMT-related molecules.
Thus, ZEB1/LOXL2 is a promising biomarker to
attenuate disease progression of CRC. An in-
depth study of clinical trials for ZEB/LOXL2
inhibitors may shed light on the administration
to CRC patients.

Clinical significance of ZEB1 and LOXL2 in CRC
was also investigated in this study. Previous
studies indicated that ZEB1 overexpression
was crucial for the tumorigenesis of prostate
cancer, gastric cancer, osteosarcoma, and
hepatocellular carcinoma [8, 42]. Increased
ZEB1 expression was also observed in CRC ver-
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sus adjacent normal tissues [34], and was
associated with poor clinical outcome. Incr-
eased LOXL2 expression was also observed in
CRC tissues versus adjacent noncancerous
tissues [43]. Retrospective clinical analysis
also supported LOXL2 as a prognostic marker
in CRC [44]. Here in this study, significant clini-
cal correlation was observed in ZEB1/LOXL2
with serious clinicopathologic factors, includ-
ing TNM stage and lymph node metastasis. In
support of this, we provided further evidences
that ZEB1/LOXL2 co-expression predicted dis-
ease progression in CRC according to Kaplan-
Meier analysis and Cox regression models, and
is an independent adverse factor for CRC
patients.

Conclusions

In summary, our data support a model in which
ZEB1 enhances LOXL2 transcription and ex-
pression through direct binding to its promoter.
Gain of function assays indicate that LOXL2
expression is involved in increased cell migra-
tion and invasion, but did not affect cell prolif-
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eration. IHC evaluation of ZEB1/LOXL2 pro-
vides important prognostic information for CRC
patients. These findings provide a molecular
basis for the promotion of invasive cancer phe-
notype by ZEB1-LOXL2 overexpression.

Acknowledgements

We thank the Department of Pathology, Jiang-
jin District Central Hospital for technical assis-
tance. This study was supported by Medical
Research Program of Chongging Health and
Family Planning Commission (2017MSXM171).

Disclosure of conflict of interest
None.

Address correspondence to: Debing Xiang, De-
partment of Oncology, Jiangjin District Central
Hospital, Chongging, 725 Jiangzhou Main Road,
Dingshan Street, Jiangjing, Chongging 402260,
China. Tel: +86-23-47557382; E-mail: xiang-
debing1@163.com

References

[1] Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2018. CA Cancer J Clin 2018; 68: 7-
30.

[2] Sankaranarayanan R, Swaminathan R, Bren-
ner H, Chen K, Chia KS, Chen JG, Law SC, Ahn
YO, Xiang YB, Yeole BB, Shin HR, Shanta V,
Woo ZH, Martin N, Sumitsawan Y, Sriplung H,
Barboza AO, Eser S, Nene BM, Suwanrungru-
ang K, Jayalekshmi P, Dikshit R, Wabinga H,
Esteban DB, Laudico A, Bhurgri Y, Bah E and
Al-Hamdan N. Cancer survival in Africa, Asia,
and Central America: a population-based
study. Lancet Oncol 2010; 11: 165-173.

[3] HKobayashi H, Mochizuki H, Sugihara K, Morita
T, Kotake K, Teramoto T, Kameoka S, Saito Y,
Takahashi K, Hase K, Oya M, Maeda K, Hirai T,
Kameyama M, Shirouzu K and Muto T. Charac-
teristics of recurrence and surveillance tools
after curative resection for colorectal cancer:
a multicenter study. Surgery 2007; 141: 67-
75.

[4] Eger A, Aigner K, Sonderegger S, Dampier B,
Oehler S, Schreiber M, Berx G, Cano A, Beug H
and Foisner R. DeltaEF1 is a transcriptional re-
pressor of E-cadherin and regulates epithelial
plasticity in breast cancer cells. Oncogene
2005; 24: 2375-2385.

[6] Spaderna S, Schmalhofer O, Wahlbuhl M,
Dimmler A, Bauer K, Sultan A, Hlubek F, Jung
A, Strand D, Eger A, Kirchner T, Behrens J and
Brabletz T. The transcriptional repressor ZEB1

21

(6]

(7]

(9]

(10]

(11]

[12]

(14]

(15]

[16]

promotes metastasis and loss of cell polarity
in cancer. Cancer Res 2008; 68: 537-544.
Zhang PJ, Sun YT and Ma L. ZEB1: at the
crossroads of epithelial-mesenchymal transi-
tion, metastasis and therapy resistance. Cell
Cycle 2015; 14: 481-487.

Singh M, Spoelstra NS, Jean A, Howe E, Torkko
KC, Clark HR, Darling DS, Shroyer KR, Horwitz
KB, Broaddus RR and Richer JK. ZEB1 expres-
sion in type | vs type Il endometrial cancers: a
marker of aggressive disease. Mod Pathol
2008; 21: 912-923.

Zhou YM, Cao L, Li B, Zhang RX, Sui CJ, Yin ZF
and Yang JM. Clinicopathological significance
of ZEB1 protein in patients with hepatocellular
carcinoma. Ann Surg Oncol 2012; 19: 1700-
1706.

Zhang M, Miao F, Huang R, Liu W, Zhao Y, Jiao
T, LuY, Wu F, Wang X, Wang H, Zhao H, Ju H,
Miao S, Wang L and Song W. RHBDD1 pro-
motes colorectal cancer metastasis through
the Wnt signaling pathway and its downs-
tream target ZEB1. J Exp Clin Cancer Res
2018; 37: 22.

Xiong H, Hong J, Du W, Lin YW, Ren LL, Wang
YC, Su WY, Wang JL, Cui Y, Wang ZH and Fang
JY. Roles of STAT3 and ZEB1 proteins in E-cad-
herin down-regulation and human colorectal
cancer epithelial-mesenchymal transition. J
Biol Chem 2012; 287: 5819-5832.

Ono H, Imoto |, Kozaki K, Tsuda H, Matsui T,
Kurasawa Y, Muramatsu T, Sugihara K and In-
azawa J. SIX1 promotes epithelial-mesenchy-
mal transition in colorectal cancer through
ZEB1 activation. Oncogene 2012; 31: 4923-
4934,

Jagle S, Dertmann A, Schrempp M and Hecht
A. ZEB1 is neither sufficient nor required for
epithelial-mesenchymal transition in LS174T
colorectal cancer cells. Biochem Biophys Res
Commun 2017; 482: 1226-1232.

Su L, Luo Y, Yang Z, Yang J, Yao C, Cheng F,
Shan J, Chen J, Li F, Liu L, Liu C, Xu Y, Jiang L,
Guo D, Prieto J, Avila MA, Shen J and Qian C.
MEF2D transduces microenvironment stimuli
to ZEB1 to promote epithelial-mesenchymal
transition and metastasis in colorectal cancer.
Cancer Res 2016; 76: 5054-5067.

Wu L and Zhu Y. The function and mechanisms
of action of LOXL2 in cancer (Review). Int J Mol
Med 2015; 36: 1200-1204.

Ikenaga N, Peng ZW, Vaid KA, Liu SB, Yoshida
S, Sverdlov DY, Mikels-Vigdal A, Smith V, Sch-
uppan D and Popov YV. Selective targeting of
lysyl oxidase-like 2 (LOXL2) suppresses hepat-
ic fibrosis progression and accelerates its re-
versal. Gut 2017; 66: 1697-1708.

Wong CC, Tse AP, Huang YP, Zhu YT, Chiu DK,
Lai RK, Au SL, Kai AK, Lee JM, Wei LL, Tsang

Int J Clin Exp Pathol 2021;14(1):9-23


mailto:xiangdebing1@163.com
mailto:xiangdebing1@163.com

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

22

ZEB1/LOXL2 enhances colorectal cancer invasion

FH, Lo RC, Shi J, Zheng YP, Wong CM and Ng
10. Lysyl oxidase-like 2 is critical to tumor mi-
croenvironment and metastatic niche forma-
tion in hepatocellular carcinoma. Hepatology
2014; 60: 1645-1658.

Cui X, Wang G, Shen W, Huang Z, He H and Cui
L. Lysyl oxidase-like 2 is highly expressed in
colorectal cancer cells and promotes the de-
velopment of colorectal cancer. Oncol Rep
2018; 40: 932-942.

Ye MF, Zhang JG, Guo TX and Pan XJ. MiR-504
inhibits cell proliferation and invasion by tar-
geting LOXL2 in non small cell lung cancer.
Biomed Pharmacother 2018; 97: 1289-1295.
Peng DH, Ungewiss C, Tong P, Byers LA, Wang
J, Canales JR, Villalobos PA, Uraoka N, Mino B,
Behrens C, Wistuba Il, Han RIl, Wanna CA, Fahr-
enholtz M, Grande-Allen KJ, Creighton CJ and
Gibbons DL. ZEB1 induces LOXL2-mediated
collagen stabilization and deposition in the ex-
tracellular matrix to drive lung cancer invasion
and metastasis. Oncogene 2017; 36: 1925-
1938.

Wang F, Zhang P, Yang L, Yu X, Ye X, Yang J,
Qian C, Zhang X, Cui YH and Bian XW. Activa-
tion of toll-like receptor 2 promotes invasion by
upregulating MMPs in glioma stem cells. Am J
Transl Res 2015; 7: 607-615.

Wang Q, Jiang J, Ying G, Xie XQ, Zhang X, Xu W,
Zhang X, Song E, Bu H, Ping YF, Yao XH, Wang
B, Xu S, Yan ZX, Tai Y, Hu B, Qi X, Wang YX, He
ZC, Wang Y, Wang JM, Cui YH, Chen F, Meng K,
Wang Z and Bian XW. Tamoxifen enhances
stemness and promotes metastasis of ERal-
pha36(+) breast cancer by upregulating ALD-
H1A1 in cancer cells. Cell Res 2018; 28: 336-
358.

Palamakumbura AH and Trackman PC. A fluo-
rometric assay for detection of lysyl oxidase
enzyme activity in biological samples. Anal Bio-
chem 2002; 300: 245-251.

Henriksen KL, Rasmussen BB, Lykkesfeldt AE,
Moller S, Ejlertsen B and Mouridsen HT. Semi-
quantitative scoring of potentially predictive
markers for endocrine treatment of breast
cancer: a comparison between whole sections
and tissue microarrays. J Clin Pathol 2007; 60:
397-404.

Wang Q, Shi YL, Zhou K, Wang LL, Yan ZX, Liu
YL, Xu LL, Zhao SW, Chu HL, Shi TT, Ma QH and
Bi J. PIK3CA mutations confer resistance to
first-line chemotherapy in colorectal cancer.
Cell Death Dis 2018; 9: 739.

Miller KD, Siegel RL, Lin CC, Mariotto AB,
Kramer JL, Rowland JH, Stein KD, Alteri R and
Jemal A. Cancer treatment and survivorship
statistics, 2016. CA Cancer J Clin 2016; 66:
271-289.

Takeyama Y, Sato M, Horio M, Hase T, Yoshida
K, Yokoyama T, Nakashima H, Hashimoto N,

(27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

[35]

(36]

Sekido Y, Gazdar AF, Minna JD, Kondo M and
Hasegawa Y. Knockdown of ZEB1, a master
epithelial-to-mesenchymal transition (EMT)
gene, suppresses anchorage-independent cell
growth of lung cancer cells. Cancer Lett 2010;
296: 216-224.

Caramel J, Ligier M and Puisieux A. Pleiotropic
roles for ZEB1 in cancer. Cancer Res 2018; 78:
30-35.

Sanchez-Tillo E, Lazaro A, Torrent R, Cuatreca-
sas M, Vaquero EC, Castells A, Engel P and
Postigo A. ZEB1 represses E-cadherin and in-
duces an EMT by recruiting the SWI/SNF chro-
matin-remodeling protein BRG1. Oncogene
2010; 29: 3490-3500.

Spaderna S, Schmalhofer O, Hlubek F, Berx G,
Eger A, Merkel S, Jung A, Kirchner T and
Brabletz T. A transient, EMT-linked loss of
basement membranes indicates metastasis
and poor survival in colorectal cancer. Gastro-
enterology 2006; 131: 830-840.

Wang M, He SF, Liu LL, Sun XX, Yang F, Ge Q,
Wong WK and Meng JY. Potential role of ZEB1
as a DNA repair regulator in colorectal cancer
cells revealed by cancer-associated promoter
profiling. Oncol Rep 2017; 38: 1941-1948.
Shen A, Zhang Y, Yang H, Xu R and Huang G.
Overexpression of ZEB1 relates to metastasis
and invasion in osteosarcoma. J Surg Oncol
2012; 105: 830-834.

Stridh P, Thessen Hedreul M, Beyeen AD, Adze-
movic MZ, Laaksonen H, Gillett A, Ockinger J,
Marta M, Lassmann H, Becanovic K, Jagodic
M and Olsson T. Fine-mapping resolves
Eae23 into two QTLs and implicates ZEB1 as
a candidate gene regulating experimental neu-
roinfammation in rat. PLoS One 2010; 5:
el2716.

Putzke AP, Ventura AP, Bailey AM, Akture C,
Opoku-Ansah J, Celiktas M, Hwang MS, Darling
DS, Coleman IM, Nelson PS, Nguyen HM, Corey
E, Tewari M, Morrissey C, Vessella RL and
Knudsen BS. Metastatic progression of pros-
tate cancer and e-cadherin regulation by zeb1
and SRC family kinases. Am J Pathol 2011;
179: 400-410.

Zhang GJ, Zhou T, Tian HP, Liu ZL and Xia SS.
High expression of ZEB1 correlates with liver
metastasis and poor prognosis in colorectal
cancer. Oncol Lett 2013; 5: 564-568.

Li J, Xia L, Zhou Z, Zuo Z, Xu C, Song H and Cai
J. MiR-186-5p upregulation inhibits prolifera-
tion, metastasis and epithelial-to-mesenchy-
mal transition of colorectal cancer cell by tar-
geting ZEB1. Arch Biochem Biophys 2018;
640: 53-60.

Liu SB, Ikenaga N, Peng ZW, Sverdlov DY,
Greenstein A, Smith V, Schuppan D and Popov
Y. Lysyl oxidase activity contributes to collagen

Int J Clin Exp Pathol 2021;14(1):9-23



[37]

[38]

[39]

[40]

23

ZEB1/LOXL2 enhances colorectal cancer invasion

stabilization during liver fibrosis progression
and limits spontaneous fibrosis reversal in
mice. FASEB J 2016; 30: 1599-1609.

Park PG, Jo SJ, Kim MJ, Kim HJ, Lee JH, Park
CK, Kim H, Lee KY, Kim H, Park JH, Dong SM
and Lee JM. Role of LOXL2 in the epithelial-
mesenchymal transition and colorectal cancer
metastasis. Oncotarget 2017; 8: 80325-
80335.

Yang J, Savvatis K, Kang JS, Fan P, Zhong H,
Schwartz K, Barry V, Mikels-Vigdal A, Karpinski
S, Kornyeyev D, Adamkewicz J, Feng X, Zhou Q,
Shang C, Kumar P, Phan D, Kasner M, Lopez B,
Diez J, Wright KC, Kovacs RL, Chen PS, Quer-
termous T, Smith V, Yao L, Tschope C and
Chang CP. Targeting LOXL2 for cardiac intersti-
tial fibrosis and heart failure treatment. Nat
Commun 2016; 7: 13710.

Barry-Hamilton V, Spangler R, Marshall D, Mc-
Cauley S, Rodriguez HM, Oyasu M, Mikels A,
Vaysberg M, Ghermazien H, Wai C, Garcia CA,
Velayo AC, Jorgensen B, Biermann D, Tsai D,
Green J, Zaffryar-Eilot S, Holzer A, Ogg S, Thai
D, Neufeld G, Van Vlasselaer P and Smith V.
Allosteric inhibition of lysyl oxidase-like-2 im-
pedes the development of a pathologic micro-
environment. Nat Med 2010; 16: 1009-1017.
Kouhkan F, Motovali-Bashi M and Hojati Z. The
influence of interstitial collagenase-1 genotype
polymorphism on colorectal cancer risk in Ira-
nian population. Cancer Invest 2008; 26: 836-
842.

[41]

[42]

[43]

[44]

Zhu Y, Zhu MX, Zhang XD, Xu XE, Wu ZY, Liao
LD, Li LY, Xie YM, Wu JY, Zou HY, Xie JJ, Li EM
and Xu LY. SMYD3 stimulates EZR and LOXL2
transcription to enhance proliferation, migra-
tion, and invasion in esophageal squamous
cell carcinoma. Hum Pathol 2016; 52: 153-
163.

Okugawa Y, Toiyama Y, Tanaka K, Matsusita K,
Fujikawa H, Saigusa S, Ohi M, Inoue Y, Mohri Y,
Uchida K and Kusunoki M. Clinical significance
of Zinc finger E-box Binding homeobox 1
(ZEB1) in human gastric cancer. J Surg Oncol
2012; 106: 280-285.

Fu J, Tang W, Du P, Wang G, Chen W, Li J, Zhu Y,
Gao J and Cui L. Identifying microRNA-mRNA
regulatory network in colorectal cancer by a
combination of expression profile and bioinfor-
matics analysis. BMC Syst Biol 2012; 6: 68.
Torres S, Garcia-Palmero |, Herrera M, Barto-
lome RA, Pena C, Fernandez-Acenero MJ, Pa-
dilla G, Pelaez-Garcia A, Lopez-Lucendo M,
Rodriguez-Merlo R, Garcia de Herreros A, Bo-
nilla F and Casal JI. LOXL2 is highly expressed
in cancer-associated fibroblasts and associ-
ates to poor colon cancer survival. Clin Cancer
Res 2015; 21: 4892-4902.

Int J Clin Exp Pathol 2021;14(1):9-23



ZEB1/LOXL2 enhances colorectal cancer invasion

A -~ Shcontrol B . NT
£ -o- ShLOXL2 5 - ShLOXL2
S 1001 B
= 3
> 754 S 6 i
) )
&) < i I
2 g
T E
g
0 :é . - _ b
1 1 ] I} i e
4 5 6 <& N N & N N
S A e N N >
Days R Y S
HCT116-ZEB1 SW480-ZEBH1

Figure S1. LOXL2 knockdown inhibits ZEB1-induced colorectal cell invasion, but has no effect on cell proliferation
and migration (A) Cell proliferation was assessed with CCK-8 assays, which showed no significant difference in pro-
liferation ability with LOXL2 knockdown in SW480 cells. (B) Expression of EMT-related molecules was examined in
LOXL2-silenced ZEB1 overexpressing cells. VIM (vimentin), SNAI1 (Snail), CDH1 (E-cadherin). GAPDH was used as
an internal control.



