
ISSN 1535-3702 Experimental Biology and Medicine 2023; 248: 457–468

Copyright © 2022 by the Society for Experimental Biology and Medicine

Introduction

Colorectal carcinoma (CRC) is common cancer with high 
mortality, especially in developed countries.1 The overall 
5-year survival rate for CRC patients with different patho-
logical stages varies, ranging from as low as 8% for stage IV 
to about 93% for stage I.2 Surgery and chemotherapy are the 
main treatments for CRC.

One of the most effective chemotherapeutics used in treat-
ing CRC is 5-fluorouracil (5-FU), which has been used in clin-
ics for more than 40 years.3 5-FU is a cell cycle-specific drug, 
which is transformed into its active metabolite in the human 
body to inhibit thymine thymidine synthase, block thymine 
deoxynucleoside formation, interfere with DNA formation, 
and mainly kill tumor cells in the S phase of the prolifera-
tion cycle.4 Drug resistance has been the main reason for 
treatment failure in CRC patients.5 As a result, it is vital to 

investigate targets related to drug resistance and clarify their 
mechanisms of action.

Lysyl oxidase-like protein 2 (LOXL2) belongs to the 
Lysyl oxidase (LOX) protein family with a highly conserved 
–COOH terminal sequence,6 contributing to cell growth, 
cell adhesion, cell migration and invasion, tissue fibrosis, 
and many other aspects.7 LOXL2 is capable of modifying 
histone tails, reducing cell polarity, and increasing tumor 
metastasis potential. It can also stabilize Snail protein to 
promote epithelial-mesenchymal transition in multiple 
cancers.8,9 Previous research has demonstrated that LOXL2 
is highly related to the metastasis and poor prognosis of 
colon cancer.10,11 However, only a few studies have been 
performed on exploring the correlation between LOXL2 and 
5-FU resistance. One study reported that LINC01347/miR-
328/LOXL2 axis may be involved in 5-FU-based chemo-
therapy resistance in CRC. The LOXL2 can be regulated at 
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Our findings indicated the elevated LOXL2 expres-
sion significantly activated the Hedgehog signaling 
pathway and upregulated the expression of anti-
apoptotic BCL2, leading to reduced 5-FU sensitivity 
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the transcriptional level by LINC01347 via sponging miR-
328-5p in CRC cells.12

CRC progression is closely associated with the effective-
ness and resistance of chemotherapy drugs.13 As a vital anti-
apoptotic protein, B-cell lymphoma-2 (BCL2) level has been 
correlated with chemotherapy drug resistance.14 For exam-
ple, metformin-mediated BCL2 downregulation was linked 
to reduced oxaliplatin resistance in diabetes patients with 
CRC.15 The Hedgehog signaling pathway has been impli-
cated in acquired chemoresistance16 and reported to regu-
late the BCL2 expression through GLI1.17 This pathway is 
activated and regulated by two receptors on the target cell 
membrane: Patched (PTC) and Smoothened (SMO). When 
PTC interacts with Hedgehog ligands, GLI proteins enter the 
nucleus, thereby activating downstream genes by relieving 
the inhibition of SMO.18

However, no report has been made about the regulatory 
relationship between LOXL2 and BCL2, nor the underlining 
mechanism. The elevated LOXL2 expression in our study 
significantly activated the Hedgehog signaling pathway and 
up-regulated the expression of anti-apoptotic BCL2, leading 
to reduced 5-FU sensitivity in CRC.

Materials and methods

Bioinformatic analyses

Gene Expression Profiling Interactive Analysis (GEPIA2) 
(http://gepia2.cancer-pku.cn) was used to analyze the 
mRNA expression levels of LOXL2 in TCGA-COAD and 
TCGA-READ cohorts.19 The University of ALabama at 
Birmingham CANcer data analysis Portal (UALCAN) 
(http://ualcan.path.uab.edu) was applied to analyze the pro-
tein expression levels in Clinical Proteomic Tumor Analysis 
Consortium (CPTAC) colon cancer samples.20 The mRNA 
expression data of LOXL2 in multiple cell lines were derived 
from the Cancer Cell Line Encyclopedia (CCLE) database 
(http://sites.broadinstitute.org/ccle).21 Functional enrich-
ment analyses were performed with the GSEA software 
based on the RNA-sequencing profile of TCGA samples.22

Clinical tissues and ethical statement

Primary CRC tissues and the paired normal tissues (n = 82) 
were collected from Zhuhai Hospital. Pathologically, all 
the patients had primary colon adenocarcinoma, and no 
chemotherapy or radiotherapy was administered before sur-
gery. Corresponding clinical data were also collected. The 
study was performed in compliance with the Declaration of 
Helsinki. Zhuhai Hospital of Integrated Traditional Chinese 
and Western Medicine’s Ethics Committee approved the 
experiment. All patients signed informed consent forms.

Cell lines and reagents

HCT116 and SW48 were purchased from the Cell Bank of the 
Chinese Academy of Science (Shanghai, China). 5-FU and 
cyclopamine were obtained from MedChemExpress (MCE). 
Cell Counting Kit-8 and Annexin V-FITC apoptosis detection 
kits were made by Dojindo (Kyushu, Japan). Anti-LOXL2 
antibody (SAB5701556, Sigma-Aldrich), anti-SMO antibody 
(#92981, CST), anti-SMO antibody (sc-13943, Santa Cruz, 
San Diego, CA), anti-GLI1 antibody (#3538, CST), anti-GLI2 

antibody (#66670, CST), anti-BCL-2 antibody (#4223, CST), 
anti-GAPDH antibody (#60004-1-Ig, Proteintech), Trizol rea-
gent (B610409, Sangon, Shanghai, China), PrimeScript RT 
Reagent Kit (#RR037A, TaKaRa, Japan), and SYBR Premix Ex 
Taq (#RR820A, TaKaRa, Japan) were obtained from appropri-
ate corporations.

Immunohistochemistry

Tissue sections were deparaffinized and rehydrated, and 
then antigens were extracted using a 10 mM sodium cit-
rate buffer (pH = 6.0). 0.3% H2O2 was added for 15 min to 
inhibit the endogenous peroxidase. The primary antibodies 
of LOXL2 and SMO were used for staining after blocking 
for 30 min with 10% goat serum in PBS. Each section was 
photographed at 100× and 400× magnifications. The quan-
titative analyses were conducted with Image Pro Plus 6.0 for 
calculating the mean optical density (MOD). The differential 
analyses were performed with the t-test.

Cell counting kit assay

HCT116 and SW48 cells were seeded into 96-well plates and 
cultured at 37°C and 5% CO2. After indicated treatments for 
a certain duration, cell viability was determined based on the 
densities measured with the CCK-8 assay.

Quantitative RT-PCR (qRT-PCR)

qRT-PCR experiments were conducted with the PrimeScript 
RT Reagent Kit and SYBR Premix Ex Taq as directed by 
the manufacturer’s instructions. GAPDH was applied 
as the internal control. The primer sequence for LOXL2 
was: Forward AGGACATTCGGATTCGAGCC, Reverse 
CTTCCTCCGTGAGGCAAAC. The Ct values were calcu-
lated with the 2–ΔΔCt method.

Plasmids and lentivirus construction and cell 
transfection

We generated LOXL2 over-expressed HCT116 cell lines by 
cloning full-length LOXL2 (NM_002318) into the expression 
vector pLV-EGFP: T2A:Puro-EF1A (Yunzhou, Guangzhou, 
China) containing RNA interfering with the endogenous 
LOXL2 gene. To knock down LOXL2, two shRNA tar-
get sequences were synthesized by Cyagen Biosciences 
(Guangzhou, China), and shRNA oligos were cloned into the 
pLKO.1 vector. The LOXL2 shRNA sequences were shRNA1 
CACCCGATTACTCCAACAACATCATCTCGAGATGAT 
GTTGTTGGAGTAATCGAAAA and shRNA2 CACCCCA 
GATAGAGAACCTGAATATCTCGAG ATATTCAGGT 
TCTCTATCTGGAAAA. Lentiviral particles were produced 
using HEK293T cells utilizing lentiviral packaging system 
comprising pCMV-dR8.2 dvpr and pCMV-VSVG packaging 
plasmids and transfected into SW48 cell lines. Addition of 
puromycin to select for cells that stably expressed exogenous 
and RNA-interfered endogenous LOXL2 cell lines. LOXL2 
expression levels were detected by Western blotting to verify 
overexpression and knockdown effects.

Western blot analysis

The total protein was extracted and electrophoresed on 
sodium dodecyl sulfate-polyacrylamide gels. Then, the gels 
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were transferred to PVDF membranes. After blocking PVDF 
membranes with protein in 5% skim milk for 60 min, primary 
antibodies were applied to them at 4°C for 8 h. The chemi-
luminescent detection of protein blots was performed after 
adding the horseradish peroxidase (HRP)-conjugated sec-
ondary antibody. The full scans of entire and original gels dis-
played in this study were provided in Supplementary file 1.

Clone formation assay

In six-well culture plates, colony formation experiments 
were carried out. The indicated cells were planted in each 
well at a density of 5×102 cells. Incubation was performed 
at 37°C and 5% CO2, with the medium being replaced every 
3–4 days. After around 2 weeks, cell colonies were quanti-
fied and analyzed. For each cell line, three replicates were 
conducted in the experiment.

Flow cytometry assay

The indicated cells were then treated with 5-FU at 20 μM. Using 
Annexin V-FITC apoptosis detection kits, the apoptosis rate of 
cells was detected following the manufacturer’s instructions. 
Three replicates were conducted. The Annexin + PI + (Q1) 
was counted as dead cells. The Annexin + PI – (Q4) was 
counted as apoptosis cells. The Annexin – PI – (Q3) was 
counted as live cells. The Annexin – PI + (Q2) was counted 
as mechanical injured cells.

Animal model

Six-week-old male BALB/c nude mice (Beijing Vital River 
Laboratory Animal Co. Ltd, China) were obtained and bred 
under an SPF (specific pathogen-free) condition. LOXL2 or 
scramble stably downregulated SW48 cells were subcuta-
neously injected into the mice (6 mice/group). 7 days post 
injection, 5-FU treatment was performed every 3 days by 
gavage. The volume of tumors was continuously measured 
using a Vernier caliper. 25 days later, the mice were euthana-
tized to measure the tumor weight. The animal experimental 
protocols were following institutional guidelines approved 
by the Animal Care and Use Committee of Zhuhai Hospital 
of Integrated Traditional Chinese and Western Medicine.

Statistical analysis

The means and standard deviations (SDs) are presented for 
three independent replicates using GraphPad Prism 9. The 
t-test and χ2 test were used for comparisons of differences 
in clinical features between groups. Two-way analysis of 
variance (ANOVA) with Tukey’s multiple comparisons test 
was used to compare three or more groups, and two groups 
were compared with Student’s t-test. Spearman correlation 
analysis was applied for analyzing the correlation. p < 0.05 
deemed statistically significant.

Results

Elevated LOXL2 expression positively correlated to 
the progression in colon cancer patients

According to the expression profiles of the TCGA-COAD 
and TCGA-READ cohorts, a significant upregulation of 

LOXL2 mRNA expression was detected in tumor samples 
compared with normal tissues (Figure 1(A)). The elevated 
LOXL2 expression was also found in the protein level based 
on the CPTAC samples (Figure 1(B)). Moreover, the protein 
expression level was gradually increased with the progres-
sion of stages in CPTAC samples (Figure 1(C)). The expres-
sion of LOXL2 was further validated in clinical tissues with 
immunohistochemistry. Based on the MOD value, patients 
were separated into LOXL2-high and LOXL2-low groups, 
and the correlation between LOXL2 expression and clini-
cal features was shown (Table 1). In tumor tissues, LOXL2 
expression was increased compared with normal tissues, 
and representative images were displayed (Figure 1(D)). 
Compared to the normal group, the tumor group had a sig-
nificantly higher MOD value (Figure 1(E)). Within the tumor 
group, the MOD value of stages III and IV was substantially 
higher than that of stages I and II (Figure 1(E)). These data 
indicated that elevated LOXL2 expression was positively 
related to the progression in CRC patients.

LOXL2 promoted the resistance of CRC cells  
to 5-FU

The mRNA expression levels of LOXL2 in multiple CRC cell 
lines were explored using the CCLE database. The top ten 
CRC cell lines with the highest expression were displayed 
(Figure 2(A)). Among them, the expression levels of LOXL2 in 
HCT116 and SW48 cells were determined with qRT-PCR, and 
there was no significant difference (Figure 2(A)). These two 
cell lines were selected for further experiments. First, HCT116 
and SW48 cells were treated with various concentrations of 
5-FU (2.5, 5, 10, 20, and 40 μM) for 48 h. Both the qRT-PCR 
and WB results showed that the expression levels of LOXL2 
increased with the rising of 5-FU concentrations, especially at 
20 and 40 μM (Figure 2(B)). Then, cell viability was detected 
with CCK8 assay in HCT116/Vector, HCT116/LOXL2, SW48/
Scamble, and SW48/shLOXL2 cells treated with 5-FU at 48 h. 
The overexpression and knockdown efficiencies were vali-
dated with WB (Figure 3(A)). IC50 values of 5-FU were meas-
ured with curvilinear regression equations based on the cell 
viability at different concentrations. In details, the IC50 values 
for HCT116/Vector, HCT116/LOXL2, SW48/Scamble, SW48/
shLOXL2-1, and SW48/shLOXL2-2 cells were 16.85, 24.29, 
19.22, 11.47, and 10.81 μM, respectively (Figure 3(B)). These 
data demonstrated that the overexpression of LOXL2 pro-
moted the resistance of CRC cells to 5-FU, and the knockdown 
of LOXL2 increased the sensitivity of CRC cells to 5-FU.

LOXL2 enhanced the proliferation and inhibited 
5-FU-induced apoptosis in CRC cells

The growth-promoting effect of LOXL2 on CRC cells was 
further verified using clone formation assays. The overex-
pression of LOXL2 significantly increased the number of 
cell colonies, and the knockdown of LOXL2 significantly 
decreased the number of cell colonies (Figure 4(A)). Then, 
the apoptosis rates of CRC cells treated without or with 5-FU 
at a concentration of 10 μM at 48 h were detected with the 
Annexin V-FITC apoptosis detection kits. The apoptosis rate 
was significantly decreased when LOXL2 was overexpressed 
and was significantly increased when LOXL2 was knocked 
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Figure 1. Elevated LOXL2 expression was positively related to the progression of CRC. (A) The mRNA expression in the TCGA-COAD and TCGA-READ  
cohorts. One-way ANOVA test. *p < 0.05. (B) The protein expression in the CPTAC samples. Z-values represented the standard deviations from the median across 
samples. Student’s t-test. ****p < 0.0001. (C) The protein expression level of LOXL2 was found gradually increased with the progress of stages in CPTAC samples.  
(D) Representative immunohistochemical staining images in the normal and tumor tissues. Length scale bars are 50 µm at 100× magnification and 15 µm at  
400× magnification. (E) The MOD values of LOXL2 in different subgroups (Normal, Tumor, Stages I and II, and Stages III and IV). Student’s t-test. **p < 0.01, 
*p < 0.05. Error bars, SD. 

Table 1. Relationship between LOXL2 expression and clinical features.

Features LOXL2-Low (N = 41) LOXL2-High (N = 41) p-value

Age
 ⩾60 27 (65.9%) 32 (78.0%) 0.325
 <60 14 (34.1%)  9 (22.0%)  
Gender
 Male 23 (56.1%) 20 (48.8%) 0.658
 Female 18 (43.9%) 21 (51.2%)  
Stage
 I  8 (19.5%)  2 (4.9%) < 0.001
 II 27 (65.9%) 12 (29.3%)  
 III  5 (12.2%) 17 (41.5%)  
 IV  1 (2.4%) 10 (24.4%)  
T
 T1–T2  8 (19.5%)  2 (4.9%) 0.0915
 T3–T4 33 (80.5%) 39 (95.1%)  
N
 N0 35 (85.4%) 15 (36.6%) <0.001
 N1  4 (9.8%) 11 (26.8%)  
 N2  2 (4.9%) 15 (36.6%)  
M
 M0 40 (97.6%) 31 (75.6%) 0.00954
 M1  1 (2.4%) 10 (24.4%)  

LOXL2: lysyl oxidase-like protein 2. Bold values indicate statistical significance.
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down. Furthermore, LOXL2 overexpression could typically 
inhibit the CRC cells’ apoptosis without or with 5-FU treat-
ment, and vice versa (Figures 4(B) to 5(A)). Besides, the mice 
xenografts model described, upon silencing LOXL2 in SW48 
cells, that the SW48 exhibited a more torpidly growth with 
5-FU treatment, with a lower tumor weight (Figure 5(B) and 
(C)). These data demonstrated that LOXL2 enhanced prolif-
eration and inhibited 5-FU-induced apoptosis in CRC cells.

Elevated LOXL2 up-regulated BCL2 through the 
Hedgehog signaling pathway

Next, we performed gene set enrichment analysis (GSEA) 
in TCGA-COAD and TCGA-READ samples from the TCGA 
database to identify the probable mechanism of LOXL2 in 

CRC. The results revealed a substantial positive correlation 
between LOXL2 expression and the Hedgehog signaling 
pathway. The false discovery rate (FDR) was 0.02, and the 
normalized enrichment score (NES) was 1.54 (Figure 6(A)). 
Moreover, the mRNA expression of Sonic Hedgehog (SHH), 
encoding the sonic hedgehog protein, was also significantly 
up-regulated in TCGA samples (Figure 6(B)). Through the 
mRNA expression correlation analyses with the GEPIA2 
web tool, we found no significant correlation between 
LOXL2 and SHH (Figure 6(C)). However, the expression 
of LOXL2 was found to be positively correlated with other 
critical molecules of the Hedgehog pathway, such as SMO 
(R = 0.44, p < 0.001), GLI1 (R = 0.66, p < 0.001), GLI2 (R = 0.78, 
p < 0.001) (Figure 6(C)). Weak correlation was found with 
PTCH1 (R = 0.15, p < 0.01) and SHH (R = −0.032, p = 0.54) 

Figure 2. LOXL2 expression was positively correlated with 5-FU concentration in CRC cells. (A) Relative LOXL2 expression of top 10 CRC cell lines in CCLE 
database (Left); Relative LOXL2 expression in SW48 and HCT116 cell lines tested by qRT-PCR (Right). (B) Relative LOXL2 mRNA and protein expression in HCT116 
and SW48 cells treated with gradient concentrations of 5-FU (2.5, 5, 10, 20, 40 μM) determined at 48 h by qRT-PCR and WB. Two-way ANOVA and Tukey’s multiple 
comparison test was used for statistical analysis. Error bars, SD.
**p < 0.01, *p < 0.05.
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Figure 3. LOXL2 promoted the cell viability of CRC cells treated with 5-FU. The scramble and shLOXL2 vector were transfected into SW48 cells, while HCT116 
cells were transfected with LOXL2 expression and empty vector. (A) The LOXL2 overexpression in HCT116 cell line and knockdown efficiencies in SW48 cell line 
were validated by Western blotting. (B) The cell abilities were measured by CCK8 assays. The IC50 values of 5-FU for HCT116/Vector, HCT116/LOXL2, SW48/
Scamble, SW48/shLOXL2-1, and SW48/shLOXL2-2 cells were 16.85, 24.29, 19.22, 11.47, and 10.81 μM, respectively.
ns: not significant.
**p < 0.01, *p < 0.05.

Figure 4. LOXL2 enhanced the proliferation and inhibited the apoptosis in CRC cells without 5-FU treatment. (A) Clone formation assays in HTC116 and SW48 cell 
lines. Overexpressed LOXL2 significantly increased the number of HCT116 cell colonies, while the knockdown of LOXL2 significantly decreased the number of SW48 
cell colonies. (B) The apoptosis rates of CRC cells treated without 5-FU were detected with the flow cytometry assays. Student’s t-test or two-way ANOVA and Tukey’s 
multiple comparison test were used for significance determination. Error bars, SD. 
***p < 0.001, **p < 0.01,*p < 0.05.
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(Figure 6(C)). Subsequently, the expression of SMO in clini-
cal samples with high and low expression of LOXL2 was 
determined with the immunohistochemical method, and the 
MOD was calculated (Figure 7(A)). Wilcoxon test showed 
that the expression of SMO in the samples with high expres-
sion of LOXL2 was also significantly increased (Figure 7(B)), 
and Spearman correlation analysis also showed that there 
was a significant positive correlation between LOXL2 and 
SMO in protein expression level, with a correlation coeffi-
cient of 0.55 (Figure 7(C)).

It is known that SMO and PTCH1 are the two membrane 
receptors of the Hedgehog pathway.23 Normally, PTCH1 
protein inhibits the activity of SMO, which will be released 

when the Hedgehog binds the patched protein, promot-
ing the nuclear import of the transcriptional factor GLI.24 
Moreover, the anti-apoptotic BCL2 has been proved to be 
transcriptionally regulated by the sonic Hedgehog signal-
ing pathway through GLI1.17 It was suggested that LOXL2 
could reverse the apoptosis reduced by 5-FU through the 
Hedgehog/BCL2 signaling pathway.

Cyclopamine, a direct antagonist of SMO, has been used 
to be one of the specific inhibitors of Hedgehog signaling.25 
Subsequently, we detected the protein levels of LOXL2, 
SMO, GLI1, GLI2, and BCL2 in the LOXL2-overexpressing 
HCT116 cells, LOXL2-overexpressing HCT116 cells treated 
with cyclopamine, and LOXL2-knockdown SW48 cells by 

Figure 5. LOXL2 enhanced the proliferation and inhibited 5-FU-induced apoptosis in CRC cells. (A) The apoptosis rates of CRC cells treated with 5-FU at a 
concentration of 10 μM for 48 h were detected with the flow cytometry assays. The apoptosis rate was significantly decreased when LOXL2 was overexpressed and 
was significantly increased when LOXL2 was knocked down. LOXL2 or scramble stably downregulated SW48 cells were subcutaneously injected into the mice, and 
5-FU treatment was conducted every 3 days. The tumor growth volume (B) and weight (C) were measured. Student’s t-test or two-way ANOVA and Tukey’s multiple 
comparison test were used for significance determination. Error bars, SD. 
***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 6. Correlations between LOXL2 expression and Hedgehog signaling pathway. (A) The GSEA result in the TCGA-COAD and TCGA-READ samples with 
Pearson method. The Hedgehog signaling pathway was significantly enriched in the LOXL2-positive side. (B) The mRNA expression of SHH was significantly up-
regulated in the TCGA-COAD and TCGA-READ samples compared with normal samples. (C) Spearman correlation analyses between the expression of LOXL2 
with SMO (R = 0.44, p < 0.001), GLI1 (R = 0.66, p < 0.001), GLI2 (R = 0.78, p < 0.001), PTCH1 (R = 0.15, p < 0.01), BCL2 (R = 0.33, p < 0.001) and SHH (R = −0.032, 
p = 0.54). One-way ANOVA.
*p < 0.05.

Figure 7. Validation of the correlation between the LOXL2 and SMO expression with immunohistochemistry. (A) Representative immunohistochemical staining 
images of SMO in the LOXL2-High and LOXL2-Low expressed tissues. Length scale bars are 50 µm at 100× magnification and 15 µm at 400× magnification. (B) The 
differential MOD values of SMO in the LOXL2-High and LOXL2-Low expressed groups compared with the Wilcoxon test. (C) The Spearman correlation between the 
MOD values of SMO and LOXL2 in the clinical samples (R = 0.55, p < 0.001). 
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WB. The results showed that the protein levels of SMO, GLI1, 
GLI2, and BCL2 increased after the overexpression of LOXL2 
while decreasing after the knockdown of LOXL2 (Figure 
8(A)). Especially, the up-regulation of BCL2 mediated by the 
overexpression of LOXL2 was reversed by the treatment of 
cyclopamine (40 nM, 48 h) (Figure 8(A)). Then, CCK8 assays 
indicated that the cell viability of LOXL2-overexpressing 
HCT116 cells was significantly inhibited by the cyclopamine 
treatment (Figure 8(B)). Moreover, the specific antagonists 
for Hedgehog/BCL2 signaling pathway were utilized for 
fathoming the effects of this pathway on 5-FU resistance of 
HCT116. As the results demonstrated, in comparison with 
the control, the cell viability was lower and the apoptosis rate 
was higher, with significance. It indicated that the inhibitory 
effects of 5-FU on HCT116 cells were enhanced with cyclo-
pamine treatment (Figure 9(A) and (B)). The reduced expres-
sion levels of SMO, GLI1, GLI2, and BCL2 further indicated 
the blocking of the Hedgehog pathway (Figure 9(C)). These 
data demonstrated that elevated LOXL2 reduced the 5-FU 
sensitivity by up-regulating the activity of the Hedgehog/
BCL2 signaling pathway.

Discussion

CRC poses a significant threat to human health and accounts 
for a large proportion of cancer-associated deaths.26 The 
development of laparoscopic surgery, resection, radiother-
apy, and chemotherapy has made little improvement in 
increasing cure rates.27 As an important chemotherapeutic 
molecule, 5-FU is often applied for CRC management under 
conditions of locoregional or distant invasion. However, this 
treatment could fail due to innate or acquired drug resistance 
in patients.28 This article has tried to elucidate that LOXL2 
may reduce 5-FU sensitivity in CRC via the Hedgehog/BCL2 
signaling pathway.

Past research has confirmed the association between the 
LOXL2 expression pattern and CRC metastasis.29 Our results 
showed that LOXL2 was considerably increased in CRC sam-
ples and drug-resistant cell lines, which continued to increase 
with progression. Consistent results have been documented 
in a previous study. It reported that LOXL2 was highly 
expressed in the extracellular matrix and CRC cells, which 
was associated with tumor-node-metastasis stage and distant 
metastasis.30 Together, we could affirm that LOXL2 was highly 
expressed in the interstitial micro-environment of CRC cells.

After understanding the involvement of LOXL2 in CRC, 
we would like to explore its association with 5-FU resist-
ance. The LOXL2 expression was altered in CRC cells and 
then treated with 5-FU. There was evidence showing the 
association between LOXL2 expression and sensitization 
toward gemcitabine in pancreatic cancer.31 In our study, 
LOXL2 expression was enhanced in CRC cells resistant to 
5-FU. Upregulation of LOXL2 has been shown to play a con-
tributory role in the 5-FU resistance of CRC cells.12 For verifi-
cation purposes, we upregulated and downregulated LOXL2 
in CRC cells, and increased 5-FU resistance was observed 
after LOXL2 upregulation.

Apoptosis triggered by chemotherapy drugs has been 
important in chemotherapy.32 To understand the roles of 
LOXL2 in CRC cell proliferation and apoptosis, we observed 
the growth of CRC cell colonies after LOXL2 overexpres-
sion or knockdown. Evidently, the ability of CRC cell colony 
formation was enhanced after LOXL2 overexpression and 
diminished after LOXL2 knockdown. CRC cell apoptosis 
induced by 5-FU, as opposed to proliferation, was decreased 
after upregulating LOXL2 and enhanced after downregulat-
ing LOXL2. A previous study reported that LOXL2 deficiency 
impaired CRC cell proliferation and provokes apoptosis. It 
can be concluded that LOXL2 was able to accelerate CRC 
cell proliferation and decelerate apoptosis evoked by 5-FU.

Figure 8. Elevated LOXL2 upregulated BCL2 through the Hedgehog signaling pathway. (A) Protein levels of LOXL2, SMO, GLI1, GLI2, and BCL2 in the LOXL2-
overexpressing HCT116 cells, LOXL2-overexpressing HCT116 cells treated with cyclopamine, and LOXL2-knockdown SW48 cells were determined by Western 
blotting. SMO, GLI1, GLI2, and BCL2 were positively correlated to LOXL2. Especially, the up-regulation of BCL2 mediated by LOXL2 was reversed by the treatment 
of cyclopamine (40 nM). (B) Cell viabilities were detected by the CCK8 assays in HCT116 cells. The enhancing effect on cell proliferation by LOXL2 was significantly 
reversed by cyclopamine (40 nM). Two-way ANOVA with Tukey’s multiple comparisons test. 
*p < 0.05.
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The molecular mechanism of LOXL2 has been further 
explored. The Hedgehog signaling has a widespread reputa-
tion in CRC tumorigenesis.33 The abnormal Hedgehog activa-
tion could promote cancer stem cells with therapy resistance 
in CRC cells.34 Our results elicited that LOXL2 expression was 
positively correlated with the Hedgehog pathway, evidenced 
by its positive correlation with SMO, GLI1, and GLI2, all of 
which are components of the Hedgehog pathway.35 SMO is 
the main cell membrane receptor of the Hedgehog pathway, 
which can activate the transcription of downstream GLI pro-
teins and their downstream target genes in the nucleus.36 BCL2 
is regarded as a hub gene to determine apoptosis in CRC.37 
Following the overexpression of LOXL2, levels of SMO, GLI1, 
GLI2, and BCL2 were augmented, while the opposite trend 
was noticed after LOXL2 knockdown, indicating a regulatory 
action of LOXL2 on BCL2 and the Hedgehog pathway.

The signaling pathway has also been further verified 
with an inhibitor cyclopamine specific to Hedgehog path-
ways. Intriguingly, the upregulation of SMO, GLI1, GLI2, 
and BCL2 in CRC cells mediated by LOXL2 overexpression 
was abolished after Cyclopamine treatment. In addition, our 
results elicited that LOXL2-overexpressing CRC cells mani-
fested abated viability after cyclopamine treatment. CCCTC 

binding factor facilitated CRC cell proliferation and resist-
ance to 5-FU through the P53-Hedgehog axis.38 The miR-206 
regulated BCL2 expression to mediate the 5-FU resistance  
of CRC cells.39 Similarly, LOXL2 mediated 5-FU sensitivity 
in CRC cells through the Hedgehog/BCL2 axis.

To summarize, upregulation of LOXL2 reduced 5-FU  
sensitivity in CRC by activating the Hedgehog signaling 
pathway and elevating BCL2 expression. There are also some 
limitations in the mechanism exploration of this study. One 
limitation is that SMO is only inhibited with Cyclopamine in 
the protein level without being knocked down in the mRNA 
level. The off-target effects are not explored in-depth. The 
second limitation is the enzymatic or non-enzymatic func-
tions of LOXL2 are not considered. The third limitation 
rests with the interaction between LOXL2 and SMO and the 
unanswered question of whether LOXL2 interacts with SMO 
directly or indirectly. In future studies, we will continue to 
explore the in-depth molecular mechanism to find answers.
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