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1  |  INTRODUC TION

Colorectal carcinoma (CRC) is one of the most common malignant 
tumors in the world; it is the third most diagnosed cancer in males 
(10.6%) and females (9.4%).1,2 CRC is also the third leading cause 
of cancer death in both males (9.3%) and females (9.5%).1 Lifestyle 
factors, such as obesity, smoking, and alcohol, are significant and 
can be addressed through therapeutic interventions.3 Pre-cancer 
screenings like colonoscopies have also been improved.3,4 However, 

the incidence and death rates of CRC remain high. Therefore, it is es-
sential to clarify the molecular mechanisms behind the development 
of CRC to investigate novel molecular targets for early diagnosis and 
treatment. Collagen deposition and crosslinking happen frequently 
in malignant tumors and increase the risk of tumorigenesis and in-
vasion, allowing individual tumor cells to migrate out along radially 
aligned fibers.5–7

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) 
is located on human chromosome 3 (3q24). The PLOD family has 
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Abstract
Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) has been reported as an 
oncogenic gene, affecting various malignant tumors, including endometrial carcinoma, 
osteosarcoma, and gastric cancer. These effects are mostly due to the enhanced dep-
osition of collagen precursors. However, more studies need to be conducted on how 
its lysyl hydroxylase function affects cancers like colorectal carcinoma (CRC). Our 
present results showed that PLOD2 expression was elevated in CRC, and its higher 
expression was associated with poorer survival. Overexpression of PLOD2 also fa-
cilitated CRC proliferation, invasion, and metastasis in vitro and in vivo. In addition, 
PLOD2 interacted with USP15 by stabilizing it in the cytoplasm and then activated 
the phosphorylation of AKT/mTOR, thereby promoting CRC progression. Meanwhile, 
minoxidil was demonstrated to downregulate the expression of PLOD2 and suppress 
USP15, and the phosphorylation of AKT/mTOR. Our study reveals that PLOD2 plays 
an oncogenic role in colorectal carcinoma, upregulating USP15 and subsequently ac-
tivating the AKT/mTOR pathway.
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the effect of hydroxylating lysyl in the rough endoplasmic reticu-
lum (RER), which results in the cross-linking and deposition of col-
lagen precursors.8 In hypoxia, PLOD2 has been revealed to modify 
cell shape, adhesion, and motility to harden the extracellular matrix 
(ECM) and alter collagen fiber organization, which promotes inva-
sion and metastasis of breast cancer cells.9 Additionally, PLOD2 is 
strongly expressed in cancer-associated fibroblasts (CAF), increases 
stromal stiffness, and encourages lung adenocarcinoma cells to in-
vade through intratumoral collagen cross-links.10 Except for its high 
expression in breast cancer and lung adenocarcinoma, recent stud-
ies have shown that PLOD2 is upregulated in cervical cancer,11 en-
dometrial carcinoma,12 and colorectal carcinoma.13 Further studies 
are needed to clarify how PLOD2 regulates the CRC progression.

Ubiquitin-specific peptidase 15 (USP15), located on chromo-
some 12q14.1, is a deubiquitylating enzyme (DUB). DUBs might 
function to regulate both the stability and the activity of target pro-
teins, which include oncogenes and tumor suppressors.14 USP15 ac-
celerated NP degradation by deubiquitinating and stabilizing FKBP5, 
which, in turn, prevented AKT phosphorylation in degenerative NP 
cells.15 Additionally, USP15 was upregulated in GC tissue and cell 
lines and increased nuclear translocation of β-catenin, suggesting 
activation of the Wnt/β-catenin signaling pathway.16 However, there 
have not been any reports on the expression and function of USP15 
in CRC.

In this study, we find that PLOD2 is upregulated in CRC and in-
dicates a poor prognosis. In particular, PLOD2 suppresses protein 
degradation of USP15, which subsequently activates the phosphor-
ylation of AKT/mTOR and then promotes the proliferation and me-
tastasis of CRC.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

Normal human colon epithelial cells (FHC) and seven human CRC 
cell lines (LOVO, DLD1, SW480, SW620, Hct116, CaCO2, and RKO) 
were obtained from the American Type Culture Collection and con-
served in our laboratory. All cells were cultured in RPMI Medium 
1640 (Gibco, CA, USA) with 10% FBS (Gibco, CA, USA) in a humidi-
fied atmosphere containing 5% CO2 at 37°C. All cells taken for the 
experiments were in good growth condition.

2.2  |  Clinical samples collection

Fresh samples (32 pairs) and paraffin-embedded samples (156 pairs) 
of colorectal tumor tissue and adjacent normal colon tissue were ob-
tained from patients who underwent a surgical operation at Nanfang 
Hospital, Southern Medical University (Guangzhou, China) and were 
diagnosed with primary CRC between January 2017 and December 
2020. All patients did not receive any preoperative chemotherapy 
or radiotherapy. The tissues were approved to use by the Ethics 
Committee of Nanfang Hospital, Southern Medical University. All 

the patients signed informed consent before we used these clinical 
materials for research.

2.3  |  Western blotting

Cells and tissues were collected and lysed in RIPA buffer with pro-
tease and phosphatase inhibitors (Fudebio, Hangzhou, China). Target 
proteins were separated by SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) 
membranes (Pall Corp). After being blocked with 5% non-fat milk 
or BAS blocking buffer (Fudebio), the membranes were incubated 
overnight at 4°C with antibodies, which are listed in Table  S1. 
Following incubation with the appropriate secondary antibodies 
(Proteintech, Anti-Rabbit Cat#SA00001-2, 1:10,000; Anti-Mouse 
Cat#SA00001-1, 1:10,000), signals were detected with enhanced 
chemiluminescence (Fudebio) using a chemiluminescence system 
(Tanon 5200).

2.4  |  RNA extraction and quantitative real-
time PCR

Total RNA was extracted with a Trizol Reagent Kit (Invitrogen, CA, 
USA) according to the instructions. Evo M-MLV RT Premix for quan-
titative real-time PCR (qPCR) (Accurate Bio-Medical) was used to 
synthesize cDNA. qPCR was carried out with an SYBR Green Premix 
Pro Taq HS qPCR Kit (Accurate Bio-Medical) on the ABI 7500 Real-
time PCR system (Applied Biosystems, Foster City, USA). GAPDH 
was used as an endogenous control. Relative quantification analysis 
was computed using the comparative 2−ΔΔCT method. The primer se-
quences used are displayed in Table S2.

2.5  |  Cell transfection

The lentiviral vector LV-PLOD2 (Gene Chem, 2 × 108 TU/mL) con-
taining PLOD2 overexpression gene with puromycin resistance gene 
and luciferase gene was transfected into CRC cells. In the meantime, 
the blank vector (CON285, 2 × 108 TU/mL) was also transfected as 
a negative control (NC). Short interfering RNA (siRNA) to inhibit 
PLOD2 and USP15 (RiboBio) was loaded into CRC cells diluted with 
lipofectamine 3000 (Invitrogen) at a final concentration of 50 nM. 
Overexpression of USP15 in CRC cells was achieved using pGV411-
hUSP15-Flag (Miaolingbio). Western blotting (WB) and qPCR were 
used to evaluate the efficiency of transfection. The human siRNA 
sequences to inhibit PLOD2 and USP15 are listed in Table S3.

2.6  |  Immunohistochemistry

One hundred and fifty-six paired paraffin-embedded CRC tis-
sues and matched nontumorous tissues were used in immunohis-
tochemistry (IHC) to estimate the protein expression of PLOD2 
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(N = 156) and USP15 (N = 58). First, the parafin slided were put 
into  EDTA buffer (pH = 8.2) for antigen repair and then incu-
bated with primary antibody (anti-PLOD2, 1:100; anti-USP15, 
1:200) overnight at 4°C. After being stained with DAB (Fudebio, 
Hangzhou, China), the slides were counterstained with hematoxy-
lin, dehydrated, and sealed.

The IHC scores were evaluated by two independent pa-
thologists blinded to the clinical parameters. The IHC scores 
consisted of the staining intensity (0–3) and the percentage of 
corresponding intensity area (0%–100%) in the whole tumor area 
or normal specimen section. The scores 0–3 of staining intensity 
are as follows: 0 (negative), 1 (weak staining), 2 (medium stain-
ing), and 3 (strong staining). The intensity and proportion scores 
were multiplied to attain the final staining score for PLOD2 and 
USP15 (100–300). The median value of 200 was used as the cut-
off point.

2.7  |  Cell proliferation and colony formation assay

Cells were seeded into 96-well plates at a density of 2 × 103/100 μL 
per well in a cell proliferation assay. Cell Counting Kit-8 (CCK8, 
Dojindo Molecular Technologies, Cat#CK04) was used to evaluate 
the rate of cell proliferation with a Microplate Autoreader (Bio-Rad, 
Hercules, CA, USA) at 450 nm.

Cells were plated into six-well plates (500 cells per well) and cul-
tured for 2 weeks in a colony formation assay. The colonies were 
fixed with methanol for 10 min and stained with crystal violet stain 
for 15 min (Biosharp, Cat# BL802A). The number of colonies (≥50 
cells) was counted under a microscope. All experiments were inde-
pendently repeated in triplicate.

2.8  |  Transwell assay and cell wound healing assay

In the transwell assay, 5 × 104 cells suspended in 200 μL serum-
free RPMI 1640 media were gently injected in the upper com-
partment of 8-μm-pore transwells (Corning, NY, USA), and 500 μL 
RPMI 1640 media with 10% FBS as a chemo-attractant filled the 
bottom compartment. After being cultured for 12–48 h, cells 
were fixed with methanol and stained with crystal violet stain 
(Biosharp, Cat# BL802A). Cells were counted and photographed 
under an inverted microscope in five random fields (magnifica-
tion, 200×).

Cells were seeded into six-well plates at a density of 1.2 × 106 
per well in a wound healing assay. A pipette tip was used to scratch 
the cells and sequentially culture them after washing them with PBS. 
The area of migration was observed and photographed at 0 h, 24 h, 
and 48 h using the 100× objective, respectively. The width of the 
wound edges was quantified by Image J. All experiments were inde-
pendently repeated in triplicate.

2.9  |  Immunofluorescence

The cells were plated on the glass bottom culture dishes (NEST) at a 
density of 10,000/cm3. The cells were fixed with paraformaldehyde, 
thoroughly penetrated with 0.5% Triton X-100, and blocked with 
10% normal goat-blocking serum. Next, the cells were incubated 
with PLOD2 antibody (1:50) and USP15 antibody (1:100) at 4°C 
overnight. Afterward, the cells were incubated with Alexa Fluor-488 
labeled anti-mouse antibody (Abbkine, Cat#A23210, 1:100) and 
Alexa Fluor-594 labeled anti-rabbit antibody (Abbkine, Cat#A23420, 
1:100) at room temperature. The nucleus was stained with DAPI 
(Solarbio, Beijing, China). Finally, the cells were photographed under 
an Olympus Fluo View FV1000 confocal laser scanning microscope. 
The results were analyzed with Image Pro Plus.

2.10  |  Co-immunoprecipitation

The antibody (1–2 g) and control IgG were added to the cell lysate 
separately. Then the complex was slowly shaken on a rotating shaker 
at 4°C overnight. Afterward, 30 μL protein A/G-agarose beads 
(Santa Cruz, Cat#sc-2003) were added to the antibody–antigen 
complex and slowly shaken at 4°C overnight. The agarose beads-
antibody–antigen complex was collected and washed with cold PBS 
three times. After eluting 2× SDS loading buffer by boiling for 5 min, 
the samples underwent SDS-PAGE and WB.

2.11  |  Orthotopic mouse models of colorectal 
cancer liver metastasis

An orthotopic mouse model of colorectal cancer liver metastasis17 
was used to examine the impact of PLOD2 on the metastasis of CRC 
cells in vivo. Hct116 cells stably overexpressing PLOD2 and nega-
tive control cells, with a lentivirus vector labeled luciferase, were in-
jected subcutaneously into the left and right hind legs of Balb/C-nu/
nu nude mice (3–4 weeks old, Animal Center, Southern Medical 
University, Guangzhou, China). After 2 weeks, the original tumor was 
surgically removed and segregated into 2 mm3 fragments. Then, the 
tumor fragment of the experimental or control group was fixed into 
the subserous layer of the cecum of nude mice. A fluorescent live 
imaging system was applied to observe liver metastasis at 14 and 
60 days after an intraperitoneal injection of luciferin substrate.

For minoxidil injections, medication therapies were started in 
the third week after this orthotopic mouse model was developed. 
The experimental group received an intraperitoneal injection of mi-
noxidil (3 mg/kg/qd), whereas the control group received an equal 
volume of PBS. Finally, the mice were killed on the 60th day after 
surgery, and their intestines and liver were separated, fixed, embed-
ded in paraffin, and sectioned. After being stained with hematox-
ylin and eosin (HE), the slides were observed under a microscope.
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2.12  |  Statistical analysis

Each experiment was performed in three independent experiments. 
Statistical analyses were performed using the SPSS 19.0 software 
package (SPSS) and GraphPad Prism 8.0 (GraphPad Software, San 
Diego, CA, USA). All data followed a normal distribution and dem-
onstrated homogeneity of variance. Statistical analyses were per-
formed with the independent Student's t-test or a one-way ANOVA 
for more than two groups. The correlation between the expression 
of PLOD2 and clinical-pathological factors was compared using 
Pearson's χ2 test or Fisher's exact test. p < 0.05 (two-tailed) was 
considered to have statistical significance. The error bars represent 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

3  |  RESULTS

3.1  |  High expression of PLOD2 in colorectal 
carcinoma

The expression of PLOD2 was elevated in CRC cells at both pro-
tein and mRNA levels, including LOVO, DLD1, SW480, SW620, 
Hct116, CaCO2, and RKO, compared to normal colorectal epithelial 
cells (FHC) (p < 0.05; Figure 1A,B). In primary CRC tissue samples, 
PLOD2 expression was significantly increased compared with their 
normal counterparts in the protein expression (N = 18, p < 0.001; 
Figure 1C). Of the 32 patients’ CRC tissues, 22 had higher mRNA 
expression of PLOD2, compared with the normal tissues (N = 32, 
p < 0.05; Figure 1D), but the difference between them was not dis-
cernable. To validate PLOD2's higher expression in CRC, IHC was 
used in 156 pairs of paraffin-embedded CRC tissues and matched 
normal neighboring tissues. In CRC tissues, there was a substantially 
higher expression score for PLOD2, which was mostly expressed in 
the cytoplasm (p < 0.001; Figure 1E,F). Additionally, the clinical in-
formation from these patients was analyzed based on the IHC score 
to investigate the relationship between PLOD2 expression and the 
clinicopathological characteristics of CRC using Pearson's χ2 test 
for contingency tables (N = 156, Table S4). The results revealed that 
most CRC patients with lymph node metastases had a higher PLOD2 
expression (Pearson χ2 value = 7.666; p = 0.006; Figure 1G). Higher 
levels of PLOD2 expression were correlated with advanced T stage 
(p < 0.01; Figure 1H). Finally, we used the PROGgeneV2 online ana-
lytic system (http://genom​ics.jeffe​rson.edu/progg​ene/) to analyze 
the relationship between PLOD2 gene expression and clinical prog-
nosis. According to online analysis, increased PLOD2 expression was 
associated with worse overall survival and relapse-free survival in 
CRC (GSE17536, p < 0.05; Figure 1I; accessed 30 November 2020).

3.2  |  PLOD2 facilitated the proliferative and 
migrative abilities of colorectal carcinoma in vitro

To clarify the role of PLOD2 played in the advancement of 
CRC, CaCO2 and LOVO cells were used for transfection with 

PLOD2-overexpressed lentiviral vectors (CaCO2/PLOD2+ and 
LOVO/PLOD2+), while empty lentiviral vectors served as the 
negative controls (CaCO2/Vector and LOVO/Vector). The effec-
tiveness of the transfection was validated by WB (Figure 2A) and 
qPCR (p < 0.001; Figure  S1A). Three siRNAs were used to sup-
press the expression of PLOD2 in SW480 and SW620 cells. The 
transfection effectiveness was determined by WB (Figure 2B) and 
qPCR, respectively (p < 0.01; Figure  S1B). The CCK8 and colony 
formation experiments showed that the CRC cells multiplied more 
rapidly when PLOD2 was overexpressed, while the growth of 
CRC cells was inhibited when PLOD2 was silenced (Figure 2C,D). 
Additionally, CRC cells’ ability to migrate was enhanced by overex-
pressing PLOD2, whereas it was suppressed by silencing PLOD2, 
as seen by the results of the transwell invasion experiments and 
wound healing assays (Figure  2E,F). All of these findings sup-
ported that PLOD2 increased CRC cells’ proliferative and migra-
tory processes.

3.3  |  PLOD2 interacted with USP15 in colorectal 
carcinoma cells

To investigate the mechanism by which PLOD2 promotes the ad-
vancement of CRC, we searched PLOD2 interaction molecules via 
the online public databases of GeneMANIA (http://genem​ania.
org/) and Oncomine (https://www.oncom​ine.org/) (Figure 3A; ac-
cessed 11 January 2021). We selected USP15 from the protein–
protein interaction network online and then used ENCORI (https://
starb​ase.sysu.edu.cn/) to test the relationship between USP15 
and PLOD2. This revealed that the expression level of PLOD2 
was positively correlated with those of USP15 in colon adeno-
carcinoma (COAD) and rectum adenocarcinoma (READ) (p < 0.05; 
Figure 3B; accessed 19 November 2021). Co-immunoprecipitation 
(Co-IP) was performed to examine the interaction between 
PLOD2 and USP15, and the results indicated that PLOD2 probably 
precipitated with USP15 (Figure  3C). Results from immunofluo-
rescence (IF) and three-dimensional reconstruction confirmed a 
colocalization between PLOD2 and USP15 (Figure 3D). IHC stain-
ing of PLOD2 and USP15 was performed on continuous slices of 
the CRC paraffin specimen (Figure 3E). According to the statistical 
analysis of the IHC score, USP15 was higher expressed in CRC 
tissues than in the nearby normal tissues (p < 0.001; Figure  3F). 
Additionally, there was a positive correlation between USP15 and 
PLOD2 expression levels (p < 0.001; R = 0.5425; Figure 3G). These 
findings suggested that PLOD2 may control USP15's expression 
in CRC cells and that regulation is most likely done through their 
binding directly.

3.4  |  PLOD2 promoted colorectal carcinoma 
deterioration through stabilizing USP15 protein

The prior work indicated that PLOD2 was essential for confirming 
integrin β1 intracellular stability by hydroxylating lysine inside the 

http://genomics.jefferson.edu/proggene/
http://genemania.org/
http://genemania.org/
https://www.oncomine.org/
https://starbase.sysu.edu.cn/
https://starbase.sysu.edu.cn/
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X-K-G motif.18 We had a hypothesis that PLOD2 upregulated USP15 
by stabilizing its protein expression. Cycloheximide (CHX, 100 μg/
mL), a protein synthesis inhibitor, was added extrinsically to stop the 
production of USP15; after that, the protein expression of USP15 
in CRC cells was determined at 0, 1, 3, 6, 9, and 12 h. The results 

showed that after 6 h, the USP15 protein degradation reached the 
half-life (Figure  3H). There are two main pathways identified for 
protein degradation: the proteasome system and the lysosome 
pathway. According to the WB results, the proteasome inhibitor 
MG132 (1 μM) and the lysosome inhibitor CQ (20 μM) both prevented 

F I G U R E  1  Higher expression level of procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) in colorectal carcinoma (CRC) is 
associated with poorer clinical survival factors. (A) Protein expression of PLOD2 in normal colorectal epithelial cells and CRC cells. (B) The 
PLOD2 mRNA expression in normal colorectal epithelial cells and CRC cells. (C) Protein expressions of PLOD2 in 18 paired normal colorectal 
epithelial tissues (N) and CRC tissues (T). (D) PLOD2 mRNA expressions in 32 paired normal colorectal epithelial tissues and CRC tissues. (E) 
Representative immunohistochemistry (IHC) staining of PLOD2 in paraffin-embedded CRC tissues and their adjacent normal tissues with 
three different degrees of differentiation. [Case 1]: Good, [Case 2]: Moderate, [Case 3]: Poor. Scale bar 50 μm; and 20 μm in the enlarged 
image. (F) IHC staining score of normal and malignant colorectal epithelial tissues. (G) Percentage of non-metastatic and metastatic CRC 
tissues in the group with low and high PLOD2 levels. (H) staining score of CRC cases classified into T1–2 stage and T3–4 stage. (I) Kaplan–
Meier curve depicting the overall survival (top) and relapse-free survival (bottom) of PLOD2 for CRC patients. The error bars represent 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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the degradation of USP15 in siPLOD2 CRC cells (Figure  3H). 
Additionally, overexpression of PLOD2 apparently relieved USP15 
degradation in CRC cells (p < 0.01; Figure  3I). To verify if PLOD2 

increased the expression of USP15, and this is dependent on the 
proteosome's inhibition, we conducted a ubiquitination experiment 
using PLOD2 and USP15. The results demonstrated that in CRC 

F I G U R E  2  Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) enhances the proliferative and invasive abilities in colorectal 
carcinoma (CRC) cells in vitro. (A) Overexpression of PLOD2 was verified at the level of protein. (B) Downregulation of PLOD2 was 
confirmed at the protein level. (C, D) Upregulation of PLOD2 promoted the proliferation ability of CRC cells detected by CCK8 assays (C) and 
colony formation (D), while the silence of PLOD2 suppressed it (N = 3). (E, F) Upregulation of PLOD2 promoted the invasion ability of CRC 
cells detected by transwell assays (E, scale bar 50 μm) and scratch healing assays (F, scale bar 100 μm), while the silence of PLOD2 inhibited it 
(N = 3). The error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  3  Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) interacts with ubiquitin-specific peptidase 15 (USP15) and 
improves the expression of USP15 in colorectal carcinoma (CRC). (A) PLOD2 interaction molecules were explored via Oncomine and 
BioGRID databases. (B) The correlation between PLOD2 and USP15 in colonic (left) and rectal carcinoma (right) was analyzed by ENCORI. 
(C) The physical interaction of PLOD2 and USP15 was detected by co-immunoprecipitation (Co-IP) assay. (D) Immunofluorescence assay 
results of PLOD2 and USP15 expression. (E) Immunohistochemistry (IHC) representational staining of PLOD2 and ubiquitin-specific 
peptidase 15 (USP15) expression in continuous sections of CRC tissues (scale bar 100 μm). (F) IHC staining score of USP15 expression in 
normal and tumorous colorectal epithelial tissues (N = 58). (G) Positive correlation of PLOD2 and USP15 was analyzed based on the IHC 
staining score (R = 0.5425). (H) The half-life of the USP15 protein degradation occurred after 6 h. Restoration of USP15 by treatment with 
MG132 (1 μM) and CHQ (20 μM) for 6 h in PLOD2 silence cells. (I) PLOD2 overexpression could stabilize the protein expression of USP15. (J) 
PLOD2 increased the expression of USP15, which is dependent on the inhibition of the proteosome. WCL, whole cell lysate. The error bars 
represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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cells, USP15 ubiquitination levels rose when PLOD2 expression was 
downregulated and decreased when PLOD2 was overexpressed 
(Figure 3J). All the outcomes above suggested that PLOD2 increased 
USP15 expression by preventing the ubiquitination of USP15 protein 
for degradation in CRC cells.

We employed short interfering RNA (siRNA) to knock down 
USP15, and WB was used to confirm the success of the knockdown 
(Figure 4A). The promoting proliferation and invasion of CRC cells 
after PLOD2 overexpressing were reduced by knockdown USP15 
(Figure 4B–D). Similarly, the inhibited proliferation and invasion of 
CRC cells after PLOD2 knockdown were relieved, at least partially, 
by upregulating USP15 (Figure 4E–H). According to these findings, 
the effects of PLOD2 on invasion and proliferation were dependent 
upon USP15.

3.5  |  PLOD2 influenced the colorectal carcinoma 
aggravation through USP15/AKT/MTOR pathway

Clinicopathological character analysis revealed that PLOD2's high 
expression related to the depth of tumor invasion and lymph node 
metastasis. Previous studies found that PLOD2 increased the ex-
pression of p-AKT, which accelerated tumor invasion and lymph 
node metastasis in glioma,19 non-small-cell lung cancer (NSCLC),20 
and esophageal squamous cell carcinoma (ESCC).21 In the KEGG en-
richment analysis on the signaling pathway of USP15 in the CRC-
related database, USP15 high expression was related to the PI3K/
AKT/mTOR signaling pathway (p < 0.05; Figure 5A). The relationship 
of PLOD2, USP15, and AKT/mTOR in CRC should be clarified. The 
findings of WB showed that PLOD2 upregulation enhanced the ex-
pressions of p-AKT and p-mTOR but had no impact on the total AKT 
and mTOR in CRC cells (Figure  5B). Likewise, p-AKT and p-mTOR 
expressions were repressed in shPLOD2 cells, but the total AKT and 
mTOR expressions were not (Figure  5B). The expression of EMT-
related transcription factors was also evaluated by qPCR in PLOD2 
upregulated or silenced cells. These results showed that PLOD2 pro-
moted the EMT process (Figure 5C). To confirm the function USP15 
played in the AKT/mTOR signaling pathway, we overexpressed 
USP15 in SW480/shPLOD2 and SW620/shPLOD2 cells. The out-
come of WB demonstrated that PLOD2 truly upregulated p-AKT 
and p-MTOR expression by the USP15/AKT/mTOR axis (Figure 5D). 
Those results were further confirmed by treatment with MK2206 
(1 μM), an inhibitor of Akt (Thr308 and Ser473) phosphorylation (i.e., 
that MK2206 could only inhibit the increase of p-AKT and p-mTOR) 
(Figure 5E). The results of CCK8 proliferation assays (Figure 5F) and 
colony formation assays (Figure 5G) demonstrated that the prolif-
erative capacity of PLOD2+ cells was decreased after MK2206 
(1 μM) treatment for 48 h. The migration capacity of PLOD2+ cells 
was restored by MK2206 treatment, revealed by the transwell as-
says (Figure 5H) and wound healing assays (Figure 5I). These find-
ings indicated that PLOD2 probably promoted the proliferation and 
migration of CRC cells by activating the USP15/AKT/mTOR signaling 
pathway.

3.6  |  Minoxidil, a PLOD2 inhibitor, prevented 
colorectal carcinoma from deterioration

Minoxidil has been reported to reduce the gene expression of 
PLODs, which serves as an inhibitor of lysyl hydroxylase22 and is an 
effective treatment option for hair loss.23 In PLOD2 overexpression 
cells, minoxidil (0.5 mM or 1.0 mM, respectively) treatment for 48 h 
resulted in a concentration-dependent inhibition of PLOD2 expres-
sion (Figure 6A). The extracellular addition of minoxidil (1.0 mM) for 
48 h also inhibited the expression of USP15 and the activation of 
the AKT/mTOR signaling pathway (Figure 6B). The results of CCK8 
assays revealed that the proliferation of PLOD2 overexpressed 
cells was prevented after 48 h of treatment with minoxidil (1.0 mM) 
(Figure 6C). The results of transwell assays (Figure 6D) and wound 
healing assays (Figure  6E) both showed that the migration capac-
ity of PLOD2 upregulated cells was partially blocked. Further, an 
orthotopic mouse model of colorectal cancer liver metastasis was 
conducted to confirm the impact that PLOD2 and minoxidil would 
make on the progression of CRC in vivo. In the model, the Hct116 
cells, which were stably overexpressing PLOD2 and negative con-
trol, were transfected with a lentivirus vector labeled luciferase to 
detect the increased luciferase expression. Twelve mice, divided 
into three groups of four mice each, were effectively constructed 
in those models, according to bioluminescence imaging in vivo. The 
PLOD2+/PBS group bioluminescence signal was stronger than that 
of the Vector/PBS group and the PLOD2+/minoxidil group, and two 
mice (50%) in the PLOD2+/PBS group had liver metastasis, com-
pared to zero mice (0%) in the Vector/PBS group and oe mouse (25%) 
in the PLOD2+/minoxidil group (Figure 6F). HE and Ki-67 staining 
were applied to the CRC tissues and liver tissue slides (Figure 6G). 
The intestinal tumors formed from the PLOD2+/PBS group were 
larger in volume (p < 0.01; Figure  6H) and had a high proliferation 
level as measured by Ki-67 (p < 0.001; Figure 6H) compared with the 
PLOD2+/minoxidil group. These findings demonstrated that minoxi-
dil acted as a PLOD2 inhibitor, which was probably applied to control 
the proliferation and metastasis of CRC.

4  |  DISCUSSION

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 has been re-
ported as a potential target for CRC,13,24 but its function in CRC is 
still largely unknown. In this study, we confirm that PLOD2 highly 
expresses in human CRC cells and tissues, and higher PLOD2 expres-
sion is associated with CRC progression. Additionally, upregulating 
PLOD2 significantly promotes the proliferation metastasis of CRC 
in vitro and in vivo. Specifically, we find that PLOD2 stabilizes the 
expression of USP15 depending on the proteosome's inhibition and 
thus activates the AKT/mTOR signaling pathway and affects the de-
velopment of CRC.

According to published studies, PLOD2 inactivated PI3K/
AKT signaling pathway and thus regulated the expression of EMT-
associated regulators in glioma,19 and PLOD2 was regulated by 
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PI3K/AKT-FOXA1 axis in NSCLC.20 Our study identifies USP15, a 
significant molecule that plays an important role in the process of 
PLOD2 activating the AKT/mTOR signaling pathway.

Although they belong to the same family, each member of the USP 
family exhibits a wide range of functional diversity in regulatory mech-
anisms in cells.25,26 A previous study reports that a high concentration 

F I G U R E  4  Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) promotes colorectal carcinoma (CRC) cells to proliferate and 
migrate, depending upon ubiquitin-specific peptidase 15 (USP15). (A) The efficiency of knockdown USP15 was verified at the level of 
protein. (B–D) Transient USP15 knockdown inhibited the proliferation and invasion of CRC cells after stable PLOD2, detected by CCK8 (B), 
transwell invasion (C, scale bar 50 μm), and scratch healing assays (D, scale bar 100 μm) (N = 3). (E, F) Overexpression of USP15 restored 
the proliferation ability of PLOD2 silencing CRC cells detected by CCK8 assays (E) and colony formation (F) (N = 3). (G, H) Overexpression 
of USP15 restored the invasion ability of PLOD2 silencing CRC cells detected by transwell assays (G, scale bar 50 μm) and scratch healing 
assays (H, scale bar 100 μm) (N = 3). The error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  5  Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) triggers the ubiquitin-specific peptidase 15 (USP15) AKT/
mTOR axis to boost colorectal carcinoma (CRC) cells’ multiplication and invasion. (A) KEGG enrichment analysis on signaling pathway 
of USP15 in CRC and enrichment of PI3K/AKT/mTOR signaling. (B) Expression of related markers of AKT/mTOR signaling pathway in 
PLOD2 overexpressed or silenced cells. (C) Expression of EMT-related transcription factors in PLOD2 upregulated or silenced cells. (D) 
Overexpression of USP15 retrieved the activation of the AKT/mTOR/EMT pathway after stable PLOD2 knockdown. (E) MK2206 (1 μM) 
inhibited the activation of AKT/mTOR/EMT signaling in PLOD2 upregulated cells. (F–I) The promoting proliferation (F, G) and invasion (H, I) 
of CRC cells after PLOD2 overexpressing were reduced by MK2206 (1 μM) treatment (N = 3). The error bars represent mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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of USP15 protein was detected in glioblastoma,27 and the USP15 gene 
was found amplified in CRC according to the TCGA database analysis. 
However, the role USP15 plays in CRC is not yet understood. In our study, 
the WB and IHC staining assay outcomes demonstrated that the USP15 
expression was higher in most CRC tissues, and PLOD2 and USP15 
expression levels were positively associated with COAD and READ. 
According to these findings, USP15 can act as an oncogene in CRC.

According to earlier research, lysine hydroxylation within the 
X-K-G motif was essential for the polymerization of collagen fibers 
during PLOD2 modification of collagen.28 Integrin β1 is stabilized 

and localized to the membrane by PLOD2 through the hydroxylation 
of lysine within the AFNKGEKK sequence.18 Additionally, we ana-
lyzed the amino acid sequence of USP15 protein via the NCBI da-
tabase (https://www.ncbi.nlm.nih.gov/gene/9958); then we found 
that there are three X-K-G motifs and the CKGQLTGHKK sequence 
within USP15, which indicated that PLOD2 probably stabilized 
USP15 protein through lysine hydroxylation within the X-K-G motif. 
However, whether these sequences of USP15 are important for 
lysine hydroxylation by PLOD2, more experiments will need to be 
done for confirmation.

F I G U R E  6  Minoxidil constricts procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) expression, thus inhibiting colorectal 
carcinoma (CRC) deterioration. (A) Expression of PLOD2 downregulated by minoxidil with concentration dependence. (B) Minoxidil 
restrained ubiquitin-specific peptidase 15 (USP15) expression and activation of the AKT/mTOR signaling pathway. (C) Minoxidil prevented 
the proliferation of PLOD2 overexpression of CRC cells detected by CCK8 assays (N = 3). (D, E) Minoxidil blocked the invasion ability of 
PLOD2 upregulation CRC cells detected by scratch healing assays (D, scale bar 100 μm) and transwell assays (E, scale bar 50 μm) (N = 3). 
(F) Luciferase imaging of orthotopic mouse models of colorectal cancer liver metastasis injected with minoxidil or PBS on day 60. (G) 
Representative HE staining of CRC tissues (left) and liver tissues (middle) separated from orthotopic mouse models, and Ki-67 staining of 
orthotopic tumor (right). Magnification scale bar 50 μm; scale bar in the enlarged image, 20 μm. (H) The analyses of volume and Ki-67 staining 
score of orthotopic xenograft tumor (N = 12, three groups of four mice each). (I) Schematic of the function and mechanism of PLOD2 in CRC. 
The error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

https://www.ncbi.nlm.nih.gov/gene/9958
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USP15 translation was upregulated in the early stages of can-
cer by TGF-β via the PI3K/AKT pathway signaling; however, TGF-β 
also caused the USP15 function to change from a tumor inhibitor to 
a promoter.29 These researches indicate that it is still unclear how 
USP15 interacts with the Akt/mTOR signaling pathway. In our study, 
we found that PLOD2 activates the Akt/mTOR signaling pathway by 
upregulating and stabilizing the USP15 protein level; it subsequently 
increases CRC progression.

Minoxidil is primarily used in clinical settings to treat severe 
hypertension and androgenetic alopecia.30 In this study, we es-
tablished that minoxidil, an inhibitor of PLOD2, reduced CRC cell 
migration and liver metastases in vivo, which demonstrated that 
minoxidil can be applied to control the proliferation and metastasis 
of CRC.
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