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Abstract

Background Colorectal cancer (CRC) has been the third most prevalent cancer worldwide. Liver metastasis
is the critical factor for the poor prognosis of CRC. Here, we investigated the expression and role of PLOD3 in CRC.

Methods Different liver metastasis models were established by injecting PLOD3 stable knockdown or overexpression
CT26 or MC38 mouse CRC cells into the spleen of mice to verify the tumorigenicity and metastasis ability in vivo.

Results We identified PLOD3 is significantly overexpressed in liver metastasis samples of CRC. High expression

of PLOD3 was significantly associated with poor survival of CRC patients. The knockdown of PLOD3 exhibited remark-
able inhibition of proliferation, migration, and invasion in CRC cells, while the opposite results could be found in dif-
ferent PLOD3-overexpressed CRC cells. Stable knockdown of PLOD3 also significantly inhibited liver metastasis of CRC
cells in different xenografts models, while stable overexpression of PLOD3 promotes liver metastasis and tumor
progression. Further studies showed that PLOD3 facilitated the T cell activation in the tumor microenvironment

and affected the TNF-a/ NF-kB pathway.

Conclusions This study revealed the essential biological functions of PLOD3 in colon cancer progression and metas-
tasis, suggesting that PLOD3 is a promising translational medicine target and bioengineering targeting PLOD3 over-
comes CRC liver metastasis.
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Introduction

Colorectal cancer (CRC) has been the third most prev-
alent worldwide after breast and lung cancer. In 2020,
there were 19.29 million new cancer cases and 9.96
million deaths worldwide, including 4.569 million new
malignancies and 3.003 million deaths in China [1].
Distant metastases occurred in 90% of patients who
died of CRC. Once metastasis occurs, the 5-year sur-
vival rate drops to 13.1%. The early diagnosis and suc-
cessful control of metastatic initiation and growth are
crucial for assessing metastatic potential and the effec-
tiveness of cancer prevention and treatment for colon
cancer. Numerous epidemiologic studies have dem-
onstrated the association between cancer occurrence
and various lifestyle factors, such as adiposity, physi-
cal activity, and diet, resulting in an increased risk of
colorectal cancer incidence [2—4]. Though early surgi-
cal resection could achieve the maximal therapeutic
result, many people suffer from distant metastases and

their survival is not ideal yet [5]. Therefore, it is criti-
cal to explore the molecular mechanisms of CRC tumo-
rigenesis and liver metastasis, reducing mortality and
enhancing the quality of life.

Collagen is a crucial component of the extracellular
matrix [6]. Procollagen-lysine, 2-oxoglutarate 5-dioxy-
genases (PLODs) family members participate in lysine
hydroxylation to achieve collagen deposition and cross-
linking [7]. PLODs have been reported as three isoforms
(PLOD1-3) [8]. PLOD3 can be defined as a multifunc-
tional enzyme with collagen-galactosyltransferase, lysine
hydroxylase, and glucosyltransferase. Mutations and
overexpression of PLODs can cause the development
of various malignancies and promote tumor metastasis.
Here, we identified PLOD3 is significantly overexpressed
in liver metastasis samples of CRC by the gene expression
profile of clinical primary CRC and liver metastasis tis-
sue samples. Numerous studies have shown that PLOD3
develops various tumors [9]. Abnormal expression of
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PLOD3 is related to unfavorable prognosis in pulmonary
carcinoma [10, 11], hepatocellular carcinoma, gastric
cancer [8, 12], renal cell carcinoma [13], glioma [14] and
connective tissue disease [15]. Nonetheless, the expres-
sion pattern and function of PLOD3 in colorectal cancer
were still uncertain. How PLOD3 participates in the pro-
gression and liver metastasis of CRC has not been well
investigated. Herein, this study illustrated the biological
function and mechanism of the PLOD3 gene to regulate
the process of liver metastasis of colorectal cancer.

NF-«B is associated with many pathological processes
and is a transcription factor associated with inflamma-
tion. The NF-kB pathway is divided into classical and
non-classical activation. The classical pathway is that
various signals activate NF-kB by degrading IkBs, and
the activated NF-kB then enters the nucleus to bind to
DNA [16]; the non-classical pathway, on the other hand,
is achieved through the proteolytic processing of p100.
When the NF-kB classical pathway is activated, it can
protect the host from invading anti-pathogenic micro-
organisms, promote cell proliferation and inhibit cell
apoptosis by secreting cytokines (TNF-«, IL-1f and IL-6,
etc.). It can increase the expression of pro-angiogenic
genes such as VEGF (vascular endothelial growth factor),
MCP-1 (Monocyte chemotactic protein-1), vascular cell
adhesion molecules (VCAM) and stromal Matrix metal-
loproteinases (MMP) expression to promote tumor cell
migration, to achieve tumorigenic development [17].
Many inflammatory factors, oncogenic and pro-onco-
genic agents, and tumor microenvironment can activate
NF-xB. NF-kB and its regulated proteins are associated
with tumorigenesis, proliferation, anti-apoptosis, inva-
sion, angiogenesis and metastasis [18—24].

The current study aimed to identify the underlying
molecular mechanisms of PLOD3-influenced CRC pro-
liferation and migration/invasion in vitro. We further
investigated the critical role of PLOD3 expression on
the liver metastasis of CRC using different liver metasta-
sis mice models of CRC in vivo. Our study also clarified
the potential link between PLOD3 and the TNFa/NF-kB
signaling pathway in the tumor microenvironment.
This study revealed the essential biological functions of

(See figure on next page.)
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PLOD3 in colon cancer progression and metastasis, sug-
gesting that PLOD3 is a promising therapeutic target for
colorectal cancer liver metastasis.

Materials and methods
Additional methods are described in the Supporting
Materials and Methods online.

Animal models

All the animals were approved by the Animal Core Facil-
ity of Nanjing Medical University and performed accord-
ing to the institutional guidelines. To establish animal
models of colorectal cancer with liver metastasis, the
colon cancer cells (2x10°, suspended in 100 pl of PBS)
containing PLOD3 knockdown plasmid or control plas-
mid were injected into the spleen by using an insulin
syringe and compressed the wound for three minutes to
stop the bleeding. Fluorescence was monitored 2 weeks
away from injection using the IVIS Spectral In vivo Imag-
ing System (IVIS Lumina System, PerkinElmer USA).
After 4 weeks, the mice were euthanized and sacrificed.
Meanwhile, peripheral blood, liver and tumor samples
were collected for further analysis.

Lentivirus transfection and construction of stable cell lines
To silence PLOD3, a PLOD3 knockdown stable cell line
was constructed with pLKO.1-shScramble, pLKO.1-
shPLOD3 vector (purchased from Sigma-Aldrich).
Briefly, lentiviral packaging was performed by co-trans-
fection of shRNA plasmids and packaging plasmids
(pMD2.5G and psPAX2) into HEK293T cells. Viral
supernatants were collected 48 h after transfection. Cells
were plated in 6-well plates and incubated with a virus-
containing medium for 48 h. Cell selection was then per-
formed with a medium containing 2 pg/ml puromycin.
PLOD3 knockdown efficiency was confirmed by immu-
noblotting and qPCR after 7-14 days.

The shRNAs targeting PLOD3 sequences were
as follows: 5-CCGGGAGGATATGATCATCAT-
3(shPLOD3-1); and 5-TCCGCGTGCCTGAACTGA
ATA-3’ (shPLOD3-2).

Fig. 1 PLOD3 is highly expressed in colon cancer liver metastasis and is correlated with low survival rates. A The heatmap showed that we
identified a panel of significantly different genes in liver metastasis tissues and primary CRCs by RNA sequencing. B The expression difference

of PLOD3 was further validated in tissue samples by RT-gPCR analysis. C, D The expression and quantification of PLOD3 were further validated

in CRC and para-carcinoma tissue samples by immunohistochemical staining assay. Scale bars, 20 um (400 x), were shown in the right corner

of each picture. Graphical illustration of statistical PLOD3 distribution in CRC and liver metastasis patients. E, F The western blot and RT-gPCR
analysis further confirmed that CRC tumor tissues and cell lines. G PLOD3 was also highly expressed in the tumor compared to adjacent tissue

in the TCGA dataset. H High PLOD3 expression was associated with low survival of patients. | Comprehensive analysis of PLOD3 expression in public
microarray profiling datasets from the Gene Expression Omnibus (GEO) database (GES41258, Mann-Whitney test; GES68468 paired t-test; GSE41568
paired t-test). Data are shown as the mean+ SEM (three independent experiments). *P <0.05; **P <0.01; **P <0.001)
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Fig. 1 (Seelegend on previous page.)
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To construct PLOD3 overexpression cell lines. PLOD3
was amplified by PCR and ligated into the lentiviral over-
expression vector pLenti-CMV-GFP/puro. Lentiviral
vectors were packaged in HEK293T using transfection
reagents along with pMD2.G and psPAX2. Lentivirus was
harvested 48 h after co-transfection and used to infect
cells. Infected cells were screened in a medium contain-
ing puromycin (2 pg/ml) for 7-14 days. Stable trans-
fectants were selected and confirmed by western blot
analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8. All experiments were repeated more than three times,
and the results were expressed as mean + SD. Differences
in PLOD3 expression between cancerous and paracan-
cerous tissues were analyzed by paired tests. Compari-
sons between the two groups were analyzed by Student’s
t-test (two-tailed). The Chi-square test was applied to
evaluate the relationship between PLOD3 expression and
clinical characteristics. P<0.05 was regarded as statisti-
cally different.

Results

PLOD3 is identified as having high expression in colon
cancer with liver metastasis and is associated with poor
survival

We have sequenced a panel of section tissue samples from
CRC with liver metastasis. By bioinformatics analysis, we
identified a panel of genes that are significantly different
in liver metastasis tissues and primary CRCs (Fig. 1A).
Among them, the expression difference of PLOD3 was
further validated in tissue samples by RT-qPCR analy-
sis (Fig. 1B) and immunohistochemistry (IHC) stain-
ing assay (Fig. 1C and D). Figure 1D is the result of our
statistical analysis of Fig. 1C, which counts the expres-
sion levels of PLOD3 in tumors, adjacent tissues, and
liver metastases. The western blot and RT-qPCR analy-
sis further confirmed that CRC tumor tissues and cell
lines show a higher PLOD3 expression than the matched
normal tissues or colon cell line (Fig. 1E and F). We also
analyzed 41 cancerous and adjacent tissues derived from
The Cancer Genome Atlas (TCGA) cohort. As the data

(See figure on next page.)
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has shown in Fig. 1G, PLOD3 was also highly expressed
in the tumor compared to adjacent tissue. High PLOD3
expression was associated with low survival (Fig. 1H).
We also comprehensively analyzed PLOD3 expression
in public microarray profiling datasets from the Gene
Expression Omnibus (GEO) database (GSE41258, GSE
68468, GSE41568) (Fig. 1I). Furthermore, the same result
can also be observed from Additional file 1: Table S1 that
the high expression of PLOD3 was correlated with clini-
cal stage and M type, but not with other clinical param-
eters such as age, sex, and N-type T-type. In conclusion,
these data reveal that PLOD3 expression is upregulated
in CRC and liver metastasis, suggesting that PLOD3 may
be a liver metastasis promoter in CRC.

PLOD3 strengthens the CRC cell growth and proliferation
in vitro

To explore the role of PLOD3 in the cell growth and
proliferation promotion of CRC cells, we established
overexpressing CRC cell lines stably expressing PLOD3
using the pLenti-CMV-PLOD3 plasmid. In contrast, we
constructed the PLOD3 knockdown cells via a lentivi-
ral vector of sSARNA-PLOD3. The knockdown efficiency
of PLOD3 in SW480, MC38 and HT29 was verified by
western blot and qPCR (Fig. 2A-D). First, we used CCK8
to detect the proliferative activity of CRC cells after
PLOD3 knockdown, and the results showed (Fig. 2E-QG)
that knockdown of PLOD3 could inhibit CRC prolifera-
tion. Then, we observed increased proliferative activity in
HCT116 cells overexpressing PLOD3 compared to con-
trol cells (Fig. 2H). In addition, colony formation assays
further confirmed that knockdown of PLOD3 inhibited
colony formation in CRC cells (Fig. 21, J, K). In conclu-
sion, PLOD3 enhances the proliferative capacity of CRC
cells in vitro.

PLOD3 promotes CRC cell migration and invasion in vitro

The clinical data indicate that high expression of PLOD3
is involved in distant metastasis. So, we next investi-
gated the effect of PLOD3 on the migration and invasion
of CRC cells by transwell assay. The results showed that
the migration and invasion ability of MC38 (Fig. 3A) and
CT26 (Fig. 3B) cells were significantly decreased after

Fig. 2 PLODS3 strengthens the CRC cell proliferation in vitro. A, B, C gRT-PCR analysis of PLOD3 mRNA levels normalized to GAPDH in the CRC
celllines stably transduced with PLOD3-targeting shRNA or control shRNA; D mRNA levels of PLOD3 upon PLOD3 overexpression by lentivirus-
PLOD3; E, F, G, H CCK-8 assays to determine the proliferation of PLOD3 knockdown or over-expression in the CRC cells; I-K Colony-forming
assays to determine the effects of PLOD3 overexpression or knockdown on the growth of CRC cells. Data are shown as the mean +SEM (three

independent experiments). *P < 0.05; **P <0.01; ***P <0.001)
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PLOD3 knockdown, while PLOD3 overexpression greatly
increased the migration and invasion ability of HCT116
(Fig. 3C) cells. Epithelial-mesenchymal transition (EMT)
is essential for the migration and invasion of cancer cells
[25-27]. Therefore, to elucidate the potential mechanism
by which PLOD3 induces cell migration and invasion, we
further investigated the effect of PLOD3 on EMT-related
proteins by western blot and showed that PLOD3 knock-
down suppressed migration and invasion of CRC cells
by attenuating EMT progression, including downregu-
lation of VIM and upregulation of CDH1 (Fig. 3D). We
performed quantification and statistical analysis on the
expression levels of CDH1 and VIM and displayed them
in the form of histograms (Fig. 3E). Overall, PLOD3 facil-
itated the migration and invasion of CRC cells.

PLOD3 deficiency induces G2/M cell cycle arrest but does
not affect apoptosis

The cell cycle progression and apoptosis regulate cell pro-
liferation. We performed flow cytometry assays to assess
the effect of PLOD3 on the CRC cell cycle and apoptosis
[28]. We observed a significant improvement in the num-
ber of cells in the G2/M phase in the SW480 and MC38
cells with the PLOD3 knockdown group compared to
the respective control cells (Fig. 4A). We also examined
the number of apoptotic cells in both groups using flow
cytometry analysis, which showed no significant change
in the number of PLOD3 knockdown groups (Fig. 4B).
Therefore, these data suggest that PLOD3 knockdown
may affect the cell cycle through G2/M blockade.

PLOD3 exaggerates the CRC liver metastasis in vivo

The liver is the most common target for colorectal can-
cer metastasis. To identify the effect of PLOD3 in CRC
liver metastasis, we established the MC38 and CT26 cell
liver metastasis models. MC38 and CT26 knockdown/
overexpression cell lines were constructed by lentivi-
rus, and then these cells were injected into the spleen
of mice to enable the efficient spread of cancer cells to
the liver. Metastatic lesions in the liver were monitored
using in vivo bioluminescence on day 14 after tumor cells

(See figure on next page.)
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injection. The increase in bioluminescence intensity was
significantly suppressed in the livers of the shPLOD3
group compared to the livers of shANC group. It was sig-
nificantly enhanced in the PLOD3 overexpression group
(Fig. 5A, B, C).

After the mice were euthanized, the liver/body weight
ratio was measured, and the results showed that com-
pared with the control group, the liver weight of the mice
in the PLOD3 overexpression group was significantly
increased (Fig. 5F). The entire liver had diffuse tumor
foci. In contrast, shPLOD3 mouse livers showed fewer
tumor foci (Fig. 5G). Moreover, the immunohistochemi-
cal staining result suggested that PLOD3 expression was
down-regulated in the shPLOD3 group (Fig. 5H). The
results of tissue H&E staining showed that the biological
structure of the liver of the mice in the shNC group was
destroyed and there were more metastatic lesions, while
the liver of the shPLOD3 mice maintained normal struc-
ture and significantly reduced the number of metastatic
lesions. When we overexpressed PLOD3, the results were
reversed (Fig. 5D). We analyzed several markers, such
as ALT and AST in serum, to evaluate the liver function
damage. We found a significant increase in ALT and AST
in the PLOD3 overexpression group compared to the
control group (Fig. 5I). Overall, this evidence suggests
that the knockdown of PLOD3 dramatically decreases
liver cancer colonies in vivo and preserves liver function.

PLOD3 facilitated the T cell activation in the tumor
microenvironment

To investigate the role of PLOD3 in the CRC tumor
microenvironment (TME). We used ssGSEA (single-sam-
ple gene set enrichment analysis) to assess each sample’s
enrichment fraction of 28 immune cell subsets infiltrated.
We found that the infiltration levels of activated CD4 T
cells, type 2 helper T cells, effector memory CD8 T cells,
activated CD8 T cells, type 1 helper T cells, activated B
cells, activated dendritic cells and y§ T cells were signifi-
cantly higher in the PLOD3 low expression group than
in the PLOD3 high expression group(Fig. 6A). Therefore,
most immune cells” infiltration in tumor immune activa-
tion is elevated in the low-expression PLOD3 group.

Fig.5 PLOD3 exaggerates the CRC liver metastasis. A-C Bioluminescence on days 14 post-CT26/MC38-luciferase cell injection. Quantification
of the photon flux ratio per mouse at each time point (n>5 mice per group); D, E, F Hepatic H&E staining of mouse liver with liver metastases.
Weights of liver and whole body in shNC group and shPLOD3 group were measured and the results are expressed as the liver weight to body
weight ratio; G Imaging of metastatic nodules in liver specimens from metastatic models established by spleen injection of CT26 cells. H IHC
to detect the expression of PLOD3 in mouse liver with liver metastases; | Concentration of the mouse serum liver function markers ALT and AST
on day 14 after CT26 injection (n =5 mice per group); Data are shown as the mean + SEM (three independent experiments). *P <0.05; **P <0.01;

***p <0.001)
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Next, we assessed the stromal score and immune score
in both groups using ESTIMATE, and the results showed
a higher relative content of stromal or immune cells in
the TME of the PLOD3 low expression group (Fig. 6B).
Next, we used TIMER2.0 to explore the relationship
between immune cell infiltration and PLOD3 expres-
sion, and the results showed that PLOD3 mRNA levels
in COAD were negatively correlated with infiltration of
CD8+T cells (r=— 0.314) and CD4+ T cells (r=— 0.178)
(Fig. 6C).

To further understand the effects of PLOD3 on CRC
liver metastasis, we detected the activation status of
peripheral blood CD8+T cells in mice with colon can-
cer liver metastases by flow cytometry. We showed that
CD8+ T cells and activated CD8 T cells were significantly
increased in the shPLOD3 group (Fig. 6D). Similarly, we
also examined the activation status of CD8+T cells in
mouse tumor tissues and showed a significant increase in
CD8+T cells and activated CD8 T cells in the shPLOD3
group (Fig. 6E). These results suggest that knockdown of
PLOD3 improves the tumor microenvironment of colon
cancer liver metastases.

PLOD3 accelerated the progression of CRC via TNFa/NF-kB

signaling pathway

To explore the molecular mechanism of PLOD3 in
CRC, we used RNAseq to analyze and compare the dif-
ferentially expressed genes between control and PLOD3
knockdown groups in HT29. Genes with more than two-
fold down-regulated expression were used for pathway
enrichment. The results indicated that the NF-KB path-
way is closely correlated with PLOD3 (Fig. 7A-B). From
these, we hypothesized that the NF-kB pathway was
involved in promoting CRC progression by PLOD3. To
test this notion, we knocked down PLOD3 in HT29 and
SW480 cells and found that its downstream TNF-a, IL6
and IL1B expression levels decreased significantly with
the knockdown of PLOD3 (Fig. 7C). NF-kB in the cyto-
plasm is rapidly phosphorylated upon TNF-a stimula-
tion, resulting in its nuclear translocation and subsequent
transcription of related genes. As expected, we observed
that the knockdown of PLOD3 dramatically attenuated

(See figure on next page.)
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the nuclear translocation of NF-kB. We analyzed the
effect of PLOD3 on NF-kB nuclear translocation using
confocal microscopy. As shown in Fig. 7D, the knock-
down of PLOD3 in MC38 and SW480 cells led to signifi-
cant inhibition of NF-kB nuclear translocation. There are
164 Interactors of PLOD3 by BioGRID Version 4.4.225
(https://thebiogrid.org/) (Additional file 1: Figure S1).
Among them, IKBKE has been shown to interact with
PLOD3 by the Affinity Capture-MS [29]. Subsequently,
we performed a luciferase reporter assay, and the results
in Fig. 7E indicated that the knockdown of PLOD3 sup-
pressed the p-NF-«B luciferase activity in HT29 cells. We
also detected significantly lower levels of phosphorylated
NF-«B in PLOD3-knockdown cell lines (Fig. 7F). These
data indicate that PLOD3 is important in the phospho-
rylation and nuclear translocation of NF-«B.

Discussion

PLODs are procollagen-lysine, 2-oxoglutarate 5-dioxy-
genases (PLODs) that regulate lysine hydroxylation and
collagen stabilization. The PLOD family includes the
PLOD1, PLOD2, and PLOD3 genes, which encode LH1,
LH2, and LH3 proteins, respectively [30]. These proteins
facilitate collagen maturation and secretion by catalyzing
the post-translational hydroxylation of lysine residues in
pro-collagen molecules. Their functions in the regula-
tion of collagen biosynthesis are related to metastasis.
There is growing evidence that most collagen proteins are
upregulated in cancer at genetic and protein levels. They
all regulate vital steps in tumorigenesis, such as prolifera-
tion, apoptosis, angiogenesis, invasion, and metastasis.
Therefore, PLOD3 may participate in colon cancer and
liver metastasis.

Recent studies have shown that PLOD3 is a poten-
tial biomarker for the diagnosis and prognosis of CRC
[31]. In addition, PLOD3 might be associated with the
“immune desert” phenotype and promote TVA tumori-
genesis and colorectal cancer progression [32]. Moreover,
Guo et al. reported that COLGALT?2 played a pro-carci-
nogenic role in OvCa and interacted with PLOD3 to pro-
mote tumor aggressiveness [33]. These studies suggested
that PLOD3 was associated with tumor progression and

Fig. 6 PLOD3 facilitated the T cell activation in the tumor microenvironment. A The enrichment score of the 28 kinds of immune cells

was evaluated in the high PLOD3 expression and low PLOD3 expression using ssGSEA analysis. B ESTIMATE assessed stromal and immune scores

in the high PLOD3 expression and low PLOD3 expression groups. C The relationship between the mRNA expression of PLOD3 and immune cells
was obtained from the Tumor Immune Estimation Resource (TIMER2.0, http://timer.cistrome.org/). D Flow cytometric enumeration of CD8 T cells

in mouse peripheral blood of the shNC group and shPLOD3 group (n>5 mice per group). E Flow cytometry of CD8 T cells in mouse tumor tissue of
the PLOD3-knockdown and the control. Data are shown as the mean=+SEM (three independent experiments). *P < 0.05; **P <0.01; ***P <0.001)
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that upregulation of PLOD3 was also strongly associated
with poor prognosis. In addition, PLOD2 activated inte-
grin 1 through IL-6/STAT3 signaling to promote inva-
sion and metastasis in oral squamous cell carcinoma [34].
Although PLOD3 has been evaluated in a variety of can-
cers, its role in CRC cancers is unclear.

The morbidity and mortality of colorectal cancer
patients predominantly result from primary tumor cell
invasion and metastasis to secondary sites [35]. We iden-
tified the potential role of PLOD3 in colorectal cancer
through preliminary bioinformatics screening. In this
context, we demonstrated that PLOD3 downregulation
interfered with tumor progression and was significantly
associated with advanced colorectal cancer. Here, we
used public databases such as TCGA and GEO to com-
pare the different expressions of PLOD3 and its survival
differences in colon cancer to clarify the effect of PLOD3
in the occurrence and development of colon cancer. We
confirmed by immunohistochemical analysis that PLOD3
was significantly upregulated in patients with colon can-
cer. Clinical data also showed that PLOD3 expression
levels significantly correlated with the pathological grade
of colorectal cancer. In addition, PLOD3 downregulation
improved overall survival in colorectal cancer patients
[31], and PLOD3 could be used as a prognostic marker
in these patients. We also constructed stable transgenic
cells with knockdown and overexpression of PLOD3 for
functional studies. The effect of PLOD3 on cell prolifera-
tion was investigated by CCK8 and cell counting experi-
ments, and the impact of PLOD3 on cell migration ability
was analyzed by transwell assay. Since tumorigenesis
in vivo is a very complex process, we also constructed a
liver metastasis model to investigate the mechanism of
action of PLOD3 in vivo.

(See figure on next page.)
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Colorectal carcinogenesis is genetically and epigeneti-
cally regulated and is associated with the tumor micro-
environment (TME), especially the tumor immune
microenvironment [1]. In the recent decade, Immune
Checkpoint Blockade has attracted much discussion due
to its good efficacy in treating solid malignancies such as
melanoma and non-small cell lung cancer [36]. Immune
Checkpoint Blockade therapies are also used for CRC
patients with defective DNA mismatch repair (AIMMR)/
MSI-H. Investigating the link between CRC and immune
cells in the tumor microenvironment may provide a more
effective therapeutic strategy for the immunotherapy
of CRC. T cells infiltrating the TME are heterogene-
ous, containing both effector T cells and cytotoxic T cell
populations. We observed that when we knocked down
PLOD3, the infiltration of cytotoxic T cells in the tumor
microenvironment was significantly increased. We also
used flow cytometry to detect T cells in the tumor tis-
sue of mice. Then RNA seq was used to find molecules
downstream of PLOD3. The first discovery is that PLOD3
interferes with colorectal cancer tumor progression by
affecting the nuclear translocation of NF-«kB. Our study
indicated that knockdown of PLOD3 inhibits NF-«xB
activation, suggesting that inhibition of NF-kB signaling
by PLOD3 may be a promising treatment for colorectal
cancer. In evaluating the contributions of our study, sev-
eral limitations should be acknowledged. Other immune
cells were not formally assessed in the TME. Thus far, the
mechanism of tumor cell migration and invasion involv-
ing PLOD3 is unknown.

In conclusion, our research characterized PLOD3 as a
new precancerous metastatic factor for colorectal cancer,
a novel oncogene with an important role in the induction
of metastasis, and possibly had broader application in
colorectal cancer.

Fig. 7 PLOD3 accelerated the progression of CRC via TNFa/NF-kB signaling pathway. A Heatmap representation of genes differentially expressed
in PLOD3-knockdown HT29 cells identified by RNA-seq. B GO analysis of the genes that were uniquely downregulated. C gRT-PCR analysis

of TNF-a, IL.-6 and IL-Tb mRNA levels normalized to GAPDH in the CRC cell lines stably transduced with PLOD3-targeting shRNA or control. D
Immunofluorescence staining of NF-kB (Red) and DAPI (Blue) in MC38 and SW480 cells analyzed by Single Photon Laser Scanning Confocal
Microscopy. Magnification, x 160. E Luciferase reporter assay indicated that the knockdown of PLOD3 suppressed the p-NF-kB luciferase activity
in HT29 cells. (F) Western blot to measure the protein expression of NF-kB pathway after PLOD3 knockdown. Data are shown as the mean +SEM

(three independent experiments). *P < 0.05; **P <0.01; ***P <0.001
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VEGF Vascular endothelial growth factor

VCAM Vascular cell adhesion molecules

TCGA The Cancer Genome Atlas

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04809-w.

Additional file 1: Table S1. Correlation between the clinicopathological
features and expression of PLOD3. Figure S1. There are 164 Interactors of
PLOD3 by BioGRID and IKBKE has been shown to interact with PLOD3 by
the Affinity Capture-MS.

Author contributions

MD and HX designed the study. MD, CW, QS, YL and RS collated the data, car-
ried out data analyses and produced the initial draft of the manuscript. JH, JS,
GZ, WW and XH contributed to clinical samples and examination, discussion
and funding support. All authors have read and approved the final submitted
manuscript.

Funding

This study was supported by grants from the National Natural Science
Foundation of China (82072739, 81972626).The Recruitment Program

of Overseas High-Level Young Talents, Starting up funding of Southeast
University and Nanjing Medical University; Xisike Clinical Oncology Research
Foundation; Nanjing Health Science and Technology Development Special
Project (YKK22204) and “Six Talent Peaks” Innovative Talent Team Project (TD-
SWYY-007. The Medical Education Research Project from Nanjing Drum Tower
Hospital (2021-7). Key project of Medical Science and technology in Henan
province (SBGJ202102121). The funding of Shaanxi Province Hundred Talents
Plan and Top Young Talents of Xi'an Jiaotong University.

Data availability
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of The First Affiliated Hospi-
tal of Wannan Medical College and Nanjing Medical University.

Consent for publication
Not applicable.

Competing interests
There are no conflicts of interest.

Author details

'Department of Pathology & Nanjing Drum Tower Hospital Clinical College

& Key Laboratory of Antibody Technique of National Health Commission

&& Jiangsu Antibody Drug Engineering Research Center, Nanjing Medical
University, Nanjing 211166, China. 2Zhongda Hospital, School of Medicine,
Advanced Institute for Life and Health, Southeast University, Nanjing 210009,
China. *Department of General Surgery & High Talent & Center for Gut Micro-
biome Research, Med-X Institute, The First Affiliated Hospital of Xi'an Jiaotong
University, Xi'an 710061, China. 4Departmem of Pathology, Tangdu Hospital,
Fourth Military Medical University, Xi'an 710038, Shaanxi, China. >Department
of Colorectal and Anal Surgery, The First Affiliated Hospital of Zhengzhou

Page 150f 16

University, Zhengzhou 450000, China. ®Department of Anatomical Pathol-
ogy, Singapore General Hospital, Singapore 169856, Singapore. ’Department
of Pathology, The Affiliated Drum Tower Hospital of Nanjing University Medical
School, Nanjing 210008, Jiangsu, China. 8Jiangsu Cancer Hospital, The Affili-
ated Cancer Hospital of Nanjing Medical University, Jiangsu Institute of Cancer
Research, Nanjing 210009, China.

Received: 16 July 2023 Accepted: 16 December 2023
Published online: 06 January 2024

References

1. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC,
Cercek A, Smith RA, Jemal A. Colorectal cancer statistics, 2020. CA Cancer
JClin. 2020;70(3):145-64.

2. BrayF Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68(6):394-424.

3. Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer.
The Lancet. 2019;394(10207):1467-80.

4. LinY,Cheng L, LiuY, Wang Y, Wang Q, Wang HL, Shi G, Li JS, Wang QN,
Yang QM, Chen S, Su XL, Yang Y, Jiang M, Hu X, Fan P, Fang C, Zhou ZG,
Dai L, Deng HX. Intestinal epithelium-derived BATF3 promotes colitis-
associated colon cancer through facilitating CXCL5-mediated neutrophils
recruitment. Mucosal Immunol. 2021;14(1):187-98.

5. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G,
Psaila B, Kaplan RN, Bromberg JF, Kang Y, Bissell MJ, Cox TR, Giaccia AJ,
Erler JT, Hiratsuka S, Ghajar CM, Lyden D. Pre-metastatic niches: organ-
specific homes for metastases. Nat Rev Cancer. 2017;17(5):302-17.

6. ZhuP LuH,Wang M, Chen K, Chen Z, Yang L. Targeted mechanical forces
enhance the effects of tumor immunotherapy by regulating immune
cells in the tumor microenvironment. Cancer Biol Med. 2023;20(1):44-55.

7. Yang B, ZhaoY,Wang L, Zhao Y, Wei L, Chen D, Chen Z. Identification of
PLOD family genes as novel prognostic biomarkers for hepatocellular
carcinoma. Front Oncol. 2020;10:1695.

8. LiSS, Lian YF, Huang YL, Huang YH, Xiao J. Overexpressing PLOD
family genes predict poor prognosis in gastric cancer. J Cancer.
2020;11(1):121-31.

9. Salo AM, Cox H, Farndon P, Moss C, Grindulis H, Risteli M, Robins SP,
Myllyld R. A connective tissue disorder caused by mutations of the lysyl
hydroxylase 3 gene. Am J Hum Genet. 2008;83(4):495-503.

10. Baek JH, Yun HS, Kwon GT, Kim JY, Lee CW, Song JY, Um HD, Kang CM,
Park JK, Kim JS, Kim EH, Hwang SG. PLOD3 promotes lung metastasis via
regulation of STAT3. Cell Death Dis. 2018;9(12):1138.

11. Baek JH, Yun HS, Kwon GT, Lee J, Kim JY, Jo Y, Cho JM, Lee CW, Song JY,
Ahn J, Kim JS, Kim EH, Hwang SG. PLOD3 suppression exerts an anti-
tumor effect on human lung cancer cells by modulating the PKC-delta
signaling pathway. Cell Death Dis. 2019;10(3):156.

12. LiQ, Zhu CC, NiB, Zhang ZZ, Jiang SH, Hu LP, Wang X, Zhang XX, Huang
PQ Yang Q, Li J, Gu JR, Xu J, Luo KQ, Zhao G, Zhang ZG. Lysyl oxidase
promotes liver metastasis of gastric cancer via facilitating the recipro-
cal interactions between tumor cells and cancer associated fibroblasts.
EBioMedicine. 2019;49:157-71.

13. Xie D, LiJ,Wei S, Qi P.JiH, Su J, Du N, Zhang X. Knockdown of PLOD3 sup-
presses the malignant progression of renal cell carcinoma via reducing
TWIST1 expression. Mol Cell Probes. 2020;53:101608.

14. Tsai CK, Huang LC, Tsai WC, Huang SM, Lee JT, Hueng DY. Overexpression
of PLOD3 promotes tumor progression and poor prognosis in gliomas.
Oncotarget. 2018;9(21):15705-20.

15. Ewans LJ, Colley A, Gaston-Massuet C, Gualtieri A, Cowley MJ, McCabe
MJ, Anand D, Lachke SA, Scietti L, Forneris F, Zhu Y, Ying K, Walsh C, Kirk EP,
Miller D, Giunta C, Sillence D, Dinger M, Buckley M, Roscioli T. Pathogenic
variants in PLOD3 result in a Stickler syndrome-like connective tissue
disorder with vascular complications. J Med Genet. 2019;56(9):629-38.

16. DiDonato JA, Mercurio F, Karin M. NF-kappaB and the link between
inflammation and cancer. Immunol Rev. 2012;246(1):379-400.

17. Karin M. Nuclear factor-kappaB in cancer development and progression.
Nature. 2006;441(7092):431-6.


https://doi.org/10.1186/s12967-023-04809-w
https://doi.org/10.1186/s12967-023-04809-w

Ding et al. Journal of Translational Medicine

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33

34.

35.

36.

(2024) 22:30

LiH, Guo L, Wang C, Hu X, Xu Y. Improving the value of molecular testing:
current status and opportunities in colorectal cancer precision medicine.
Cancer Biol Med. 2023

Abdulamir AS, Hafidh RR, Bakar FA. Molecular detection, quantification,
and isolation of Streptococcus gallolyticus bacteria colonizing colorectal
tumors: inflammation-driven potential of carcinogenesis via IL-1, COX-2,
and IL-8. Mol Cancer. 2010;9:249.

Ibrahim S, Zhu X, Luo X, Feng Y, Wang J. PIK3R3 regulates ZO-1 expression
through the NF-kB pathway in inflammatory bowel disease. Int Immu-
nopharmacol. 2020;85:106610.

CaiH,Yan L, Liu N, Xu M, Cai H. IFI16 promotes cervical cancer progres-
sion by upregulating PD-L1 in immunomicroenvironment through
STING-TBK1-NF-kB pathway. Biomed Pharmacother. 2020;123:109790.
Monkkonen T, Debnath J. Inflammatory signaling cascades and
autophagy in cancer. Autophagy. 2018;14(2):190-8.

Wang Y, Xiong H, Liu D, Hill C, Ertay A, Li J, Zou Y, Miller P, White E, Down-
ward J, Goldin RD, Yuan X, Lu X. Autophagy inhibition specifically pro-
motes epithelial-mesenchymal transition and invasion in RAS-mutated
cancer cells. Autophagy. 2019;15(5):886-99.

Eyre R, Alferez DG, Santiago-Gomez A, Spence K, McConnell JC, Hart C,
Simoes BM, Lefley D, Tulotta C, Storer J, Gurney A, Clarke N, Brown M,
Howell SJ, Sims AH, Farnie G, Ottewell PD, Clarke RB. Microenvironmental
IL1beta promotes breast cancer metastatic colonisation in the bone via
activation of Wnt signalling. Nat Commun. 2019;10(1):5016.

Qiu M, Huang K, Liu Y, Yang Y, Tang H, Liu X, Wang C, Chen H, Xiong Y,
Zhang J, Yang J. Modulation of intestinal microbiota by glycyrrhizic acid
prevents high-fat diet-enhanced pre-metastatic niche formation and
metastasis. Mucosal Immunol. 2019;12(4):945-57.

Prasad CP, Chaurasiya SK, Guilmain W, Andersson T. WNT5A signaling
impairs breast cancer cell migration and invasion via mechanisms inde-
pendent of the epithelial-mesenchymal transition. J Exp Clin Cancer Res.
2016;35(1):144.

Mittal V. Epithelial mesenchymal transition in tumor metastasis. Annu Rev
Pathol. 2018;13:395-412.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5).646-74.

Golkowski M, Lius A, Sapre T, Lau H-T, Moreno T, Maly DJ, Ong S-E. Multi-
plexed kinase interactome profiling quantifies cellular network activity
and plasticity. Mol Cell. 2023;83(5):803-8188. e8.

Scietti L, Chiapparino A, De Giorgi F, Fumagalli M, Khoriauli L, Nergadze
S, Basu S, Olieric V, Cucca L, Banushi B, Profumo A, Giulotto E, Gissen P,
Forneris F. Molecular architecture of the multifunctional collagen lysy!
hydroxylase and glycosyltransferase LH3. Nat Commun. 2018;9(1):3163.
Shi J, Bao M, Wang W, Wu X, Li Y, Zhao C, Liu W. Integrated profiling
identifies PLOD3 as a potential prognostic and immunotherapy relevant
biomarker in colorectal cancer. Front Immunol. 2021;12:722807.

Zhang Y, Pan M, Li CY, Li JY, Ge W, Xu L, Xiao Y. Exploration of the typical
features of tubulovillous adenoma using in-depth quantitative proteom-
ics analysis. Bioengineered. 2021;12(1):6831-43.

GuoT, Li B,Kang Y, Gu C, Fang F, Chen X, Liu X, Lu G, Feng C, Xu C. COL-
GALT2 is overexpressed in ovarian cancer and interacts with PLOD3. Clin
Transl Med. 2021;11(3):e370.

Saito K, Mitsui A, Sumardika IW, Yokoyama Y, Sakaguchi M, Kondo E.
PLOD2-driven IL-6/STAT3 signaling promotes the invasion and metastasis
of oral squamous cell carcinoma via activation of integrin betal. Int J
Oncol. 2021;58(6):29.

Kemeny NE, Jarnagin WR, Capanu M, Fong Y, Gewirtz AN, Dematteo

RP, D’Angelica MI. Randomized phase Il trial of adjuvant hepatic arterial
infusion and systemic chemotherapy with or without bevacizumab in
patients with resected hepatic metastases from colorectal cancer. J Clin
Oncol. 2011;29(7):884-9.

Madden K, Kasler MK. Immune checkpoint inhibitors in lung cancer and
melanoma. Semin Oncol Nurs. 2019;35(5):150932.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	PLOD3 facilitated T cell activation in the colorectal tumor microenvironment and liver metastasis by the TNF-α NF-κB pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animal models
	Lentivirus transfection and construction of stable cell lines
	Statistical analysis

	Results
	PLOD3 is identified as having high expression in colon cancer with liver metastasis and is associated with poor survival
	PLOD3 strengthens the CRC cell growth and proliferation in vitro
	PLOD3 promotes CRC cell migration and invasion in vitro
	PLOD3 deficiency induces G2M cell cycle arrest but does not affect apoptosis
	PLOD3 exaggerates the CRC liver metastasis in vivo
	PLOD3 facilitated the T cell activation in the tumor microenvironment
	PLOD3 accelerated the progression of CRC via TNFαNF-κB signaling pathway

	Discussion
	Anchor 21
	References


