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Highlights:

e Elevated expression of PLOD1 predicts poor prognosis in
patients with HCC.

e PLOD1 promotes HCC proliferation and stemness.

e PLOD1 promotes HCC proliferation and stemness by facil-
itating the activation of the NF-kB/IL-6/STAT3
signaling pathway.

e PLOD1 accelerates HCC TCA cycle metabolic reprogramming.

https://doi.org/10.1016/j.jhepr.2025.101329

Impact and implications:

The roles and underlying mechanisms of PLOD1 in the pro-
gression of HCC remain unclear. In this study, we report that
PLOD1 is highly expressed in patients with HCC and promotes
the proliferation and stemness of HCC cells by activating the
NF-kB/IL-6/STAT3-dependent TCA cycle. Knocking down he-
patic PLOD1 using adeno-associated virus results in reduced
progression of HCC in mice, suggesting that PLOD1 may serve
as a potential therapeutic target for HCC.
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PLOD1 promotes the malignancy of hepatocellular carcinoma
by facilitating the NF-kB/IL-6/STAT3-dependent TCA cycle

Chengfei Zhang'?**1, Yangchun Zhou"', Minghua Hu*', Yue Pan', Xin Chen', Qi Sun®, Zhijie Ma®, Cheng Wang®, Yong Zha®*, Feng Zhu'*,
Hongping Xia®**
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Background & Aims: Procollagen lysyl hydroxylase 1 (PLOD1) is crucial in regulating collagen synthesis and cross-linking.
However, its roles and underlying mechanisms in the progression of hepatocellular carcinoma (HCC) remain unclear. Herein,
we aimed to investigate the underlying biological functions and mechanisms of PLOD1 in HCC.

Methods: The expression levels of PLOD1 in HCC were measured by gPCR, Western blot, and immunohistochemistry. Cell
proliferation, apoptosis, and stemness were examined by CCK8, flow cytometry, sphere formation, and aldehyde dehydrogenase
activity assays. The subcutaneous tumorigenicity model, orthotopic tumorigenicity model, and hepatotoxin-induced HCC model
were used for in vivo experiments. RNA-sequence and untargeted metabolomics analysis were performed to identify underly-
ing mechanisms.

Results: PLOD1 is found to be highly expressed in both human (p <0.0001) and mouse HCC (p <0.01) and is associated with a
poor prognosis (p = 0.047). In vitro and in vivo experiments reveal that overexpression of PLOD1 promotes the proliferation and
stemness of HCC cells. Meanwhile, the depletion of PLOD1 attenuates the occurrence and growth of HCC, leading to cell cycle
arrest (p <0.01) and apoptosis (p <0.001) in HCC. Mechanistically, PLOD1 positively regulates the NF-kB/IL-6/STAT3 signaling
pathway and accelerates TCA cycle metabolic reprogramming. Blocking the NF-xB/IL-6/STAT3 signaling pathway and TCA cycle
can effectively mitigate PLOD1-induced proliferation and stemness of HCC cells.

Conclusions: Our study uncovers the PLOD1/NF-kB/IL-6/STAT3 axis as a therapeutic target for inhibiting the progression and
stemness of HCC.

© 2025 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction underlying HCC and identify new potential targets for the
treatment of HCC.

Metabolic reprogramming is one of the most common fea-
tures of tumor cells, including HCC, which facilitates tumor cell
proliferation and survival.”® Glycolysis and the tricarboxylic
acid (TCA) cycle are the two main metabolic pathways that
provide energy to the cell. Although numerous studies have
shown that tumor cells are more likely to obtain energy through
glycolysis, recent research has indicated that the TCA cycle is
abnormally elevated in various tumors, such as melanoma,
breast cancer, and HCC.*'" Targeting the TCA cycle presents
a novel strategy for the treatment of HCC."*'® However, the
regulatory mechanisms of the TCA cycle in HCC require
further investigation.

The signal transducer and activator of transcription 3
(STAT3) is a critical transcription factor engaged in the devel-
opment of cancers and inflammatory diseases. In HCC, STAT3
is usually aberrant activated. STAT3 can be activated by
various cytokines or growth factors such as interleukin-6 (IL-6),
leukemia inhibitory factor (LIF), and connective tissue growth

Hepatocellular carcinoma (HCC) accounts for approximately
90% of primary liver cancer cases and remains a significant
threat to human life and health. It is the third most common
leading cause of cancer-related deaths globally." The World
Health Organization (WHO) estimated that HCC will contribute
to more than one million human deaths in 2030.> Multiple
factors contribute to the progression of HCC, such as infection
with hepatitis B virus (HBV) and hepatitis C virus (HCV), heavy
alcohol consumption, aflatoxin B1 contaminated food, and
non-alcoholic fatty liver disease (NAFLD).>* Currently, the main
therapeutic approaches for patients with HCC include surgery,
chemotherapy, molecular-targeted therapy, and immuno-
therapy. Because of the late presentation of symptoms, most
patients with HCC are diagnosed at advanced stages and are
therefore not suitable for surgical resection.” Additionally, only
a limited number of patients with HCC are responsive to related
molecular-targeted therapy and immunotherapy.® Therefore, it
is important to further investigate the molecular mechanisms
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factor (CTGF).'*'® Activated STAT3 promotes tumorigenesis,
metastasis, and immune evasion by facilitating the expression
of downstream oncogenic target genes.'®'” As an activator of
STATS, the expression of IL-6 is tightly controlled by NF-kB.
Thus, the crosstalk between NF-kB and STAT3 plays a pivotal
role in the progression of cancers and inflammatory dis-
eases.'®'® Several studies have reported that the crosstalk
between NF-xB and STAT3 facilitated the proliferation and
metastasis of HCC.?°"?> However, the specific role of the NF-
KB/STATS axis in the metabolic reprogramming of HCC has not
been extensively studied.

The procollagen lysyl hydroxylase (PLOD) family includes
PLOD1, PLOD2, and PLODS. PLODs are required for the mod-
ulation of collagen synthesis and cross-linking, which promote
the maturation of the extracellular matrix. PLOD1 has been
linked to diabetic wound healing, Epstein—Barr virus replication,
and tumor occurrence.”* 2> Though increased PLOD1 expres-
sion has been associated with several types of cancer, such as
glioblastoma, gastric cancer, and HCC,>>? its specific roles
and underlying mechanisms in the progression of HCC remain
unclear. In this study, we report that PLOD1 is highly expressed
in both human and mouse HCC, correlating with poor prognosis.
Overexpression of PLOD1 promotes the occurrence, develop-
ment, and stemness of HCC. RNA-sequence and untargeted
metabolomics analysis indicate that PLOD1 facilitates the ma-
lignancy of HCC by strengthening the NF-xB/IL-6/STAT3
signaling pathway and the TCA cycle. Our findings suggest that
PLOD1 could serve as a potential therapeutic target for HCC.

Materials and methods

Lentivirus preparation and stable cell lines construction

HEK293T cells were seeded into six-well plates (6.5 x 10° cells
per well) overnight for lentivirus packaging. A sample of 2.5 ug
of the lentiviral vector (pLKO.1-shScramble, pLKO.1-shPLOD1,
pLenti-CMV-GFP/puro or plLenti-CMV-PLOD1), 1 png of
pMDLg/pRRE, 0.4 ng of pRSV-Rev, and 0.6 ng of pMD2.G
were co-transfected into HEK293T cells using poly-
ethylenimine. After 48 h, the viruses were harvested and filtered
through a 0.45-um strainer. HCC cells were seeded into 12-well
plates (1 x 10° cells per well) overnight and infected with
lentivirus for 48 h to generate stable cell lines. The cells were
then selected with 2 pg/ml puromycin.?®

Cell viability assay

HCC cells were seeded into 96-well plates (2 x 10% cells per
well). After 3 or 5 days, 10 ul CCK8 was added to each well and
incubated at 37 °C for 1.5 h. The absorbance value of each well
was measured at 450 nm.

Colony formation assay

HCC cells were seeded into six-well plates (2 x 10° cells per
well) and cultured for 2 weeks. Then, the cells were fixed with
4% paraformaldehyde in PBS for 20 min and stained with 0.1%
crystal violet for 10 min.

Sphere formation assay

HCC cells were seeded into a 24-well ultra-low attachment
plate (Corning, New York, USA; 1 x 10 cells per well) and
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cultured in serum-free DMEM-F12 (Servicebio, Wuhan, China)
supplemented with 20 ng/ml epidermal growth factor (Sino
Biological, Beijing, China), 20 ng/ml bFGF (ABclonal, Wuhan,
China), 1 x B27 (Thermo, Waltham, USA), and 4 pg/ml insulin
(Shanghai Zhonggiaoxinzhou Biotech, Shanghai, China). The
cells were cultured for 7 days, spheres were photographed and
counted under a light microscope.

ALDH activity assay

A total of 5 x 10° HCC cells were collected and the activity of
aldehyde dehydrogenase (ALDH) was detected by an ALDH
Activity Assay Kit (BC0750, Solarbio, Beijing, China) according
to the manufacturer’s instructions.

PDH activity assay

A total of 5 x 108 HCC cells were collected and the activity of
pyruvate dehydrogenase (PDH) was detected by a PDH Activity
Assay Kit (YFX0134, YFXBIO, Nanjing, China) according to the
manufacturer’s instructions.

EdU cell proliferation assay

HCC cells were seeded into co-focal dishes (2 x 10° cells per
well) and cultured for 24 h. After being stained with 5-ethynyl-
2'-deoxyuridine (EdU) (Beyotime, Shanghai, China) and DAPI,
EdU" cells were observed under a fluorescence microscope.

Mouse tumor model

For the subcutaneous tumorigenicity model, 2 x 10° HCCLM3
cells were injected subcutaneously into 6-week-old BALB/c
male nude mice. Tumor size was measured weekly and tumor
volume was calculated using the formula: length x width
x width/2. Mice were euthanized after 5 weeks and xenografted
tumor tissues were dissected for immunohistochemical
(IHC) analysis.

For the orthotopic tumorigenicity model, 1 x 10° HCCLM3
cells were injected into the liver of 6-week-old BALB/c male
nude mice. Four weeks later, the mice were euthanized and the
tumor volume was measured.

For the hepatotoxin-induced HCC model, 2-week-old male
C57BL/6 mice were administered intraperitoneally with dieth-
ylnitrosamine (DEN) (25 mg/kg). Four weeks after the DEN in-
jection, the mice received intraperitoneal injections of 10%
CCl, (10 ml/kg, dissolved in corn oil) once a week for 12 weeks.
At 22 weeks postpartum, the mice were administered with
AAV2/8-shNC or AAV2/8-shPlod1 (2 x 10" vg/mouse) virus via
tail vein injection. At 29 weeks postpartum, mice were eutha-
nized, tumor numbers were recorded and the volume of the
largest tumor was measured.

ELISA

Supernatants from HCC cells were collected. Levels of human
IL-6 (BioLegend, California, USA) were measured using ELISA
according to the manufacturer’s instructions.

Flow cytometry analysis for liver cancer stem cells

HCC cells were collected and resuspended in 100 pl staining
buffer (2% FBS in PBS). The cells were stained with phycoer-
ythrin (PE) anti-human CD24 and allophycocyanin (APC) anti-

JHEP Reports, mmm 2025. vol. 7 | 101329 2



human CD133 antibodies on ice for 30 min in the dark. After
washing twice and resuspending in 500 pl staining buffer, the
cells were analyzed using flow cytometry (CytoFLEX) and data
were analyzed with CytExpert software.

RNA-sequence

shNC and shPLOD1-HCCLM3 cells (1 x 10° cells per sample)
were lysed in Trizol. The gene expression profiles were exam-
ined by RNA sequencing in BioMarker (Beijing, China). The
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differentially up- and downregulated genes were screened with
a criterion of absolute fold change >2 and p value <0.05. KEGG
pathway enrichment analyses were carried out with Enrichr
tools to focus on the function of differential expression genes.

Untargeted metabolomics analysis

shNC and shPLOD1-HCCLMS3 cells (5 x 10° cells per sample)
were collected and stored at -80 °C. The cells were then sent to
Cosmos Wisdom (Hangzhou, China) for LC-MS analysis.
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Fig. 1. PLOD1 is upregulated in HCC and correlated with poor outcomes. (A) PLOD1 is upregulated in our in-house HCC dataset and validated in The Cancer
Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) datasets. (B) PLOD71 mRNA expression levels in human normal liver cells (MIHA) and HCC
cell lines were measured by gPCR. (C) PLOD1 protein expression levels in human normal liver cells (MIHA) and HCC cell lines were assessed by Western blot. (D)
Representative image of IHC staining of PLOD1 in human HCC tissues and paired normal liver tissues. (E) Protein levels of PLOD1 in human HCC tissues and paired
normal liver tissues were assessed by Western blot. (F) Plod1 mRNA expression levels in mice HCC tissues (hepatotoxin-induced mice HCC model) and normal liver
tissues were measured by qPCR. (G) Protein levels of PLOD1 in mice HCC tissues (hepatotoxin-induced mice HCC model) and normal liver tissues were assessed by
Western blot. (H) The expression level of PLOD1 was associated with the survival of patients with HCC using the Kaplan—-Meier plotter. Data are shown as mean + SEM
and were analyzed using Student’s two-tailed t test. *p <0.05; **p <0.01; **p <0.001; ns, not significant. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCC,
hepatocellular carcinoma; ICGC, International Cancer Genome Consortium; IHC, immunohistochemical; PLOD1, procollagen lysyl hydroxylase 1; gPCR, quantitative

PCR; TCGA, The Cancer Genome Atlas.
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Fig. 2. PLOD1 promotes the proliferation of HCC cells. (A-C) Stable knockdown of PLOD1 in HCCLMS cells; the expression of PLOD1 was assessed by Western
blot. The growth or the viability of HCCLM3 cells was measured by CCK8 or colony formation assay. (D-F) Stable knockdown of PLOD1 in Hep3B cells; the protein
level of PLOD1 in Hep3B cells was assessed by Western blot. The growth or the viability of Hep3B cells was measured by CCK8 or colony formation assay. (G-I
Overexpression of PLOD1 in HuH7 cells; the protein level of PLOD1 in HuH7 cells was assessed by Western blot. The growth or the viability of HuH7 cells was
measured by CCK8 or colony formation assay. (J,K) Stable knockdown of Plod1 in Hepa1-6 cells; the protein level of Plod1 in Hepa1-6 cells was assessed by Western
blot. The viability of Hepa1-6 cells was measured by CCKS8. (L) Stable knockdown of PLOD1 in HCCLM3 cells, the proliferation of HCC cells was evaluated using an
EdU staining assay. Data are shown as mean + SEM and were analyzed with Student’s two-tailed t test. “o <0.05; **p <0.01; ***p <0.001. EdU, 5-ethynyl-2'-deoxy-
uridine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCC, hepatocellular carcinoma; PLOD 1, procollagen lysyl hydroxylase 1.
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Fig. 3. PLOD1 promotes the progression of HCC in vivo. (A) shNC or shPLOD1-HCCLM3 cells were injected subcutaneously into BALB/c nude mice, the tumor
volumes were measured weekly and the tumor weights were measured after 5 weeks. (B) shNC or shPLOD1-HCCLMS3 cells were injected into the liver of BALB/c nude
mice, and the tumor volumes were measured after 4 weeks. (C) Hepatotoxin-induced HCC model mice were administered with AAV2/8-shNC or AAV2/8-shPlod1
(2 x 10" vg/mouse) via tail vein injection for 7 weeks. Tumor numbers were recorded and the volume of the largest tumor was measured. (D) Livers from the mice
described in C were stained with H&E, and tumor areas were measured. (E) The expression levels of Plod1 in mice normal liver tissues or mice HCC tissues were
measured by gPCR. Data are shown as mean + SEM and were analyzed with Student’s two-tailed t test. *p <0.05; **p <0.01; ***p <0.001. CCl,, carbon tetrachloride;
DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; PLOD 1, procollagen lysyl hydroxylase 1; gPCR, quantitative PCR.

Metabolite detection

HCC cells were collected and stored at -80 °C. The levels of
citric acid were measured using the Citric Acid Content Assay
Kit (AKACO03M, Boxbio, Beijing, China), and the levels of malic
acid were detected by the Malic Acid Content Assay kit
(BC5490, Solarbio, Beijing, China), according to the manufac-
turer’s instructions.

Statistical analysis

All data analysis was performed using GraphPad Prism soft-
ware (GraphPad Software, San Diego, CA, USA) and presented

as the mean + SEM. Student’s t test was used to compare the
two groups. A p value <0.05 was considered to indi-
cate significance.

Results

PLOD1 is associated with HCC malignancy

To investigate the potential role of PLOD1 in HCC, we first
analyzed the differential expression levels of PLOD1 in
adjacent-normal liver tissues and HCC tumor tissues from the
public dataset. We found that the expression of PLOD1 was
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upregulated in HCC tumor tissues (Fig. 1A Fig. S1A). We
further examined the expression levels of PLOD1 in normal
hepatocytes (MIHA) and various HCC cell lines. The results
indicated that PLOD1 expression was notably higher in HCC
cells than in normal hepatocytes (Fig. 1B and C). Additionally,
IHC staining and Western blot assays confirmed that PLOD1
expression was elevated in HCC tumor tissues compared with

A B
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adjacent-normal liver tissues (Fig. 1D and E). To validate these
findings in human HCC, we also assessed PLOD1 expression
in a mouse model of HCC. Quantitative PCR (gPCR) and
Western blot analyses showed that PLOD1 was also overex-
pressed in HCC tumor tissues from the mice (Fig. 1F and G).
Furthermore, we assessed the correlation between PLOD1
expression levels and the prognosis of patients with HCC. As
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shown in Fig. 1H and Fig. S1B, elevated expression of PLOD1
was negatively correlated with the overall survival of patients
with HCC. These findings demonstrate that PLOD1 is signifi-
cantly overexpressed in HCC and is associated with the ma-
lignancy of HCC.

PLOD1 promotes the proliferation of HCC cells in vitro

To clarify the biological functions of PLOD1 in the growth of
HCC, we initially knocked down PLOD1 in human HCC cells
using shRNA, and the proliferation of HCC cells was evaluated
by CCK8 and colony formation assays. We found that knocking
down PLOD1 dramatically attenuated the growth of HCCLM3
and Hep3B cells (Fig. 2A-F). Next, we overexpressed PLOD1 in
HuH7 cells. The CCK8 and colony formation assays indicated
that the overexpression of PLOD1 significantly expedited the
proliferation of HuH7 cells (Fig. 2G-I). Additionally, knocking
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down Plod1 in mouse HCC cells also suppressed their growth
(Fig. 2J and K). Consistent with these findings, the EdU staining
assay demonstrated that the deficiency of PLOD1 impaired the
proliferation of HCC cells (Fig. 2L). Collectively, our results
indicate that PLOD1 promotes the proliferation of HCC
cells in vitro.

Given that metastasis is a significant barrier to improving the
prognosis of HCC, we also investigated the impact of PLOD1
on the migration of HCC cells. Transwell and wound-healing
assays showed that the knockdown of PLOD1 had minimal
effect on the motility of the HCC cells (Fig. S2A and B). Simi-
larly, the overexpression of PLOD1 did not significantly influ-
ence the migration and invasion of HCC cells (Fig. S2C). These
results suggest that PLOD1 does not affect the metastatic
process of HCC.
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PLOD1 facilitates HCC growth in vivo

To further confirm the role of PLOD1 in regulating HCC, a
subcutaneous xenograft mouse model was established to
evaluate the influence of PLOD1 on HCC growth in vivo.
PLOD1-knockdown and control HCCLM3 cells were subcuta-
neously injected into nude mice. As shown in Fig. 3A, the
PLOD1 knockdown group exhibited reduced tumor volumes
and weights compared with the control group. IHC staining for
KI67 showed that PLOD1 knockdown diminished the prolifer-
ative capability of HCC cells (Fig. S3A). This biological function
of PLOD1 was further investigated in an orthotopic tumorige-
nicity model. We observed a significantly lower liver/body
weight ratio and decreased orthotopic tumor volumes in the
PLOD1 knockdown group (Fig. 3B). These results suggest that
PLOD1 facilitates HCC growth in vivo. To better evaluate the
function of PLOD1 in the development of HCC, a hepatotoxin-
induced HCC model was established. After treatment with DEN
and repeated carbon tetrachloride, mice received tail vein in-
jections of AAV2/8-shNC or AAV2/8-shPlod1 (2 x 10" vg/
mouse). As shown in Fig. 3C, the liver/body weight ratio, tumor
numbers, and maximum tumor volumes were all significantly
reduced in the AAV2/8-shPlod1 group. H&E staining assay also
revealed that liver tumors and liver steatosis were markedly
decreased in the Plod1 knockdown group (Fig. 3D). gPCR re-
sults confirmed the successful knockdown of Plod1 in the livers

of mice (Fig. 3E). Overall, these data suggest that PLOD1 fa-
cilitates the progression of HCC in vivo.

PLOD1 deficiency inhibits stemness, enhances apoptosis,
and induces S-phase cell cycle arrest in HCC

Stemness, apoptosis resistance, and rapid cell division are key
factors contributing to the malignancy of tumor cells. To
investigate how PLOD1 facilitates HCC progression, we eval-
uated whether PLOD1 affects cell stemness, cell apoptosis,
and the cell cycle of HCC. CD24, CD44, CD133, EPCAM, and
ALDH1A1 are generally acknowledged as cell surface markers
of liver cancer stem cells (LCSCs).>°*° We found that most of
these markers were downregulated after PLOD1 knockdown. In
comparison, overexpression of PLOD1 promoted the expres-
sion of these markers (Fig. 4A and B). Consistent with these,
flow cytometry analysis unveiled that knockdown of PLOD1
decreased the population of CD24+/CD133+ LCSCs, whereas
overexpression of PLOD1 increased this process (Fig. 4C and
D). In addition, the knockdown of PLOD1 reduced the activity of
the ALDH enzyme and sphere formation, whereas over-
expression of PLOD1 enhanced these processes (Fig. 4E,
Fig. S4A-C). These data suggest that PLOD1 promotes the
stemness of HCC. Subsequently, annexin v/propidium iodide
(PI) staining analysis indicated that silencing PLOD1 increased
the percentage of apoptotic cells in HCCLM3 and Hep3B cells
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(Fig. 4F). TUNEL staining revealed that knockdown of PLOD1
also increased the percentage of apoptotic cells in HCCLM3
xenografted tumors and PLOD1-deficiency HCCLMS3 cells
(Fig. 4G and H, Fig. S4D). To investigate the impact of PLOD1
on the HCC cell cycle, shNC and PLOD1-knockdown HCCLM3
cells were stained with Pl and analyzed by flow cytometry. The
results showed that knocking down PLOD1 increased the
percentage of cells at the S phase (Fig. S4E). Thus, these re-
sults demonstrate that PLOD1 deficiency inhibits stemness,
enhances apoptosis, and induces S-phase cell cycle arrest
in HCC.

PLOD1 promotes the activation of NF-kB/IL-6/STAT3 axis

To unravel the underlying molecular mechanisms by which
PLOD1 contributes to the malignancy of HCC, we conducted
RNA-sequence analysis on control HCCLM3 cells and
PLOD1-knockdown HCCLMS3 cells. The downstream genes of
PLOD1 were selected for pathway enrichment analysis. Fig. 5A
and B shows that the JAK-STAT signaling pathway is highly
associated with downstream PLOD1. The constitutive activation
of STAT3 is known to contribute to malignancy in various can-
cers, including HCC.®' We speculated that the activity of STAT3
might play a role in PLOD1’s promotion of HCC malignancy.
Furthermore, a previous study reported that PLOD1 can bind
to 1kBa, thus promoting the activation of the NF-xB signaling
pathway in glioblastoma.?® More importantly, IL-6, a down-
stream inflammatory factor of NF-kB, is a crucial cytokine that
activates STAT3, facilitating malignancy in cancers.® Therefore,
we investigated whether NF-xB/IL-6/STAT3 axis is modulated
by PLOD1 in HCC. We first assessed the correlation between
PLOD1 and the status of NF-kB/STAT3 in human HCC samples.
As shown in Fig. 5C, the expression level of PLOD1 was posi-
tively correlated with the phosphorylation levels of NF-kB and
STAT3. Moreover, we observed that knocking down PLOD1 in
HCC cells dramatically reduced the phosphorylation of NF-kB
and STAT3 (Fig. 5D). In comparison, overexpressing PLOD1
heightened the phosphorylation of these proteins (Fig. 5D). This
trend was also consistent in hepatotoxin-induced HCC models
and xenograft mouse models, where the phosphorylation levels
of NF-kB and STAT3 were all downregulated in the shPLOD1
group (Fig. 5E and F). Moreover, gPCR and ELISA assays
corroborated that the expression of inflammatory factor IL-6 was
controlled by PLOD1 in HCC cells (Fig. 5G, H). In addition to
these, we found that PLOD1 interacts with IkBa and enhances
its phosphorylation in HCC cells (Fig. S5A and B), which was
consistent with previous research.”® Taken together, these
findings unveil that PLOD1 promotes the activation of the NF-
KB/IL-6/STAT3 axis in HCC.

PLOD1 promotes HCC progression dependent on the NF-
KB/IL-6/STAT3 pathway

We then further investigated whether PLOD1 promotes the
progression of HCC by activating the NF-kB/IL-6/STAT3

Research article

pathway. Initially, we confirmed that blocking the activity of
NF-kB and STATS3 strikingly attenuated the growth of HCC cells
(Fig. S6A and B). Next, we treated both control HuH7 cells and
PLOD1-overexpression HuH7 cells with NF-kB and STAT3 in-
hibitors to evaluate cell viability. As shown in Fig. 6A and B, the
overexpression of PLOD1 in HuH7 cells significantly encour-
aged the growth of the cells. However, this PLOD1-raised cell
growth was effectively eliminated by the NF-kB and STAT3
inhibitors. Furthermore, knockdown of STAT3 using siRNA also
suppressed PLOD1-raised cell growth (Fig. 6C). Supporting
these findings, we found that the inflammatory factor IL-6
partially restored the inhibitory effects of PLOD1-shRNA on
HCC cell growth and sphere formation (Fig. 6D and E). In
addition, the increase in the population of CD24+/CD133+
LCSCs induced by PLOD1 was diminished by NF-kB and
STATS inhibitors (Fig. 6F). These data suggest that PLOD1
promotes the progression and stemness of HCC dependent on
NF-kB/IL-6/STAT3 pathway. To further substantiate these re-
sults, we examined the phosphorylation levels of NF-xB and
STAT3 in these HCC cells. The results also showed that
overexpression of PLOD1 in HuH7 cells led to increased
phosphorylation of both NF-xkB and STAT3, whereas applica-
tion of NF-xkB and STATS3 inhibitors diminished this process
(Fig. 6G and H). The decreased phosphorylation levels of
STAT3 mediated by PLOD1-shRNA were drastically restored
by the inflammatory factor IL-6 (Fig. 6l). Thus, our results indi-
cate that PLOD1 promotes the malignancy of HCC by acti-
vating the NF-xB/IL-6/STAT3 signaling pathway.

PLOD1 strengthens the TCA cycle in HCC

Metabolic reprogramming is a crucial feature of tumor pro-
gression. According to the pathway enrichment analysis of
RNA-sequence, we identified not only the JAK-STAT signaling
pathway, but also notable alterations in metabolic pathways
such as fat digestion and absorption, and carbohydrate
digestion and absorption. These findings reveal that PLOD1
may contribute to metabolism alterations in HCC. To further
determine the specific metabolites regulated by PLOD1 in
HCC, control HCCLMS cells and PLOD1-knockdown HCCLM3
cells were used for untargeted metabolomics analysis. The
results showed that metabolites involved in the TCA cycle
(citric acid and malic acid) were decreased after PLOD1
knockdown (Fig. 7A-C). The TCA cycle is a vital metabolic
pathway that underpins tumor progression, and previous
studies have shown that it is controlled by STAT3 signaling.
Importantly, acetyl-CoA, which is generated through fat and
carbohydrate metabolism, is an essential source of the TCA
cycle.®*%* Given these insights, the TCA cycle may be the
critical reason for PLOD1 promotes HCC malignancy and we
then further verify whether PLOD1, NF-kB, and STAT3 modu-
late the TCA cycle. We observed that knockdown of PLOD1
and STAT3 significantly reduced citric acid and malic acid
levels in HCC cells (Fig. 7D-F). Furthermore, the use of phar-
macological inhibitors targeting NF-kB and STAT3 also led to

Stable knockdown of PLOD1 in HCCLM3 cells by shRNA and the activity of PDH was measured. (J) Overexpression of PLOD1 in HuH7 cells, the cells were treated with
or without CPI-613 for 4 days, and the viability of cells was measured with CCK8. (K) Overexpression of PLOD1 in HuH7 cells, the cells were treated with or without
CPI-613, and sphere formation ability was measured by sphere formation assay. (L) Overexpression of PLOD1 in HuH7 cells, the cells were treated with or without CPI-
613 for 24 h, and CD24*/CD133* cells were analyzed using FACS. Data are shown as mean + SEM and analyzed with Student’s two-tailed t test. *p <0.05; **p <0.01;
***p <0.001; ns, not significant. PLOD 1, procollagen lysyl hydroxylase 1; STAT3, signal transducer and activator of transcription 3; TCA cycle, tricarboxylic acid cycle.
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the downregulation of these metabolites in HCC cells (Fig. 7G
and H). A previous study has reported that STAT3 associates
with the pyruvate dehydrogenase complex E1 (PDC-E1), facil-
itating the conversion of pyruvate to acetyl-CoA, thereby pro-
moting the TCA cycle.® To verify whether PLOD1 promotes the
TCA cycle depending on PDH activity, we further explored the
influence of PLOD1 on the enzyme activity of PDH. We found
that the knockdown of PLOD1 resulted in reduced PDH
enzyme activity (Fig. 71). Most notably, the use of a PDH in-
hibitor CPI-613 (also known to inhibit the TCA cycle) signifi-
cantly abolished the growth, sphere formation, and population
of CD24+/CD133+ LCSCs of HCC cells induced by PLOD1
overexpression (Fig. 7J-L, Fig. S6C)."® Together, these obser-
vations imply the critical role of PLOD1 in facilitating the TCA
cycle in HCC.

Discussion

Surgical resection is an effective treatment option for patients
with early-stage HCC. Unfortunately, a large number of patients
are diagnosed at an advanced stage and are no longer suitable
for surgical intervention because of the heterogeneity and
complexity of HCC. Consequently, the availability of treatment
strategies for patients with advanced-stage HCC remains
limited.®®" It is crucial to fully understand the detailed mo-
lecular mechanisms underlying HCC progression and to
develop new therapeutic strategies. PLOD1, a lysyl hydroxy-
lase, plays a vital role in collagen cross-linking and deposi-
tion.®® A previous study showed that PLOD1 was highly
upregulated in HCC and correlated with poor overall survival in
patients with HCC.?” However, the roles and underlying
mechanisms of PLOD1 in the progression of HCC are still un-
known. In our study, we found that PLOD1 is highly expressed
in both human and mouse HCC. We further demonstrated that
knockdown of PLOD1 attenuated the occurrence and growth of
HCC both in vitro and in vivo. RNA-sequence and untargeted
metabolomics analyses revealed that PLOD1 promoted the
malignancy of HCC by strengthening the NF-kB/IL-6/STAT3
signaling pathway and TCA cycle. These findings indicate that
PLOD1 has an oncogenic role in HCC and may serve as a
potential target for HCC treatment.

A previous study demonstrated that PLOD1 is highly
expressed in glioblastoma multiforme (GBM) and is associ-
ated with poor prognosis in patients. PLOD1 facilitates tumor
viability, proliferation, migration, and malignant mesenchymal
subtype transition of GBM.?® In our current study, we
observed that PLOD1 promoted the proliferation of HCC both
in vitro and in vivo, although it had little influence on the
migration of HCC cells. Stemness, apoptosis resistance, and
rapid cell division are common features of tumor progres-
sion.®**" To determine how PLOD1 enhances the growth of

PLOD1 promotes the malignancy of HCC

HCC, the stemness, apoptosis resistance, and cell cycle of
HCC cells were analyzed. We found that knockdown of
PLOD1 inhibited HCC cell stemness, promoted HCC cell
apoptosis, and induced S-phase cell cycle arrest in HCC. B-
Catenin, STAT3, transforming growth factor beta, NOTCH,
and Epithelial-mesenchymal transition (EMT) pathways were
crucial for promoting cancer cell stemness.*>™ In this study,
we demonstrated that the effect of PLOD1 on the stemness of
HCC cells is dependent on STAT3 signaling. Cancer stem
cells play an important role in tumor initiation, growth,
metastasis, and drug resistance.*’~*° However, in this study,
we have not elucidated the role of PLOD1 in drug resistance in
HCC, which could be an important scientific question for
future research.

Metabolic reprogramming is one of the most common fea-
tures of tumor cells. This study utilized RNA sequencing to
investigate the underlying molecular mechanism by which
PLOD1 contributes to HCC malignancy. We found that
knocking down PLOD1 significantly inhibited the JAK-STAT
signaling pathway. Additionally, we also observed a correla-
tion between PLOD1 expression and processes related to fat
and carbohydrate metabolism. Thus, to further uncover the
potential role of PLOD1 in the metabolic reprogramming of
HCC, control HCCLM3 cells and PLOD1-knockdown HCCLM3
cells were used for untargeted metabolomics analysis. The
results showed that the knockdown of PLOD1 decreased the
metabolites involved in the TCA cycle (citric acid and malic
acid). Considering that the TCA cycle is the hub of the three
major nutrients and also contributes to the malignancy of tu-
mors, we hypothesized that the TCA cycle may be critical for
PLOD1 in promoting HCC progression.'® Our results also
confirmed that pharmacological inhibition of the TCA cycle
abolished PLOD1-induced HCC progression and stemness.
Previous studies have noted TCA cycle metabolites are pivotal
for modulating signaling pathways in immune cells.*°*" How-
ever, in this study, we have not explored whether PLOD1
mediated-TCA cycle is involved in the immune regulation of
HCC. Therefore, the detailed potential functions of PLOD1 in
HCC still need further study. Our untargeted metabolomics
analysis also revealed alterations in other implicated pathways,
such as purine metabolism and choline metabolism, following
PLOD1 knockdown. The role of these pathways in the pro-
motion of HCC progression by PLOD1 also requires addi-
tional exploration.

In summary, this study reveals that PLOD1 is overexpressed
in HCC and has an oncogenic role in HCC. Our results
demonstrate that PLOD1 promotes HCC progression by facil-
itating the NF-xB/IL-6/STAT3-dependent TCA cycle. The
PLOD1/NF-xB/IL-6/STAT3 axis may offer a promising thera-
peutic target for inhibiting HCC malignancy and stemness.
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