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Abstract

Background: Extracellular matrix proteins are tightly linked to cancer

progression. HCC frequently arises from chronic liver diseases with varying

degrees of parenchymal fibrosis. Herein, we aimed to investigate the roles of

secreted lumican, an extracellular matrix proteoglycan, in HCC.

Methods: Lumican expression in clinical liver tissue samples was analyzed.

In vitro and in vivo functional assays were performed with cell lines. Co-

culture systems were adopted to examine the roles of lumican in the inter-

action between HCC cells and liver fibroblasts. Downstream mechanisms

were interrogated by transcriptomic and proteomic profiling.

Results: Analyses of single-cell RNA-sequencing datasets collectively

revealed high lumican expression in liver fibroblasts. Lumican expression

was elevated in liver tissues with advanced fibrosis, and a higher lumican

level in the non-tumor liver tissue was a poor prognosticator of HCC.

Functionally, recombinant human lumican (rhLUM) promoted migration,

invasion, and self-renewal of HCC cells, and enhanced angiogenesis in vitro.

These effects were abrogated by anti-lumican antibody. The paracrine

actions of lumican in the interplay between HCC cells and liver fibroblasts

were supported with co-culture models, in which lumican was manipulated

by genetic or antibody approaches. In vivo, recombinant lumican promoted
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neovascularization and tumor incidence. Profiling results revealed the

enrichment of Wnt signaling, and mechanistic dissection uncovered the

crosstalk between PI3K/AKT and Wnt/β-catenin pathways in rhLUM-treated

HCC cells.

Conclusions: Secreted lumican promotes HCC self-renewal, tumor initia-

tion, and progression by activating the AKT/GSK3β/β-catenin signaling

cascade. Targeting secreted lumican is a potential therapeutic strategy

for HCC.

Keywords: extracellular matrix proteins, fibroblasts, liver cancer

INTRODUCTION

HCC is the major type of primary liver cancer and a top-
ranking cancer worldwide. The high propensity for
intrahepatic recurrence and extrahepatic metastasis is
a treatment hurdle even after surgical resection of the
tumor. Encouraging results from the latest develop-
ments in targeted therapies substantiate further explo-
ration of molecular targets that potentially expand the
treatment modalities for this aggressive cancer.

Recent advances in medical research have uncov-
ered the role of non-tumor cells among the tumor milieu
in fostering tumorigenesis and cancer progression. This
concept possibly carries special implications in HCC,
since the majority of HCC arise in a background of
chronic liver diseases, in which persistent inflammation
and progressive fibrosis of the parenchyma are charac-
teristic. Moreover, the chronic fibroinflammatory milieu
exists before, during, and after HCC development and
constitutes a unique and special microenvironment of
this cancer. Notably, the degree of liver fibrosis in the
non-tumor liver tissue per se is a prognostic factor for
HCC described in the American Joint Committee on
Cancer staging system. In line with this, studies
evaluating liver fibrosis by histological assessment,[1]

surrogate biomarker for liver fibrosis, FIB-4,[2] and liver
stiffness measurement[3] collectively indicated that a
high degree of fibrosis in the background liver tissue is a
poor prognosticator for HCC. While this could be
attributed to poor liver reserve, whether direct pro-
tumorigenic mechanisms are in play remains to be
interrogated. The crosstalk between constituent cells in
fibrosis and HCC cells could be important in the
comprehensive understanding of molecular events
implicated in liver cancer. This prompted us to revisit
the extracellular matrix (ECM) components in liver
fibrosis, specifically whether any of these components
could be exhibiting pro-tumorigenic effects.

Proteoglycans are pivotal elements of the ECM.
Interestingly, apart from serving as the constituent
components of the fibrogenic process, these proteins

play a functional role in promoting disease
progression.[4] A representative example is glypican-3
(GPC3), a transmembrane proteoglycan. GPC3 is
overexpressed in the tumor and serum samples of
HCC patients. Lumican, a member of the extracellular
proteoglycans, is located on human chromosome
12q21.33, comprising 338 amino acids with a molecular
weight of ~40 kDa. Of note, lumican was found to play a
pivotal role in fibrosis by regulating matrix assembly and
enhancing collagen fibril stability. In the liver, lumican-
null mice showed a marked reduction in liver fibrosis,
portraying lumican as a prerequisite for liver fibrosis.[5]

In human clinical samples, upregulation of lumican at
the mRNA level was initially reported in chronic hepatitis
B liver tissue.[6] Lumican overexpression at the protein
level was then identified in the liver tissues from
individuals with non-alcoholic fatty liver disease.[7] In a
later study, the potential role of lumican as a serum
surrogate biomarker for liver fibrosis associated with
non-alcoholic fatty liver disease was proposed.[8]

Functional studies on intracellular lumican revealed
both pro-tumorigenic and anti-tumorigenic roles in
human cancers.[9–11] Manipulation of intracellular lumi-
can in cancer cells resulted in various phenotypic
alterations depending on tumor origin.[12–18] In contrast,
fewer studies focused on the secreted form of lumican,
of which the role in human cancers also appears
divergent in a tissue-specific manner. It was reported
that secreted lumican (sLUM) suppresses the growth of
pancreatic cancer, and that a high extracellular lumican
expression in the tumor tissue is associated with better
survival outcome.[19] In gastric cancer, a higher expres-
sion in the tumor stroma was associated with aggres-
sive clinicopathological features, and functionally sLUM
demonstrates a pro-tumorigenic effect in vitro and
in vivo.[20] To date, while being an integral ECM protein,
the functional significance of sLUM in HCC remains
poorly understood.

In this study, we investigated the functional roles of
sLUM in HCC. From our expression analyses of clinical
samples, lumican was remarkably expressed in liver
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fibroblasts. Lumican expression was elevated in liver
tissues with advanced fibrosis, and a higher lumican
level in the non-tumor liver tissue was a poor
prognosticator of HCC. Functionally, we demonstrated
that sLUM promoted self-renewal, tumor initiation, and
metastatic potential in HCC and enhanced angiogene-
sis. Mechanistically, sLUM triggered the AKT/GSK3β/β-
catenin signaling cascade and induced nuclear local-
ization of β-catenin.

METHODS

Clinical samples

The study was conducted in accordance with both the
Declarations of Helsinki. Use of clinical samples was
approved by the Institutional Review Board of The
University of Hong Kong/Hospital Authority Hong Kong
West Cluster (HKU/HA HKW IRB: UW11-424) with
waiver of written informed consent. Clinical HCC tissue
samples were obtained from liver resection specimens
at Queen Mary Hospital, Hong Kong, and were either
snap-frozen in liquid nitrogen and stored at −80 °C
or processed into formalin-fixed paraffin-embedded
blocks.

Carbon tetrachloride–induced liver fibrosis
mouse model

Animal experiments were adhered to the ARRIVE
Guidelines, conducted following review and approval
from the Committee on the Use of Live Animals in
Teaching and Research (CULATR) of HKU and under
licence from the Hong Kong SAR Government’s
Department of Health (CULATR approval numbers:
4504-17, 5498-20, 5844-21, 23-215). Five- to 7-week-
old male C57BL/6J mice (RRID: IMSR_JAX:000664)
originally sourced from The Jackson Laboratory were
bred under an AAALAC International-accredited pro-
gram at the Centre for Comparative Medicine Research
(CCMR) under specific pathogen-free conditions. All
mice were housed in a specific pathogen-free and
temperature-controlled environment providing a 12:12-
hour light:dark cycle and were fed ad libitum with
LabDiet 5LG4 (breeding diet) and LabDiet 5053
(maintenance diet) manufactured by the Jackson
Laboratory. All mice were randomly divided into 2
groups (corn oil or CCl4 group; 5 mice/group). To induce
liver fibrosis, mice were injected intraperitoneally with
carbon tetrachloride (CCl4) (0.2 ml/kg of body weight;
MilliporeSigma) diluted in corn oil (MilliporeSigma) twice
per week. Liver tissue of each mouse was harvested
and snap-frozen in liquid nitrogen or fixed in 10%
neutral buffered formalin. Formalin-fixed paraffin-
embedded mouse liver tissue was sectioned and

stained with hematoxylin and eosin and trichrome stain.
The severity of liver fibrosis was determined by a
pathologist. Images were captured with Nanozoomer
S210 (Hamamatsu Photonics, RRID: SCR_023760).

Subcutaneous injection xenograft model

Male NOD.CB17-Prkdcscid/J (NOD/SCID) mice at 6-8
weeks old, originally sourced from The Jackson
Laboratory, were bred under an AAALAC Interna-
tional-accredited program at the CCMR, HKU under
specific pathogen-free conditions. Animals were housed
in individually ventilated cages under a 12:12 dark–light
cycle within environmentally controlled rooms and were
fed ad libitum with LabDiet 5LG4 (breeding diet) and
LabDiet 5053 (maintenance diet) manufactured by the
Jackson Laboratory. Patient-derived xenograft (PDX1)
was established with an HCC resection specimen
collected from Queen Mary Hospital, Hong Kong, as
previously described.[21,22] For propagation, PDX1
tumor was harvested from tumor-bearing mice and
was processed to a single-cell suspension in the
presence of Liberase (10 μg/mL, Roche Diagnostics),
DNase I (250 μg/mL, Roche Diagnostics), and Y27632
(15 μM, MedChemExpress) using a gentleMACS
dissociator (Miltenyi Biotec). Single-cell suspension
was collected through a 100 μm nylon cell strainer
(SPL Life Sciences). Cell viability and cell counting were
assessed using the trypan blue exclusion method. HCC
cells (1000 cells for MHCC97L, 5000 cells for Huh7, and
10,000 cells for HCC PDX1 in 100 μL serum-free
medium and Matrigel, 1:1) were subcutaneously
injected into the dorsal flank of the mice. Mice were
randomized into 2 groups [Ctrl and recombinant human
lumican (rhLUM)]. One (for MHCC97L and PDX1) or 2
(for Huh7) weeks post-cell injection, PBS, or rhLUM
(100 μg/kg) was subcutaneously injected to the tumor
injection site of the Ctrl or rhLUM group twice per week
for a total of 8 (for PDX1), 13 (for Huh7) or 15 (for
MHCC97L) injections. Tumor incidence was monitored,
and tumors were harvested on day 35 post-cell injection
for PDX1, day 84 post-cell injection for Huh7 cells, and
day 74 post-cell injection for MHCC97L cells. Tumor-
initiating cell (T-IC) frequency was calculated using
extreme-limiting-dilution analysis.[23]

In vivo Matrigel plug assay

Five-week to 7-week-old male BALB/cAnN-nu (nude)
mice originally sourced from The Charles River Lab
(BioLASCO) were bred under an AAALAC International-
accredited program at the CCMR under specific
pathogen-free conditions. All mice were housed in a
specific pathogen-free and temperature-controlled envi-
ronment providing 12:12-hour light:dark cycle and were
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fed ad libitum with LabDiet 5LG4 (breeding diet) and
LabDiet 5053 (maintenance diet) manufactured by the
Jackson Laboratory. All mice were randomly divided
into 2 or 3 groups [Ctrl, recombinant mouse lumican
(rmLUM), or rmLUM+anti-lumican antibody (anti-LUM)].
A total of 300 µL growth factor reduced Matrigel
(Corning Inc.) mixed with basic fibroblast growth factor
(bFGF; MilloporeSigma; 250 ng/mL) supplemented with
or without rmLUM (R&D Systems; 2 μg) or bFGF mixed
with rmLUM and anti-LUM (2 μg; AF2745, R&D
Systems; RRID: AB_2139496) followed by sub-
cutaneous injection to the flank of nude mice. bFGF
(250 ng/mL) mixed with or without rmLUM (2 μg) or
bFGF mixed with rmLUM (2 μg) and anti-LUM (2 μg)
was subcutaneously injected into the Matrigel plug of
the Ctrl, rmLUM, or rmLUM+anti-LUM group, respec-
tively, every other day. After 9 days, Matrigel plugs were
removed, imaged, and fixed in 10% buffered formalin.
Microvessel density was assessed by a pathologist.
Images were captured with Nanozoomer S210 (Hama-
matsu Photonics; RRID: SCR_023760).

Statistical analysis

The Shapiro–Wilk test was performed to assess the
normality of the data. Continuous variables between 2
groups were compared using the Mann–Whitney U test
for non-parametric data, and the unpaired t test for
parametric data. Survival analyses were performed
using the Kaplan–Meier method and were compared
with the log-rank test. A 2-tailed p value of < 0.05 was
considered statistically significant. Statistical analyses
were performed using GraphPad Prism v8.2.1 (Graph-
Pad Software Inc.; RRID: SCR_002798) or SPSS
Statistics v25 (SPSS Inc.; RRID: SCR_016479).

Experimental details of cell culture, The Cancer
Genome Atlas (TCGA) analysis and GepLiver single-cell
RNA-sequencing analysis, multiplex fluorescence immu-
nohistochemistry, immunofluorescent staining, establish-
ment of transient lumican knockdown cells, preparation
of conditioned medium, ELISA, immunohistochemical
staining, reverse transcription-quantitative polymerase
chain reaction, western blotting, co-immunoprecipitation,
co-culture system, transwell migration and invasion
assays, transendothelial migration assay, tube formation
assay, tumorsphere formation assay, MTT assay, RNA

sequencing, bioinformatics and computational analyses,
liquid chromatography–tandem mass spectrometry,
GeneOntology (GO) andReactome gene set enrichment
analysis are available in Supplemental Materials and
Methods and Supplemental Table S3, http://links.lww.
com/HC9/C59.

RESULTS

Lumican is highly expressed in liver
fibroblasts

We first analyzed lumican expression from single-cell
RNA-sequencing (RNA-seq) data using web-accessible
database GepLiver, which integrated expression pro-
files of liver cells from 17 single-cell RNA-seq datasets
deposited in Gene Expression Omnibus and Sequenc-
ing Read Archive databases. Lumican mRNA was
remarkably expressed in fibroblasts residing in normal
liver, cirrhotic liver, and HCC tissues (Figure 1A). Of
note, lumican ranked as one of the top 10 most
expressed marker genes in the extracellular matrix
fibroblast cluster from the GepLiver database. To this
end, immunohistochemical staining was performed in
whole sections of our clinical liver tissue samples to
verify the cell types expressing lumican. In non-tumor
cirrhotic liver tissue, lumican expression was localized
among the fibroblasts, while the hepatocytes showed
negative staining. In HCC tumor tissue, lumican
expression was observed in fibroblasts at the tumor
edge as well as in some HCC cells by immuno-
histochemistry (Figure 1B). Moreover, multiplex fluores-
cence immunohistochemistry in clinical samples
showed the colocalization of lumican with fibroblast
markers α-smooth muscle actin and vimentin
(Figure 1C). We further looked at the expression of
lumican in paired tumor and non-tumor tissues from our
in-house HCC clinical cohort, in which the vast majority
of cases (61 of 65) were associated with chronic liver
diseases. First, we observed that in the non-tumor liver
tissue, lumican expression was significantly higher in
the cirrhotic subset versus the non-cirrhotic subset
(Figure 1D). Second, survival analyses were carried out
to explore the clinical significance of lumican expres-
sion. Interestingly, a higher lumican level in the non-
tumor liver tissue was associated with worse 5-year

patients. Kaplan–Meier analysis of 5-year overall survival in HCC patients (TCGA-LIHC) stratified by a median of lumican mRNA expression level
in non-tumor liver tissue. LUMlow (n=25) and LUMhigh (n= 25) (right). Log-rank test. (F) Lumican mRNA expression in liver tissue collected from
corn oil-treated C57BL/6J mice (n=4) and CCl4-treated C57BL/6J mice (n= 5) (left). Representative image of H&E and trichrome stain of mouse
liver tissue (middle). Scale bar: 250 μm. Immunofluorescent staining for lumican and vimentin in fibrotic liver tissue from the mice (right). Scale bar:
500 μm. Unpaired t test. The line represents mean±SD. (G) Lumican concentration (pg/mL) in conditioned medium collected from immortalized
hepatocyte cell line (MIHA), liver fibroblasts (LF), HSC cell line (LX2), and HCC cell lines (n=3). Unpaired t test. The line represents mean±SD.
*p<0.05, **p< 0.01, ***p<0.001, and ****p<0.0001; n.d., not detectable. Abbreviations: CCl4, carbon tetrachloride; HKU-QMH, The University of
Hong Kong—Queen Mary Hospital; LUM, lumican; NT, non-tumor; T, tumor; TCGA-LIHC, The Cancer Genome Atlas Liver Hepatocellular
Carcinoma; UMAP, Uniform Manifold Approximation and Projection.
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F IGURE 2 Fibroblast-derived lumican increases the metastatic potential of HCC cells. (A) Transwell migration and matrigel invasion assays in
MHCC97L (upper) and Huh7 (lower) cells upon rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and anti-LUM antibody (2 μg/mL) treatment
(n= 3). Unpaired t test. Data represents mean±SD. Scale bar: 200 μm. (B) Transendothelial migration of MHCC97L (n=3) and Huh7 cells treated
with rhLUM (2 μg/mL) or in combination of rhLUM and anti-LUM antibody (2 μg/mL). Representative data of Huh7 is shown. The experiment was
performed twice, each in triplicate. Unpaired t test. Data represents mean±SD. (C) Schematic diagram of the co-culture system. The figure is
created with BioRender.com. (D) Transwell migration, Matrigel invasion assays, and transendothelial migration assays in MHCC97L (upper),
Huh7 (lower) cells, or HCC cells co-cultured with siCtrl or siLUM liver fibroblasts (LFs). Representative data is shown for transwell assays. Scale
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overall survival of HCC patients (Figure 1E), while
lumican level in the matched tumor tissues did not show
a statistically significant correlation (p= 0.592). The
prognostic significance of lumican in the non-tumor liver
tissue was supported by analysis of The Cancer
Genome Atlas Liver Hepatocellular Carcinoma
(TCGA-LIHC) cohort of HCC samples (Figure 1E). To
corroborate the above observations, lumican mRNA
expression was evaluated in the livers harvested from
our CCl4-induced liver fibrosis mouse model, in which
C57BL/6J mice were treated with CCl4 to induce liver
fibrosis. Consistently, lumican was significantly elevated
in the fibrotic liver tissue from the CCl4-treated group,
and colocalization of lumican and vimentin expressions
was observed in the fibrotic regions (Figure 1F). In
addition, sLUM was quantified in the conditioned
medium (CM) of human liver cell lines, including liver
fibroblasts (LFs), immortalized hepatocytes MIHA, HSC
line LX2, and HCC cell lines (Huh7, PLC/PRF/5, and
MHCC97L) by ELISA. In congruence, LF demonstrated
a higher sLUM level versus other cell lines (Figure 1G).

Fibroblast-derived secreted lumican
increases the metastatic potential of HCC

To gather insights on the effects of sLUM on HCC cells,
rhLUM and anti-lumican antibody (anti-LUM) were
employed. Before this, the toxicity of rhLUM and anti-
LUM was assessed on liver cell lines. No significant
cytotoxic effect was observed upon administration of
rhLUM or anti-LUM (Supplemental Figures S1A, B, http://
links.lww.com/HC9/C59). Functionally, treatment of
rhLUM to HCC cells augmented cell migration and
invasion as tested by cell motility assay and Matrigel
invasion assay, respectively. Besides, administration of
anti-LUM abrogated the effects of migration and invasion
conferred by rhLUM on HCC cells (Figure 2A). Following
that, we carried out a transendothelial migration assay,
which examines the ability of cancer cells to migrate
across the endothelial layer, mimicking the intravasation
step in metastasis. Transendothelial migration was
enhanced upon rhLUM administration, and co-treatment
with anti-LUM dampened this effect (Figure 2B). In an
attempt to study the interaction between HCC cells and
LF, which secreted an abundant amount of lumican, we
proceeded to examine the effects of the conditioned
medium of liver fibroblasts (LF-CM) on HCC cell
properties. From our experiments, migration and inva-
sion of HCC cells were enhanced by LF-CM compared
with the untreated control. These effects were abrogated

by co-treatment with anti-LUM (Supplemental Figure S2,
http://links.lww.com/HC9/C59). The interplay between LF
and HCC cells was further evaluated with a co-culture
system. HCC cells were co-cultured with LF transiently
transfected with negative control siRNA (siCtrl) or 2
sequences of lumican siRNA (siLUM), followed by in vitro
assays (Figure 2C). The reduction of sLUM concentra-
tion in CM collected from LF transfected with siLUM was
confirmed (Supplemental Figure S3, http://links.lww.com/
HC9/C59). We observed suppressed migration, inva-
sion, and transendothelial migration of HCC cells co-
cultured with lumican-silenced LF (Figure 2D). These
findings were further consolidated by a second co-culture
setup, in which HCC cells were co-cultured with LF
supplemented with anti-LUM or IgG control before in vitro
assays. In line with the previous results, cell migration,
invasion, and transendothelial migration in HCC cells
were dampened in the anti-LUM treatment group
(Figure 2E).

Secreted lumican enhances angiogenesis

Next, we proceeded to study whether sLUM exerts any
functional effects on neovascularization, another key
process in cancer progression. To this end, an in vitro
tube formation assay with HUVEC was carried out. The
results demonstrated that rhLUM enhanced new vessel
formation, and anti-LUM abrogated this angiogenic
effect (Figure 3A). Similarly, using co-culture setups,
reduced tube formation ability in the HUVEC was
observed in the siLUM and anti-LUM groups (Figures
3B, C). Taking a step further, in vivo Matrigel plug
assays were performed to evaluate the effect of sLUM
on angiogenesis. Matrigel containing bFGF was sub-
cutaneously injected into nude mice. bFGF with or
without rmLUM was supplemented to the Matrigel plugs
every other day. At day 9, the animals were euthanized,
and Matrigel plugs were isolated for capillary density
analysis. By immunohistochemical analysis with CD31
staining, increased microvessel density was observed
in the rmLUM treatment group (Figure 3D). The effect of
anti-LUM on rmLUM-induced angiogenesis was also
evaluated. From our experimental findings, microvessel
density was decreased upon anti-LUM administration
(Figure 3E). Besides, we observed upregulation of
VEGFA by rhLUM in HCC cells (Figure 3F), as
accompanied by an upregulation of VEGFR1/2 in
rhLUM-treated HUVEC (Figure 3G). The changes in
expression of angiogenic factors and receptors further
supported the role of sLUM on angiogenesis.

bar: 200 μm. The experiment was performed at least twice, each in triplicate. Unpaired t test. Data represents mean±SD. (E) Transwell migration,
Matrigel invasion assays, and transendothelial migration assay in MHCC97L (upper), Huh7 (lower) cells, or HCC cells co-cultured with LF treated
with IgG control or anti-LUM antibody (2 μg/mL). Representative data is shown. Scale bar: 200 μm. The experiment was performed twice, each in
triplicate. Unpaired t test. Data represents mean±SD. Scale bar: 200 μm. *p<0.05, **p<0.01, and ***p<0.001. Abbreviations: anti-LUM, anti-
lumican antibody; rhLUM, recombinant human lumican.
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Secreted lumican promotes self-renewal
and tumor initiation of HCC

Thus far, our experimental findings suggest that sLUM
enhances metastatic potential and angiogenesis, 2
major cellular steps implicated in tumor progression.
To understand if sLUM exerts any effects on the self-
renewal ability of HCC, the tumorsphere formation
assay was performed. From our results, rhLUM
enhanced tumorsphere formation of HCC cells, and
the effect was abrogated by co-treating HCC cells with
anti-LUM (Figure 4A). The findings suggested that
sLUM promoted self-renewal in vitro and were substan-
tiated by results with the 2 co-culture setups as
described above. Tumorsphere formation was sup-
pressed in HCC cells co-cultured with LF after silencing
lumican (versus LF transfected with siCtrl) (Figure 4B),
and in HCC cells co-cultured with LF treated with anti-
LUM (vs. LF treated with IgG) (Figure 4C). The
encouraging findings led us to further explore the effect
of sLUM on in vivo tumorigenicity. HCC cell lines (Huh7
and MHCC97L) and PDX1 cells established from a
clinical HCC sample were injected subcutaneously into
NOD/SCID mice. rhLUM was supplemented sub-
cutaneously to the tumor injection site, and tumor
incidence was measured. At the experimental endpoint,
a higher tumor incidence and T-IC frequency were
consistently observed in the rhLUM treatment group for
both HCC cell line-derived xenografts as well as for the
patient-derived xenograft (Figure 4D and Table 1).

Secreted lumican triggers the AKT/GSK3β/
β-catenin signaling cascade

To decipher the downstream molecular mechanisms
mediating the functions of sLUM in HCC, we carried out
transcriptomic profiling and proteomic profiling with
tumor lysates collected from the MHCC97L animal
model and cell line model, respectively. From the RNA-
seq results, based on differential expression analysis
between the rhLUM-treated and Ctrl groups, a total of
1502 protein-coding genes were differentially
expressed [False discovery rate (FDR) < 0.05, |

Log2fold change (FC)|≥1]. The distribution of identified
genes was displayed in a volcano plot (Figure 5A). Of
these differentially expressed genes (DEGs), a total of
690 genes were upregulated and 812 genes were
downregulated in the rhLUM treatment group (Supple-
mental Table S1, http://links.lww.com/HC9/C59). To
investigate the mechanistic connection of the DEGs in
tumorigenesis, the upregulated DEGs were subjected to
GO enrichment analysis. Results showed that multiple
pathways crucial in tumorigenesis were enriched,
including Wnt signaling and MAPK signaling
(Figure 5B). By proteomic profiling with LC–MS/MS, a
total of 438 proteins (p<0.05, FC≥1.2, and FC≤0.83)
were differentially expressed in the rhLUM-treated
MHCC97L cells. Among the differentially expressed
proteins (DEPs), a total of 281 proteins (FC≥1.2) were
upregulated (Supplemental Table S2, http://links.lww.
com/HC9/C59). Reactome gene set enrichment analy-
ses of the upregulated DEPs were conducted to acquire
mechanistic insight into the upregulated DEPs in the
pathway related to tumorigenesis (Figure 5C). Notably,
enrichment of Wnt signaling was detected in both RNA-
seq and Reactome gene set analyses. To verify
whether Wnt signaling is altered in HCC in response
to sLUM, β-catenin expression was first examined in the
rhLUM-treated HCC cell lines, as well as the PDX1
tumor lysates harvested from the mouse model
(depicted in Figure 4D). Results from western blotting
confirmed the increase of β-catenin expression in the
nuclear fractions of the HCC cells upon rhLUM
treatment (Figure 5D).

To test whether the functional effects of lumican are
mediated through β-catenin signaling in HCC cells and
HUVEC, we employed β-catenin inhibitor CWP232228
upon rhLUM treatment in the tumorsphere formation
assay and tube formation assay. CWP232228 is a
selective small molecular inhibitor that targets the
binding of β-catenin to the T-cell factor protein in the
nucleus, thereby suppressing a subset of β-catenin-
responsive gene expression.[24] With the assays,
tumorsphere formation and tube formation were
attenuated upon co-treatment of CWP232228
(Figure 6A). The reversal effect of CWP232228 on
rhLUM-induced pro-tumorigenic functions in HCC cells

bar: 10 mm. Representative immunohistochemical staining of CD31 expression in the Matrigel plug of the Ctrl and rmLUM treatment group (upper
right). Scale bar=100 μm. Quantification of the CD31-positive tubular structure in the gel area of the Ctrl and rmLUM treatment group (average of
5 high-power fields/plug; lower right). Unpaired t test. Data represents mean±SD. (E) Effect of anti-mouse lumican antibody (anti-LUM) on
rmLUM-induced angiogenesis as determined by Matrigel plug in vivo assay. Schematic diagram of the Matrigel plug assay (upper left). Repre-
sentative immunohistochemical staining of CD31 expression in the Matrigel plug of the Ctrl, rmLUM treatment, and rmLUM+anti-LUM treatment
group (lower left). Scale bar=50 μm. Quantification of the CD31-positive tubular structure in the gel area of the ctrl (n=4), rmLUM treatment
(n= 4), and rmLUM+anti-LUM treatment (n=5) group (average of 5 high-power fields/plug; lower right). Unpaired t test. Data represents
mean±SD. (F) Expression of VEGFA upon rhLUM treatment (2 μg/mL, 48 h) in PLC/PRF/5 cells, Huh7, and MHCC97L cells as determined by
western blot. Quantification of fold change of VEGFA band intensity in the rhLUM-treated group against the untreated group was indicated
beneath the western blot images. β-actin was used as the loading control. Representative data are shown. The experiment was performed twice.
(G) mRNA expression of VEGFR1 and VEGFR2 in HUVEC cells upon rhLUM treatment (2 μg/mL, 48 h). Representative data is shown. The
experiment was performed twice, each in triplicate. Unpaired t test. Data represents mean±SD. *p< 0.05, **p< 0.01, and ***p< 0.001. Abbre-
viations: anti-LUM, anti-lumican antibody; Ctrl, control; rhLUM, recombinant human lumican; rmLUM, recombinant mouse lumican.
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F IGURE 4 Secreted lumican promotes self-renewal and tumor initiation of HCC. (A) Tumorsphere assays in Huh7 (upper) and PLC/PRF/5
(lower) cells treated with rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and anti-LUM antibody (2 μg/mL). Representative data is shown.
The experiment was performed twice, each in triplicate. Scale bar: 500 μm. (B) Tumorsphere assays in Huh7 (upper) and PLC/PRF/5 (lower) cells
co-cultured with liver fibroblasts (LFs), siCtrl, or siLUM cells. Representative data are shown. The experiment was performed twice, each in
triplicate. Scale bar: 500 μm for siLUM #1 or 200 μm for siLUM #2. (C) Tumorpshere assays in Huh7 (upper) and PLC/PRF/5 (lower) cells co-
cultured with LF treated with IgG control or anti-LUM antibody (2 μg/mL). Representative data is shown. The experiment was performed twice,
each in triplicate. Number of tumorsphere: unpaired t test. Tumorsphere size: Mann–Whitney U test. Scale bar: 500 μm. (D) Images of the Huh7
(left), MHCC97L (middle), and PDX1 (right) tumors harvested from the mice treated with or without rhLUM. No HCC tumor was identified in the
nodule on the right from the MHCC97L-Ctrl group upon histological examination. Scale bar: 10 mm. Data represents mean±SD. *p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. Abbreviations: anti-LUM, anti-lumican antibody; Ctrl, control; LFs, liver fibroblasts; rhLUM, recombinant
human lumican; siCtrl, negative control siRNA; siLUM, lumican siRNA.
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and HUVEC implied the involvement of β-catenin
signaling in the actions of sLUM. From the literature
review, VEGFA is a downstream effector of β-catenin
in HCC.[25,26] Considering the reversal effect of
CWP232228 on rhLUM-induced tube formation,
expression of VEGFA was examined in HCC cells
upon co-administration of CWP232228 to assess
whether the effect of rhLUM on VEGFA expression
was mediated through β-catenin. By western blotting,
expression of VEGFA in HCC cells was diminished
upon co-treatment with CWP232228 when compared
to HCC cells treated with rhLUM only (Figure 6B).
Next, we sought to understand how lumican regulates
the Wnt signaling pathway. To address this question,
we examined the expressions of major upstream
intrinsic players implicated in the pathway activation.
Expressions of Wnt3a and pLRP6, key biomarkers
reflecting ligand–receptor activity in the Wnt/β-catenin
pathway, were unaltered upon rhLUM treatment
(Supplemental Figures S4A, B, http://links.lww.com/
HC9/C59), suggesting that the augmented nuclear β-
catenin expression could be mediated by other
interconnected pathways. From previous studies,
crosstalk between PI3K/AKT and β-catenin signaling
has been illustrated in HCC.[27–31] Hence, we specu-
lated that nuclear β-catenin expression was
upregulated via PI3K/AKT pathway in response to
lumican in HCC. To this end, the expression of pAKT
and pGSK3β was examined upon rhLUM treatment in
HCC cells. Interestingly, upregulated pAKT(Ser473)
and pGSK3β(Ser9) expressions were observed in
rhLUM-treated cells (Figure 6C). To corroborate the
link between lumican and PI3K/AKT pathway at a
functional level, AKT inhibitor MK2206 (AKTi) was
employed in in vitro assays. AKTi reversed the rhLUM-
induced effects on cell migration, invasion, tumor-
sphere formation, and tube formation (Figures 6D–F).
Besides, expression of nuclear β-catenin, pAKT
(Ser473), pGSK3β (Ser9), and VEGFA was attenuated
upon administration of AKTi in rhLUM-treated cells

(Figure 6G and Supplemental Figure S5, http://links.
lww.com/HC9/C59). The above experimental findings
indicated that secreted lumican mediates its pro-
tumorigenic effects through activation of pAKT in
HCC cells. Lastly, we attempted to explore how
secreted lumican interacts with the PI3K/AKT path-
way. To this end, we performed a co-immuno-
precipitation (co-IP) experiment with pMET (Tyr1234/
1235), a receptor tyrosine kinase upstream of PI3K/
AKT, in rhLUM-treated HCC cells. The results dem-
onstrated the interaction between pMET (Tyr1234/
1235) and rhLUM, suggesting that sLUM activated
PI3K/AKT signaling through interaction with MET
receptor (Supplemental Figure S6, http://links.lww.
com/HC9/C59). These findings altogether suggest that
sLUM regulates HCC stemness and angiogenesis via
the AKT/GSK3β/β-catenin signaling cascade.

DISCUSSION

In the present study, we characterized the functional
roles of the secreted lumican in HCC and demonstrated
that sLUM exhibited pro-tumorigenic effects on both
HCC cells and HUVEC for the induction of metastatic
potential, self-renewal ability, and angiogenesis by
in vitro and in vivo experiments. Self-renewal ability
and tumor initiation are defining hallmarks of cancer
stemness and are properties tightly linked to tumor
recurrence. Angiogenesis, cell migration, and invasion
are phenotypes associated with extrahepatic tumor
dissemination. Besides, mechanistic dissection in our
study revealed the role of the AKT/GSK3β/β-catenin
signaling cascade as a downstream effector for lumican
in HCC, and this was consolidated by experiments
using AKT and β-catenin inhibitors. A graphic summary
of the study findings is presented in Figure 6H.

Apart from unraveling the functional roles of sLUM in
HCC, our findings portrayed liver fibroblasts as a major
source of sLUM, which possibly exerts its functions on
HCC cells in a paracrine manner. This speculation was
supported by results with our co-culture models, that
lumican is a critical component in the secretome from
liver fibroblasts, promoting various tumorigenic pheno-
types, including cancer stemness properties and angio-
genesis. As a matter of fact, a wide array of ECM
proteins, including different types of collagen, glycopro-
teins, proteoglycans, and polysaccharides, have been
reported to contribute to cancer stemness.[32] Mechanis-
tically, ECM proteins were reported to modulate
stemness via physical and biochemical properties,
control of growth factor release, or metabolic
reprogramming.[32] In this work, we showed that lumican
fosters HCC stemness via potentiation of β-catenin, an
important mechanism implicated in the regulation of
cancer stemness and angiogenesis,[33] including in HCC,
as illustrated in previous studies by our group.[34–36]

TABLE 1 Tumor incidence and estimated T-IC frequency of
MHCC97L cell line-derived, Huh7 cell line-derived, and HCC patient-
derived xenografts treated with or without recombinant human lumican
protein

Tumor
incidence

Estimated T-IC
frequency

MHCC97L-Ctrl 1/6 1/5485

MHCC97L-rhLUM 6/6 1/1

Huh7-Ctrl 3/8 1/10638

Huh7-rhLUM 6/8 1/3607

PDX1-Ctrl 4/6 1/9102

PDX1-rhLUM 6/6 1/1

Abbreviations: Ctrl, control; PDX, patient-derived xenograft; rhLUM, recombi-
nant human lumican; T-IC, tumor-initiating cell.
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and PLC/PRF/5 (lower) cells treated with or without rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and CWP232228 (0.5 μM). Rep-
resentative data is shown. The experiment was performed twice, each in triplicate. Scale bar: 300 μm. Tube formation assay in HUVEC (right)
treated with or without rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and CWP232228 (2 μM). Scale bar: 200 μm. Representative data
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Lumican is well-recognized for interacting with
integrin at the cell–matrix interface to modulate cell
motility.[11,37] Besides, ERK1/2, TGFβ2, FAK, FOXO,
and p53 were identified as the downstream mediators
for lumican functions in cancer models.[12,18,20,38–40] In
our current study, with RNA-seq and mass spectrometry
experiments, the Wnt signaling pathway was consis-
tently identified in both profiling analyses. As a matter of
fact, proteoglycans, including biglycan and GPC3, have
been reported to modulate the Wnt/β-catenin signaling
cascade.[41,42] In particular, GPC3 was reported to bind
to frizzled receptors, followed by endocytosis of the
GPC3–FZD8 complex upon the induction of Wnt3a.[43]

Findings from our current study further substantiate the
potential significance of proteoglycans in the regulation
of Wnt/β-catenin pathway in human cancers. While
CTNNB1 mutation is a major molecular event leading to
activation of Wnt/β-catenin pathway, other mechanisms
have been reported to trigger the signaling cascade,
including overexpression of intrinsic players in the
pathway, such as LRP6 and Frizzled 7, as previously
reported by our group.[34,36,44] Apart from that, aberrant
β-catenin expression could also result from activation of
the AKT/GSK3β pathway, in which phosphorylated AKT
(at Ser473) leads to the phosphorylation of GSK3β at
Ser9, thereby inhibiting the proteasomal degradation of
β-catenin. Stabilization of β-catenin is followed by
translocation into the nucleus and transcriptional activa-
tion of downstream effectors. The crosstalk between PI3K/
AKT and β-catenin signaling pathways was shown to
participate in HCC tumor growth, metastasis, and
stemness.[27–31] Besides, AKT/GSK3β/β-catenin signaling

plays a role in tumor angiogenesis.[30,45] In a very recent
report, lumican was shown to take part in AKT/GSK3β/β-
catenin signaling in cardiac fibrosis.[46] Our current study,
instead, revealed the role of this signaling cascade in
mediating the functions of sLUM in human cancers. In
addition, we demonstrated that secreted lumican interacts
with MET receptor in HCC cells, a potential mechanism
through which lumican activates the PI3K/AKT pathway.
Apart from this, from our in vitro experiments, His-tagged
rhLUM could be detected in HCC cells using His antibody
by western blotting (data not shown), suggesting that
internalization of exogenous lumican by HCC is also
possible.

The findings in our present study provide some
insights from a conceptual point of view. Expression
of lumican has been reported in cancer-associated
fibroblasts in breast, pancreas, and cervical
cancers.[47–49] From our expression analyses of clinical
samples, liver fibroblasts from both non-tumor and
HCC tumor tissues are a notable source of lumican.
Considering the biological nature of lumican as an
ECM protein, in this work, we focused on the secreted
form of lumican and illustrated its role in self-renewal,
tumor initiation, and angiogenesis, apart from meta-
static potential in liver cancer. Of relevance to the
tumor biology in HCC, early recurrence (within 2 y from
curative resection) is believed to result from occult
intrahepatic spread of the primary tumor, while late
recurrence represents metachronous tumor arising
from background chronic liver diseases.[50] Therefore,
our findings may imply that lumican secreted from the
fibrotic milieu could possibly promote the self-renewal

are shown. The experiment was performed twice, each in triplicate. Unpaired t test. Data represents mean±SD. (B) Western blot analysis of
VEGFA expression in PLC/PRF/5, Huh7, and MHCC97L cells treated with rhLUM (2 μg/mL, 48 h) or co-treatment of rhLUM (2 μg/mL, 48 h) and
CWP232228 (2 μM, 48 h). Quantification of fold change of VEGFA band intensity in the rhLUM-treated group against the untreated group was
indicated beneath the western blot images. β-actin was used as the loading control. Results of the blot with different exposure times were
separated by a dashed line. Representative data is shown. The experiment was performed twice. (C) Western blot analysis of pAKT and pGSK3β
protein expression in Huh7, PLC/PRF/5, and MHCC97L cells treated with rhLUM (2 μg/mL, 16 h). Quantification of fold change of pAKT and
pGSK3 band intensity in the rhLUM-treated group against the untreated group was indicated beneath the western blot images. β-actin was used as
the loading control. Results of the blot with different exposure times were separated by a dashed line. The arrow indicated the expected size of the
GSK3β. Representative data are shown. The experiment was performed twice. (D) Transwell migration and matrigel invasion assays in MHCC97L
(upper) and Huh7 (lower) cells upon rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and MK2206 (5 μM) treatment. Representative data
are shown. The experiment was performed at least twice, each in triplicate. (E) Tumorsphere assays in Huh7 and PLC/PRF/5 cells treated with
rhLUM (2 μg/mL) or in combination of rhLUM (2 μg/mL) and MK2206 (5 μM for Huh7; 2 μM for PLC/PRF/5). Representative data is shown. The
experiment was performed twice, each in triplicate. Number of tumorsphere: Unpaired t test. Tumorsphere size: Mann–Whitney U test. Scale bar:
200 μm. (F) Effect of rhLUM with or without MK2206 (10 μM) on angiogenesis as determined by tube formation assay with HUVEC (upper).
Representative data is shown. Scale bar: 200 μm. The experiment was performed twice, each in triplicate. Transendothelial migration of
MHCC97L and Huh7 cells treated with rhLUM (2 μg/mL) or in combination of rhLUM and MK2206 (5 μM) (lower). Representative data are shown.
The experiment was performed twice, each in triplicate. Unpaired t test. Data represents mean±SD. (G) Western blot analysis of β-catenin
expression in nuclear (Nu) and cytoplasmic (Cyto) fractions of PLC/PRF/5 and Huh7 cells treated with DMSO, rhLUM (2 μg/mL, 48 h), or co-
treatment of rhLUM (2 μg/mL, 48 h) and MK2206 (5 μM for Huh7; 2 μM for PLC/PRF/5, 48 h) (upper left). H3 and GAPDH were used as the loading
control for the nuclear fraction and cytoplasmic fraction, respectively. Western blot analysis of VEGFA expression in PLC/PRF/5 and Huh7 cells
treated with rhLUM (2 μg/mL, 48 h) or co-treatment of rhLUM (2 μg/mL, 48 h) and MK2206 (5 μM for Huh7; 2 μM for PLC/PRF/5, 48 h) (lower left).
Western blot analysis of pAKT and pGSK3β protein expression in PLC/PRF/5 and Huh7 cells treated with rhLUM (2 μg/mL, 16 h) or co-treatment
of rhLUM (2 μg/mL, 16 h) and MK2206 (5 μM for Huh7; 2 μM for PLC/PRF/5, 16 h) (right). β-actin was used as the loading control. The arrow
indicated the expected size of the GSK3β. Quantification of fold change of β-catenin, VEGFA, pAKT, and pGSK3β band intensity in the rhLUM-
treated group or co-treatment group against the DMSO group was indicated beneath the western blot images. Representative data are shown.
Each blot was separated by a dashed line. The experiment was performed twice. (H) Graphical summary of the study. The image is created with
BioRender.com. *p<0.05, **p<0.01, ***p<0.001, and ****p< 0.0001. Abbreviation: rhLUM, recombinant human lumican.
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ability of microscopic residual HCC cells in the liver
after tumor resection, increasing the chance of tumor
recurrence. Our findings also carry potential implica-
tions of clinical relevance. First, lumican could be a
prognostic biomarker of HCC. As mentioned in the
Introduction section, the degree of fibrosis from the
non-tumor liver tissue is a prognosticator of HCC. In
this connection, evaluation of lumican level in the non-
tumor liver tissue in HCC patients could provide further
information to stratify patients’ prognosis. Secondly, in
this study, we illustrated that the actions of lumican are
potentially targetable by the antibody approach.
Therefore, lumican could be an actionable target for
preventing tumor recurrence and extrahepatic metas-
tasis by means of antibody or emerging approaches
such as aptamers as (neo)adjuvant therapy. In this
regard, lumican expression level in liver tissues from
HCC patients is a potential biomarker to inform
therapeutic decisions. With the known undesirable
off-pathway effects and toxicity of AKT and β-catenin
inhibitors, targeting alternative novel regulators of the
signaling cascade in a disease-specific context is a
promising direction for research and development. The
therapeutic values of anti-LUM therapy in HCC await
further in-depth evaluation.
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