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Abstract

Background Hypoxic microenvironment is a common
feature of most solid tumors including hepatocellular car-
cinoma (HCC). Vasculogenic mimicry (VM) formation by
tumor cells could provide blood supply to tumor cells under
hypoxia. NFE2 like basic leucine zipper (bZIP) transcription
factor 2 (Nrf2), a regulator of cellular homeostasis, may pro-
mote tumor progression in the hypoxic conditions. However,
the role and regulatory mechanisms of Nrf2 in HCC are not
fully elucidated.

Methods Nrf2 and assembly factor for spindle microtu-
bules (ASPM) expression modulations were conducted by
lentiviral transfections. Western blot, immunofluorescence,
ChIP-gPCR, dual-luciferase reporter gene assay, flow cytom-
etry, RNA sequencing, multiple bioinformatics databases
analysis, cell function assays in vitro, mouse model in vivo
and human HCC tissues were employed to assess the effect
of Nrf2/ASPM axis on HCC progression under hypoxia.
Results Nrf2 and ASPM expression facilitated epithelial—
mesenchymal transition (EMT), cancer stem cells (CSCs)
feature, and VM formation of HCC cells under hypoxia.
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Furthermore, Nrf2-regulated ASPM expression, via bind-
ing directly to the promoter region of ASPM and transcrip-
tionally promoting ASPM expression. ASPM re-expression
in Nrf2 knockdown cells or ASPM knockdown in Nrf2
overexpression cells reversed the cellular function caused
by Nrf2. Meantime, retinol metabolism pathway was dis-
rupted following abnormal ASPM expression. Nrf2/ASPM
axis in murine models accelerated tumor growth and VM,
corroborating in vitro findings. All-trans retinoic acid treat-
ment reversed stemness and VM of HCC cells in vitro and
in vivo. Clinically, Nrf2 and ASPM expressions were related
to poor prognosis of HCC patients.

Conclusions Nrf2 drives EMT, CSCs characteristics
and VM in HCC under hypoxia through the modulation of
ASPM. Retinol metabolism pathway was dysregulated in
HCC cells with ASPM overexpression. Nrf2/ASPM axis
and related pathway provided potential therapeutic target
for HCC.

Keywords Nrf2 - ASPM - Vasculogenic mimicry -
Hypoxia - Hepatocellular carcinoma

Abbreviations
ASPM Abnormal spindle-like microcephaly-associ-
ated protein

ATRA All-trans retinoic acid

CSCs Cancer stem cells

EMT Epithelial-mesenchymal transition
FACS Flow cytometry

HCC Hepatocellular carcinoma

IHC Immunohistochemistry

Nrf2 Nuclear factor erythroid 2-related factor 2
gqRT-PCR Quantitative real-time PCR
VM Vasculogenic mimicry
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Introduction

Hepatocellular carcinoma (HCC) imposes a significant
global burden, ranking sixth in global cancer incidence and
being the second leading cause of premature cancer-related
mortality in the 2020 global cancer statistics [1-3]. Despite
several decades of medical advancements, HCC’s survival
rates have remained largely stagnant, primarily due to its
marked heterogeneity and high recurrence rates.

Throughout the course of HCC development, the pres-
ence of a hypoxic microenvironment has emerged as a piv-
otal factor at all stages [4]. Hypoxia, indeed, exerts cyto-
toxic effects on both cancer and normal cells. However, in
response to the adverse conditions, tumor cells undergo
adaptive changes to meet their survival and proliferative
demands. In addition to the conventional angiogenesis, vas-
culogenic mimicry (VM), a process wherein tumor cells, as
opposed to endothelial cells, form vascular-like structures
to secure nutrients and oxygen perfusion, was found to be
instrumental in cancer cell survival under hypoxia [5]. VM
has been reported in various malignancies including HCC
[6-10]. Patients exhibiting VM-positive status tend to have
a poorer prognosis, rendering VM a promising novel target
in anti-cancer therapies.

Epithelial-mesenchymal transition (EMT) plays a criti-
cal role in VM formation. During this process, certain epi-
thelial cell markers like E-cadherin, zonula occludins-1,
and a-catenin are downregulated, while mesenchymal cell
markers, including VE-cadherin, fibronectin, cadherin-2,
and vimentin, are upregulated. These changes occur through
various mechanisms, thereby promoting tumor invasion
and metastasis [11]. When EMT is aberrantly activated in
cancer, cells gain attributes of stem cells capable of self-
renewal and multipotent differentiation so called as cancer
stem cells (CSCs) [12]. The resulting CSCs attain cellu-
lar plasticity and are involved in the formation of VM [8].
They possess the capability to differentiate to vascular like
cells and contribute to VM formation, aligning themselves
to form branching structures that provide nourishment to
tumor masses. Furthermore, hypoxia also plays a role in
maintaining the cancer stem cell-like phenotype, vital for
VM formation, by activating stem cell-related factors [13].

NFE?2 like basic leucine zipper (bZIP) transcription fac-
tor 2 (Nrf2) is ubiquitously expressed in all cell types. It
regulates gene expression associated with oxidative stress
responses and detoxification, enhancing cellular defenses
against toxicity and oxidative damage [14]. However, Nrf2
does not consistently play the role of a guardian within
the organism. Over the past decade, several studies have
suggested that Nrf2 can promote cancer metastasis and
enhance resistance to chemotherapy [15, 16]. DeNicola
and colleagues have discovered that Nrf2 activates ATF4
to regulate the expression of genes involved in serine and

@ Springer

glycine biosynthesis pathways, thereby supporting cancer
cell proliferation and growth [17]. Additionally, Nrf2 could
regulate stemness-related NOTCH signaling, while NOTCH
activation further stimulates Nrf2, creating a positive feed-
back loop to maintain a stem cell-like state in liver devel-
opment [18]. Moreover, Nrf2 expression correlates closely
with venous hypertension induced angiogenesis in cerebral
arteriovenous malformations [19].

Assembly factor for spindle microtubules (ASPM) was
originally identified as a central spindle protein regulat-
ing neural development and brain size [20]. Recent studies
implicate an oncogenic role of ASPM as its expression posi-
tively correlates with poor survival in patients with various
types of cancer. ASPM was overexpressed in approximately
66% of HCC patients [21]. ASPM silencing would lead to
reduced proliferation, migration, and invasion of cancer
cells in various cancers by in vitro and in vivo experiments
[22]. Data accumulated over recent years indicate that
ASPM is preferentially expressed by CSCs in various solid
tumors. ASPM has been indentified as a regulatory hub of
stemness-associated signaling pathways, such as the Wnt,
Hedgehog, and Notch pathways in cancer cells, which drives
tumor stemness and progression in multiple cancers [22].

However, the mechanisms through which Nrf2 influ-
ences cancer cell progression and invasion in the hypoxic
microenvironment of liver cancer, particularly in inducing
stemness and VM formation, remain largely unknown so far.
In this study, we aim to elucidate the potential role of the
Nrf2/ASPM axis in shaping vascular mimicry formation in
tumor cells of HCC. This research seeks to unveil potential
therapeutic targets for disrupting VM formation as part of
therapeutic strategies in HCC.

Methods

Cell culture, CoCl, treatment and lentiviral
transduction

HCCLM3 cells, sourced from the Peking Union Basic
Medical Cell Center, and Huh7 cells, obtained from Pricela
(China), were propagated in DMEM (KeyGEN Bio TECH,
China), supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and 1% penicillin-streptomycin (P/S) (Gibco,
USA). Cells were confirmed mycoplasma-free and authen-
ticated via STR profiling. Cultivation was conducted at
37 °C and 5% CO,. Cells were pre-cultured for 24 h, and
then subjected to 150 pM CoCl, for another 24 h to simu-
late hypoxia. CoCl, is a widely-used hypoxia-mimetic agent
in research involving cellular invasion, differentiation, and
various hypoxic responses [23].

Plasmids were sourced from FulenGen (China). The pEZ-
Lv201 or pEZX-MRO3 vectors and pcDNA3 vector were
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used for the overexpression of Nrf2, ASPM, and HIF-1a,
respectively. The psi-LVRH1GP, psi-LVRU6GP, and psi-
LVRHIMH vectors were used for the silencing of Nrf2,
ASPM, and HIF-1a. The shRNA target sequences for Nrf2,
ASPM, and HIF-1a are as follows: 5'-gatgcctgtagcac-
tagaaat-3’, 5'-uguaaacauccuugacuggaag-3', 5’-gccgaggaa-
gaactatgaaca-3'. Transfected cells were treated with 2 pg/
ml puromycin (Gibco, USA) for 2 weeks to obtain stably-
transfected cell lines.

Western blot assays

Protein extracts were separated using SDS-PAGE gel
electrophoresis and then transferred onto PVDF mem-
branes. After blocking with 5% non-fat milk for 1 h, mem-
branes were incubated with primary antibodies overnight
at 4 °C, followed by 1 h incubation with secondary anti-
bodies. Detection was performed using an ECL reagent
(R-03031-D2; Advansta, USA) and imaged by a C-DiGit
Blot Scanner (LI-COR Biosciences, USA).

The Western blot antibodies used were as follows:
anti-HIF-1 alpha (ab279654, 1:1000; Abcam), anti-Nrf2
(ab62352, 1:1000; Abcam), anti-ASPM (NBP2-92395,
1:500; Novus), anti-VE-Cadherin (ab33168, 1:500; Abcam),
anti-E-Cadherin (#3195, 1:1000; Cell Signaling), anti-N-
Cadherin (ab245117, 1:1000; Abcam), anti-MMP2 (10373-
2-AP, 1:500; Proteintech), anti-CD133 (18470-1-AP, 1:500;
Proteintech) and anti-beta Actin (81115-1-RR, 1:2000;
Proteintech).

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted using an RNA extraction kit
(DP451, TTANGEN). Subsequently, cDNA was synthesized
using the PrimeScript’ RT Master Mix (TaKaRa). QRT-
PCR was conducted with TB Green Premix EX TaqTM
IT (Takara) in 7500HT Real-Time PCR System (Applied
Biosystems, Foster City, CA). Gene expression levels were
quantified using the 2722 method, with primer details pro-
vided in the supplementary materials.

Cell invasion assays

The assays were performed by using Transwell (Invitro-
gen) cell culture inserts. In the upper chamber coated with
Matrigel, 5x 10* cells were cultured in serum-free medium,
while the lower chamber of 24-well plates contained DMEM
medium with 20% FBS. After 36-h incubation, cells were
fixed in methanol and stained with 0.5% crystal violet for
30 min. Cell counting under microscope was conducted.

Chromatin immunoprecipitation (ChIP) assays

EX-Nrf2 HCCLM3 cells were cultured, cross-linked with
formaldehyde, quenched with glycine, and then lysed. DNA
was fragmented using sonication, followed by chromatin
immunoprecipitation with either Nrf2 antibody (Abcam) or
IgG (Santa Cruz), and overnight incubation at 4 °C. Anti-
body-protein-DNA complexes were isolated by immunopre-
cipitation with protein A agarose beads. Following extensive
washing, bound DNA fragments were eluted and analyzed
by subsequent qRT-PCR. Primer sequences are listed in the
supplementary materials.

Immunohistochemistry (IHC) assays and periodic
acid-schiff stain (PAS) staining

This experiment was performed following standard proce-
dures. The primary antibodies Nrf2 (16396-1-AP, 1:600;
Proteintech), ASPM (26223-1-AP, 1:800; Proteintech),
HIF-1alpha (20960-1-AP, 1:100; Proteintech), VE-cad-
herin (ab33168, 1:400; Abcam), E-cadherin (sc-7870, 1:50;
SantaCruz), MMP-2 (10373-2-AP, 1:250; Proteintech),
N-Cadherin (ab245117, 1:500; Abcam), CD133 (18470-1-
AP, 1:200; Proteintech) and endomucin (ab106100, 1:1000,
Abcam) were used. Finally, the sections were counterstained
with Hematoxylin and Eosin (H&E) or PAS staining.

The percentage of the staining cells (P) was scored as fol-
lows: 0 (none), 1 (<25% positive cells), 2 (25%—50% posi-
tive cells), 3 (>50% positive cells). Staining intensity (I) was
graded as follows: 0 (negative), 1 (weak yellow), 2 (medium
yellow), 3 (deep yellow). Samples were evaluated for both
factors, i.e. P multiplied by I. The samples with scoring >3
were considered as positive.

Soft agar colony formation assays

In a 24-well plate pre-coated with 0.5% alkaline agar, cells
were suspended in the top soft agar (0.35%) layer at approxi-
mately 5x 10%/ml. Allow colonies to grow in incubators at
37 °C with 5% CO, for 3 weeks. Colony forming was quanti-
fied using the inverted microscope (Nikon, Japan).

Dual-luciferase reporter gene experiment

A promoter clone for ASPM (HPRM38862-PG04) was
obtained from FulenGen (China). The aforementioned
plasmids were co-transfected with varying concentrations
of EX-Nrf2 or control plasmids into 293 T cells, and with
varying concentrations of SH-Nrf2 or control plasmids into
Huh?7 cells. After 48 h, culture supernatant was collected and
luciferase activities were measured according to the manu-
facturer’s instructions (Secrete-Pair TM Dual Luminescence
Assay Kit, GeneCopoeia, LFO31).
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Fig. 1 Nrf2 can promote EMT, VM, stemness and invasion ability of
HCC cells under hypoxic environment. a Expression of HIF-1a and
Nrf2 in four HCC cells was increased under hypoxia than in under
normoxic condition. b Nrf2 overexpression inhibited E-cadherin
expression, promoted N-cadherin, VE-cadherin, MMP2 and CD133
expression in HCCLM3 cells, especially under hypoxia. Meantime,
Nrf2 knockdown in Huh7 cells induced increased E-cadherin expres-
sion, and decreased N-cadherin, VE-cadherin, MMP2 and CDI133
expression. Although CoCl, treatment led to moderate increase of
Nrf2 expression in SH-Nrf2 Huh7 cells, SH-Nrf2 Huh7 cells showed
increased E-cadherin expression and decreased N-Cadherin, VE-
Cadherin, MMP2 and CD133 expression compared with SH-Control
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«Fig.3 ASPM can promote EMT, VM, stemness and invasion abil-
ity of HCC cells under hypoxic condition. a Expression of HIF-la
and ASPM in four HCC cells was increased under hypoxia than in
under normoxic condition. b Western blot analysis of EMT markers
(E-cadherin, N-cadherin), VM markers (VE-cadherin, MMP2), and
CSC marker (CD133) in HCCLM3 and Huh7 cell lines with regu-
lated ASPM expression under normoxic and hypoxic conditions. ¢
Immunofluorescence showed that ASPM expression was further
augmented when EX-ASPM HCCLM3 cells were exposed to CoCl,
treatment. Meantime, the expression levels of ASPM in SH-Control
Huh7 cells were further enhanced simultaneously accompanying Nrf2
translocating to the nucleus following CoCl, treatment. However, in
SH-ASPM Huh7 cells, CoCl, treatment couldn’t induce significant
ASPM expression increase although there was a slight Nrf2 expres-
sion increase. d, e ASPM overexpression promoted the invasion (d)
and VM formation (e) of HCCLM3 cells, especially under hypoxia.
Meantime, ASPM silencing in Huh7 significantly reduced the inva-
sion capability (d) and VM formation (e), while CoCl, treatment
slightly restored these abilities of SH-ASPM Huh7 cells when ASPM
expression was silenced. f Flow cytometry analysis of CD133% cells
in EX-control and EX-ASPM HCCLM3 cells, and in SH-Control
and SH-ASPM Huh?7 cells (with blue and red denoting negative con-
trols and samples, respectively). g Soft agar colony formation assay
showed that HCCLM3 cells overexpressing ASPM exhibited a higher
capability to form colonies while ASPM knockdown in Huh7 cells
inhibited the formation of cell colonies

Flow cytometry

Cells were collected, 75% ethanol-fixed, and incubated in
the dark with APC-conjugated anti-human CD133 antibody
(397,905, BioLegend). Flow cytometry was conducted using
Accuri C6 laser flow cytometer (BD, USA), and data analy-
sis was performed with FlowJo 10.0 software, with gating
based on an unstained control reference.

Immunofluorescence (IF) assays

Cells were permeabilized with 0.1% Triton X-100, blocked
with 5% FBS, and incubated overnight at 4 °C with anti-
Nrf2 (1:100) and anti-ASPM (1:100) antibodies, followed
by secondary antibodies conjugated with Alexa 488 or Alexa
568 (Molecular Probes, Eugene, OR, USA). Cell nuclei were
stained with DAPI (Sigma) for 10 min and analyzed using a
Leica laser scanning confocal microscope.

3D matrigel culture

The bottom of 24-well plate was coated with DMEM:
Matrigel (BD Biosciences) (4:1) mixture. Tumor cells were
seeded and incubated for 36 h. VM tubes were photographed
using a phase contrast microscope.

RNA sequencing

Total RNA was extracted from HCCLM3 cells transfected
with EX-ASPM and EX-Control using TRIzol reagent, and
was sent to LC-Bio Technologies (Zhejiang, China) for RNA
sequencing.

Xenograft animal models

The animal experiment was approved by the Ethics Commit-
tee of Tianjin Medical University. Four-week-old nude mice
were randomly divided into nine groups, subcutaneously
inoculated with 1 x 107 cells. Tumor volume was monitored
weekly using digital calipers. The tumor volume (TV) was
calculated by the following formula: TV =1/2xaxb? (in
which a was the length and b was the width of tumor). When
the tumor volume reached 50-100 mm>, ATRA was admin-
istered intraperitoneally to the mice in the ATRA treatment
group daily (10 mg/kg). After 4 weeks mice were sacrificed
and xenograft tumors were processed for histology and IHC
analyses.

Bioinformatics technology

Cistrome DB, MotifMap and CHEA were used for the pre-
diction of Nrf2 target genes. RNA-sequencing expression
(level 3) profiles and corresponding clinical information
were downloaded from the TCGA dataset (https://portal.
gdc.com). R software GSVA package was used to analyze,
choosing parameter as method = ‘sgsea’.

Patient samples

HCC tissues and paired normal liver tissues were collected
at the Tianjin Cancer Hospital of Tianjin Medical University.
The written informed consents from all the patients were
obtained. The study was conducted in accordance with Dec-
laration of Helsinki and was approved by the review board
of Tianjin Medical University, China.

Statistical analysis

Experimental data were analyzed using GraphPad Prism,
presented as mean =+ standard deviation. Two-group differ-
ences were assessed with 7-tests, and one-way ANOVA
was used for more than two groups. A significance level of
p <0.05 was applied (*p <0.05, **p <0.01, ***p <0.001),
and all tests were two-tailed.
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Results

Under hypoxic environment, Nrf2 can promote EMT,
VM, stemness and invasion ability of HCC cells

We first observed the Nrf2 protein expression level in four
HCC cell lines HCCLM3, Huh7, MHCC-97H and MHCC-
97L under normoxic and hypoxic conditions. The Nrf2 pro-
tein expression level was the lowest in HCCLM3 and was
the highest in Huh7 under normoxia. By using CoCl, to
mimic the hypoxic environment, the expression of HIF-1a
protein of the four HCC cell lines significantly increased
following treatment with CoCl, (Fig. 1a). Importantly, Nrf2
protein expression level of the four HCC cell lines was also
increased under hypoxia (Fig. 1a).

Subsequently, we performed lentiviral transfection to
induce Nrf2 silencing in Huh7 cells and Nrf2 overexpres-
sion in HCCLM3 cells (Fig. 1b). Western Blot demonstrated
that overexpression of Nrf2 in HCCLM3 cells resulted in a
significant reduction in the protein levels of the epithelial
marker, E-Cadherin, while concurrently elevating the protein
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and Nrf2 overexpression. Meantime overexpressing ASPM in Huh7
SH-Nrf2 cells under hypoxia restored ASPM high expression and
subsequent EMT phenotype, VM and CSCs marker expression (a),
cell invasion ability (b) and VM formation (c)

levels of the mesenchymal marker, N-Cadherin. Further-
more, Nrf2 upregulation was associated with an upregula-
tion of the VM marker VE-cadherin and MMP2. Notably,
the protein levels of CSCs marker CD133 was elevated by
the upregulation of Nrf2. Meantime, silencing Nrf2 in Huh7
cells led to the suppression of protein expression of N-Cad-
herin, VE-Cadherin, MMP2 and CD133, concomitant with
an increase in E-Cadherin protein levels (Fig. 1b).
Particularly under hypoxia, the protein levels of Nrf2 in
HCCLM3 EX-Nrf2 cells were further increased compared
to EX-Control HCCLM3 cells under hypoxia and EX-Nrf2
HCCLMS3 cells under normoxia (Fig. 1b). In addition, pro-
tein levels of N-Cadherin, VE-Cadherin, MMP2 and CD133
were all significantly higher and E-Cadherin protein lev-
els were notably lower in HCCLM3 EX-Nrf2 cells under
hypoxia compared to EX-Control HCCLM3 cells under
hypoxia and EX-Nrf2 HCCLM3 cells under normoxia
(Fig. 1b), suggesting EMT phenotype, VM and stemness
was promoted by Nrf2 overexpression under hypoxia.
Importantly, although hypoxia condition restored moderate
Nrf2 expression of SH-Nrf2 Huh7 cells, these cells showed
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increased E-cadherin expression and decreased N-Cadherin,
VE-Cadherin, MMP2 and CD133 expression compared with
SH-Control Huh7 cells under hypoxia (Fig. 1b).

Through transwell experiments (Fig. 1¢) and matrix gel-
based tube formation assay (Fig. 1d), we observed that Nrf2
promoted the invasion and VM formation of HCCLM3 cells,
especially under hypoxia. Conversely, inhibiting Nrf2 sig-
nificantly reduced the invasion capability and VM formation
of Huh7 cells, while hypoxia slightly restored these abilities
of SH-Nrf2 Huh7 cells when Nrf2 expression was silenced
(Fig. 1c, d).

To further explore the influence of Nrf2 on HCC cell
stemness, flow cytometry analysis were performed to assess
the expression of CD133. The results revealed that in the
EX-Nrf2 HCCLM3 cells, the proportion of CD133-positive
cells was 52%, as opposed to 23% in the control HCCLM3
cells. In addition, in the SH-Nrf2 Huh7 cells, the CD133-
positive cell population was 24%, in contrast to 45% in the
control Huh7 cells (Fig. 1e). Subsequently, soft agar colony
formation experiments demonstrated that HCCLM3 cells
overexpressing Nrf2 exhibited a higher capability to form
colonies and generated a greater number of colonies. Con-
versely, Nrf2 expression silencing in Huh7 cells inhibited
the formation of cell colonies (Fig. 1f).

Nrf2 directly binds to the ASPM promoter to promote
ASPM expression

To identify the downstream target genes regulated by Nrf2,
cistrome DB, MotifMap, and CHEA databases were used
and a Venn diagram revealed the identification of four dif-
ferentially expressed genes including GAPDH, RXRA,
IKBKG and SQSTMI1 as genes regulated by Nrf2 (Fig. 2a).
Meantime, given that Nrf2 was a transcription factor which
bound to the antioxidant response element (ARE) (TGAC-
nnnGC) and promoted stemness of HCC cells in the above
experiment, we also analyzed cancer stemness related genes
which contain ARE elements in the promoter region. Emerg-
ing evidence suggests that ASPM plays a crucial role in the
regulation of cancer stemness across various malignancies
[20, 24-26]. Interestingly, we found ARE was rich in the
ASPM promoter region, indicating a potential Nrf2 bind-
ing site in the ASPM promoter. Further JASPAR analysis
was instrumental in revealing Nrf2 binding sites within the
ASPM promoter region, with predicted binding scores con-
sistently surpassing 80% (Fig. 2b, supplementary Table 1).
Subsequently, we selected five candidate genes, including
GAPDH, RXRA, IKBKG, SQSTM1 and ASPM, to perform
real-time quantitative PCR analysis employing gene-specific
primers. ASPM showed significant expression increase in
EX-Nrf2 HCCLM3 cells than in EX-Control HCCLM3 cells
(Fig. 2c). These results suggested that ASPM may play a

relatively independent role in the signal pathway regulated
by Nrf2.

To investigate whether Nrf2 can directly bind to the
ASPM promoter region to modulate ASPM expression,
we detected the direct binding of Nrf2 to the ASPM pro-
moter through ChIP experiments (Fig. 2d). Nrf2 bound
to the ASPM promoter within the region spanning from
— 1457 bp to — 1660 bp. To observe the impact of Nrf2 on
ASPM promoter activity, we constructed luciferase reporter
gene vector containing a segment of the ASPM promoter. In
293 T cells, Nrf2 overexpression significantly increased the
luciferase activity of the ASPM promoter in a dose-depend-
ent manner compared to control (Fig. 2e), additionally, in
Huh7 cells, SH-Nrf2 inhibited ASPM promoter reporter
gene activity, indicating that Nrf2 directly promotes ASPM
expression (Fig. 2f).

To further investigate the relationship between Nrf2 and
ASPM, as well as their protein expression locations, we
conducted immunofluorescence experiments. The results
revealed that under normoxic conditions, both Nrf2 and
ASPM exhibited low expression levels in HCCLM3 and
were located in the cytoplasm. However, after treatment
with CoCl,, their expression levels increased. Interestingly,
under hypoxic conditions, Nrf2 overexpression in HCCLM3
cells led to its translocation to the cell nucleus from the
cytoplasm, and a concurrent increase in ASPM expression.
Furthermore, under normoxic conditions in Huh7 cells,
both Nrf2 and ASPM exhibited high expression levels, but
after Nrf2 knockdown, their expression levels significantly
decreased. Similarly, hypoxia led to an increase in Nrf2
expression, its translocation to the nucleus, and an increase
in ASPM expression in control Huh7 cells. However, simi-
lar phenomena were not observed in SH-Nrf2 Huh7 cells

(Fig. 2g).

Under hypoxic condition, ASPM can promote EMT,
VM, stemness and invasion ability of HCC cells

We assessed the protein expression levels of ASPM in differ-
ent HCC cell lines and observed that under normoxic condi-
tions, ASPM was highly expressed in Huh7 cells, while its
expression was relatively lower in HCCLM3 cells. Impor-
tantly, hypoxic conditions significantly elevated the pro-
tein levels of ASPM following HIF-1a expression increase
(Fig. 3a). Furthermore, when HIF-1a was upregulated in
HCCLM3 cells, the expression levels of Nrf2 and ASPM
proteins were significantly increased. Conversely, under
hypoxic conditions, downregulation of HIF-1a resulted in
a marked decrease in Nrf2 and ASPM expression levels
(Fig. S1).

To demonstrate the direct role of ASPM in HCC cells,
HCCLM3 cells was transfected with ASPM overexpres-
sion plasmids and Huh7 cells was transfected with ASPM
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«Fig. 5 Elevated ASPM in HCC cells impacts retinol metabolism,
with ATRA treatment reversing stemness and VM. a Heatmap of the
differentially expressed genes between EX-ASPM and EX-Control
HCCLM3 cells. b The top 20 enriched KEGG pathways of differen-
tially expressed genes. ¢ The distribution of upregulated and down-
regulated differentially expressed genes in the top 20 pathways. d The
differential expression of retinol metabolism-related genes between
EX-control and EX-ASPM HCCLM3 cells. e The Spearman corre-
lation analysis of TCGA data between ASPM expression and retinol
metabolism pathway. The X-axis in the graph represents gene expres-
sion, and the Y-axis denotes the pathway scoring. f ATRA treatment
induced a significant reduction in CD133 expression in HCCLM3
cells overexpressing ASPM by flow cytometry. g ATRA treatment
reversed EMT, CSCs and VM marker expression induced by ASPM
overexpression by Western Bolt. f-h Inhibition of soft agar clono-
genicity and invasion in ASPM overexpressing HCCLM3 cells by
ATRA treatment

shRNA plasmids. Western blot (Fig. 3b) and immunofluo-
rescence (Fig. 3c) revealed that ASPM expression in EX-
ASPM HCCLM3 cells was significantly higher in compari-
son to control cells transfected with empty vectors, and this
was notably augmented when EX-ASPM HCCLM3 cells
were exposed to CoCl, treatment. In contrast, in Huh7 cells
under normoxic conditions, ASPM expression significantly
decreased upon ASPM silencing (Fig. 3b, c). Furthermore,
immunofluorescence showed hypoxia further enhanced
the expression levels of ASPM in SH-Control Huh7 cells
(Fig. 3c) simultaneously accompanying Nrf2 translocat-
ing to the nucleus. However, in SH-ASPM Huh7 cells,
hypoxia could not induce significant ASPM expression
increase although there was a slight Nrf2 expression increase
(Fig. 3c).

The upregulation of ASPM in HCCLM3 cells led to
a decrease in E-Cadherin expression, and this decrease
was further pronounced in the CoCl,-treated condition,
compared to the control cells. Meantime, the expression
of N-Cadherin, VE-Cadherin, MMP2, and CD133 was
elevated, with further enhancement following CoCl, treat-
ment (Fig. 3b). Correspondingly, the downregulated ASPM
expression in Huh7 cells led to decreased levels of N-Cad-
herin, VE-Cadherin, MMP2, and CD133, and increased
E-Cadherin expression. Importantly, even under hypoxic
conditions, ASPM knockdown in Huh7 cells still led to
decreased N-Cadherin, VE-Cadherin, MMP2 and CD133
expression and increased E-cadherin expression, compared
to control cells under hypoxia (Fig. 3b).

In HCCLM3 cells, the upregulation of ASPM, or com-
bined with hypoxia, significantly increased VM forma-
tion and enhanced cell invasion capabilities (Fig. 3d, e). In
contrast, the silencing of ASPM in Huh7 cells suppressed
VM formation and invasion. Importantly, the VM tube for-
mation and invasive cell number were fewer in SH-ASPM
Huh7 cells than in SH-Control Huh7 cells under hypoxia
(Fig. 3d, e). Flow cytometry results demonstrated that in
HCCLM3 cells overexpressing ASPM, the proportion

of CD133-positive cells increased from 16 to 54%, while
in Huh7 cells with ASPM knockdown, this proportion
decreased from 59 to 31%, indicating a positive correlation
between ASPM and CD133 expression (Fig. 3f). Addition-
ally, soft agar colony formation experiments revealed that
HCCLM3 cells overexpressing ASPM exhibited a signifi-
cantly higher capacity to form colonies compared to the con-
trol group, while the knockdown of ASPM in Huh7 cells
inhibited colony formation (Fig. 3g).

Nrf2 affects EMT, VM, stemness and invasion ability
of HCC cells via ASPM expression

Next we conducted rescue experiments to assess whether
the impact of Nrf2 on HCC cells was mediated through
ASPM expression. Co-transfection of HCCLM3 cells with
overexpressing Nrf2 plasmids and shRNA ASPM plasmids
confirmed that ASPM knockdown could reverse the eleva-
tion of ASPM protein levels induced by hypoxia and Nrf2
overexpression (Fig. 4a). Similarly, ASPM silencing also
counteracted the decrease in E-Cadherin protein expression
and the increase in N-Cadherin, VE-Cadherin, MMP2, and
CD133 expression induced by hypoxia and Nrf2 overexpres-
sion (Fig. 4a). As expected, ASPM knockdown counteracted
the promoting effects of hypoxia and Nrf2 expression on
HCCLM3 cell invasion and VM formation (Fig. 4b, c).

In addition, Nrf2 knockdown in Huh7 cells could inhibit
the elevation of ASPM protein levels induced by hypoxia,
as well as inhibited the decrease in the E-Cadherin expres-
sion and the increase in N-Cadherin, VE-Cadherin, MMP2
and CD133 expression (Fig. 4a). Importantly, overexpress-
ing ASPM in Huh7 SH-Nrf2 cells under hypoxia restored
ASPM high expression and subsequent EMT phenotype,
VM and CSCs marker expression (Fig. 4a). Meantime, Nrf2
knockdown suppressed the increased invasion and VM tube
formation capabilities induced by hypoxia in Huh7 cells, and
overexpression of ASPM in Huh7 SH-Nrf2 cells restored
these capabilities under hypoxia (Fig. 4b, c).

Elevated ASPM in HCC cells impacts retinol
metabolism, with all-trans retinoic acid (ATRA)
treatment reversing stemness and VM

Further mRNA transcriptome sequencing was conducted
on HCCLM3 cells overexpressing ASPM and control cells.
Figure 5a and supplementary Table 2 illustrate all differen-
tially expressed genes. Subsequently, enrichment analysis of
differentially expressed genes was conducted using KEGG.
Figure 5b displayed the top 20 pathways with the smallest
p-values, and the distribution of upregulated and downregu-
lated genes within these pathways is shown in Fig. 5c. We
focused on the retinol metabolism pathway, in which the
expression of 14 genes related to retinol metabolism was
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«Fig. 6 Nrf2 affects HCC cells growth, EMT, stemness and VM
in vivo. a, b Enhanced tumor growth in Nrf2-overexpressing
HCCLM3 xenografts compared to controls; Nrf2 knockdown in Huh7
xenografts significantly inhibits tumor growth. ¢ VM channels were
indicated by red arrows, and endomucin-positive genuine blood ves-
sels were indicated by black arrows. High Nrf2 expression xenografts
exhibited increased VM formation rate. d Tumor sections with H&E
staining showed necrosis in EX-Nrf2 and control HCCLM3, SH-Nrf2
and control Huh7 xenografts. The expression levels of HIF-1a, Nrf2,
ASPM, VE-Cadherin, N-Cadherin, E-Cadherin, and CD133 were
evaluated in EX-Nrf2 and control HCCLM3, SH-Nrf2 and control
Huh7 xenografts by IHC staining

found to increase or decrease with ASPM upregulation
(Fig. 5d). Furthermore, TCGA database analysis revealed a
negative correlation between ASPM expression and retinol
metabolism pathway in 371 liver cancer patients (Fig. 5e).

Recent research showed that CSCs could be eradicated
by targeting the retinol metabolism pathway [27]. Dys-
regulation of cellular cytoplasmic aldehyde dehydroge-
nase, which is responsible for synthesizing ATRA, occurs
in various human cancer types. Targeting ATRA synthe-
sis and its receptors has provided promising approaches to
eliminating CSCs. Given that our results showed HCC cells
with ASPM overexpression displayed cancer stemness, we
observed the effect of ATRA treatment on HCC cells. The
results showed a significant reduction in CD133 expres-
sion in HCCLM3 cells overexpressing ASPM compared to
untreated HCCLM3 cells overexpressing ASPM (Fig. 5, g).
Consistent with the flow cytometry and Western blot finding,
soft agar colony formation experiment revealed that ATRA
treatment counteracted the enhanced colony-forming capac-
ity induced by ASPM overexpression (Fig. Sh).

In addition, ATRA treatment reversed EMT and VM phe-
notype induced by ASPM overexpression and led to E-Cad-
herin protein levels increase, VE-Cadherin and N-Cad-
herin protein levels decrease (Fig. 5g). VM tube formation
experiments revealed that ATRA treatment counteracted the
enhanced tube formation capacity induced by ASPM over-
expression (Fig. 5i).

Nrf2/ASPM axis affects HCC cells growth, EMT,
stemness and VM in vivo

To further elucidate the molecular mechanisms linking the
Nrf2/ASPM axis to in vivo tumor progression, validation
experiments were conducted in nude mice model. HCCLM3
cells overexpressing Nrf2 or ASPM displayed a higher tumor
growth rate in xenografts compared to the control group,
while Nrf2 or ASPM silencing in Huh7 cells significantly
delayed tumor growth. Additionally, ATRA treatment effec-
tively inhibited tumor growth in ASPM-overexpressing
tumors (Figs. 6a, b, 7a, d).

Next, endomucin/PAS dual staining was employed
to identify VM channels (Fig. 6¢) (red arrows denoted

endomucin-positive genuine vessels, black arrows indicated
VM). VM channels were vascular-like patterns containing
red blood cells composed of HCC cells and basement mem-
brane stained positive with PAS in the absence of endothelial
cells. VM structures were typically found adjacent to the
normal vascular system, indicating coordination and blood
supply between them. In HCCLM3 EX-Control xenografts,
VM formation was observed in only one case (1/7, 14.3%).
However, VM formation was significantly increased in the
HCCLM3 EX-Nrf2 and EX-ASPM groups (4/7, 57% and
5/7, 71.4%, respectively). The EX-ASPM ATRA treatment
group showed a reduction in VM cases (2/7, 28%). Addition-
ally, VM formation was present in all xenografts derived
from Huh7 control cells (7/7, 100%). In contrast, silenc-
ing Nrf2 and ASPM significantly decreased the percentage
of VM formation (2/7, 28.6% and 3/7, 42.9%, respectively)
(Figs. 6¢, Tb, e).

In addition, the presence of tumor hypoxic microenviron-
ment in this model was indicated by necrosis and HIF-1«
activation (Fig. 6d). Interestingly, we observed more red
blood cells (hemorrhaging) in the necrotic areas of Huh7
xenografts. This blood perfusion in the necrotic regions,
observed in Huh7 but not in LM3 xenografts, may con-
tribute to the faster tumor growth and larger tumor volume
of Huh7 tumors. Consequently, tumor cells can mimic
endothelial cells to form VM channels, further enhancing the
blood supply for Huh7 xenografts. Compared to the control
HCCLM3 group, increased expression of ASPM, CD133
and VM markers VE-Cadherin and MMP2 was observed
in EX-Nrf2 HCCLM3 xenografts by immunohistochem-
istry (IHC). EMT-related markers IHC staining showed a
decrease in E-cadherin, an increase in N-cadherin in EX-
Nrf2 HCCLM3 xenografts (Fig. 6d). Conversely, when Nrf2
expression was reduced in Huh7 cells, ASPM and CD133
expression decreased, E-Cadherin expression increased, and
N-Cadherin, VE-Cadherin and MMP2 expression decreased
compared to the control Huh7 group (Fig. 6d). Similarly,
IHC staining revealed that in xenografts of Huh7 cells with
ASPM knockdown, the expression levels of ASPM, CD133,
and VE-Cadherin were reduced compared to the control
cells (Fig. 7c). In HCCLM3 cells overexpressing ASPM,
levels of ASPM, CD133, and VE-Cadherin were higher than
those in the control group. However, in the xenografts of
EX-ASPM Huh7 cells treated with ATRA, the expression
levels of ASPM, CD133, and VE-Cadherin were lower than
in the EX-ASPM group (Fig. 71).

Nrf2/ASPM expression was related to poor prognosis
of HCC patients

To further validate the clinical relevance of Nrf2 and

ASPM, we collected frozen tissue specimens from 104
HCC patients. The mRNA expression levels of Nrf2 and
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«Fig. 7 ASPM affects HCC cell growth, stemness, and VM in vivo,
and these effects can be reversed by ATRA treatment, and the expres-
sion of Nrf2/ASPM is associated with poor prognosis in HCC
patients. a Tumor growth in ASPM-knockdown Huh7 xenografts is
inhibited compared to the control group. b Endomucin/PAS staining
shows VM channels indicated by red arrows and true blood vessels
positive for endomucin indicated by black arrows. The rate of VM
formation is reduced in ASPM-knockdown xenografts. ¢ IHC stain-
ing for HIF-1a, ASPM, VE-Cadherin, and CD133 expression lev-
els in control Huh7 and SH-ASPM xenografts. d Tumor growth in
ASPM-overexpressing HCCLM3 xenografts is enhanced compared
to the control group, while ATRA treatment inhibits tumor growth. e
Endomucin/PAS staining shows VM channels indicated by red arrows
and true blood vessels positive for endomucin indicated by black
arrows. The rate of VM formation is increased in ASPM-overexpress-
ing xenografts compared to the HCCLM3 control group, while the
VM formation rate is lower in the ATRA treatment group than in the
EX-ASPM group. f IHC staining for HIF-1a, ASPM, VE-Cadherin,
and CD133 expression levels in control HCCLM3, EX-ASPM, and
EX-ASPM ATRA treatment group xenografts. g qRT-PCR analysis
of Nrf2 and ASPM mRNA in HCC and adjacent normal liver tissues
(n=104). h Correlation analysis of Nrf2 and ASPM mRNA levels in
HCC samples (n=104). i Representative immunohistochemical stain-
ing of Nrf2 and ASPM protein in HCC tissues. j Correlation analysis
of Nrf2 and ASPM protein expression levels by IHC in HCC sam-
ples (n=288). k Kaplan—Meier survival curves compared the survival
rates of patients with Nrf2 and ASPM positive (IHC score >4) versus
negative (IHC score <3) expression in 88 HCC patients

ASPM were determined in both HCC tissues and adjacent
normal liver tissues using qRT-PCR. The results showed that
the mRNA levels of Nrf2 and ASPM in HCC tissues were
significantly higher than those in adjacent normal tissues
(Fig. 7g). Additionally, in the 104 HCC cases, Nrf2 exhib-
ited a positive correlation with ASPM (R=0.201, p <0.001)
(Fig. 7h).

We further analyzed the expression of Nrf2 and ASPM
protein in 88 HCC specimens by IHC. Consistent with
mRNA analysis results (Fig. 71), a statistically significant
positive correlation was observed between Nrf2 and ASPM
protein expression (R=0.215, p<0.001) (Fig. 7j). Impor-
tantly, the results revealed that patients with high Nrf2
expression (n=61) exhibited significantly shorter over-
all survival compared to those with low Nrf2 expression
(n=27). Similarly, patients with high ASPM expression
(n=66) had a poorer prognosis than those with low ASPM
expression (n=22) (Fig. 7k). Additionally, further clinical
feature analysis revealed that increased expression of Nrf2
and ASPM was significantly associated with pathological
grade and metastasis, but not with age, gender, or tumor size
(supplementary Table 3).

Discussion
Hypoxia has long been acknowledged as one of the funda-

mental characteristics of solid tumors, playing a pivotal role
in tumor recurrence and metastasis. HCC, in particular, is

recognized as one of the most hypoxic malignant tumors
[28]. Nrf2, a redox-sensitive transcription factor that is also
overexpressed in various tumors, could induce hypoxia-like
metabolic changes and stabilize HIF-1a expression in HCC
[29]. In addition, an accumulation of evidence supports the
overexpression of Nrf2 in liver cancer, and high levels of
Nrf2 are an independent factor indicating poor prognosis in
patients with liver cancer. Moreover, the overexpression and
nuclear localization of Nrf2 in HCC cells suggest its con-
stitutive activation under hypoxia [30]. Our results showed
that a significant upregulation of Nrf2 protein levels and its
expression translocating from cytoplasm to nucleus in HCC
cell lines under hypoxic conditions, demonstrating Nrf2 was
activated under hypoxia in HCC.

It has been found that the increased expression of Nrf2
leads to morphological changes in tumor cells that facilitate
the EMT, cancer stemness and promote tumor metastasis
[31-33]. Coherently, our in vitro and in vivo experiments
have also substantiated that Nrf2 within liver cancer cells
inhibits E-cadherin expression while enhancing N-cadherin
expression. Simultaneously, Nrf2 promoted CSCs marker
CD133 expression and colony-forming capabilities of HCC
cells. Furthermore, Nrf2 upregulated the expression of VM
marker MMP2 and VE-cadherin, and promoted VM tubules
formation. These outcomes indicated that the aberrant acti-
vation of Nrf2 facilitated EMT, CSCs population expan-
sion and VM formation. Importantly, our results further
displayed that under hypoxia Nrf2 upregulation could still
further enhance EMT phenotype, stemness and VM forma-
tion. However, Nrf2 silencing under hypoxia reversed EMT,
stemness and VM formation in HCC cells. These results
collectively suggested the hypoxic microenvironment of
liver cancer cells triggered the aberrant activation of Nrf2
and Nrf2 upregulation kept on promoting HCC progression
under hypoxia.

Amidst deepening insights into the role of Nrf2 in HCC,
our study sheds further light on the mechanisms by which
Nrf2 drives HCC process. Utilizing bioinformatics tools,
ChIP assays and dual-luciferase reporter gene experiments,
we identified ASPM as a downstream target of Nrf2. There
was a direct binding between Nrf2 protein and the promoter
of ASPM, thus promoting ASPM expression. Our results
have, for the first time, identified a potential key role for
Nrf2 in regulating the expression of ASPM. We observed
that under hypoxic conditions, the accumulation of Nrf2 in
the cytoplasm markedly increased and subsequently trans-
located into the nucleus, while concurrently, the expression
of ASPM in the cytoplasm was also elevated. Further human
HCC tissue experiments showed that both Nrf2 and ASPM
were highly expressed compared to normal live tissue, and
there existed a positive correlation between them. In vivo
mice experiments have demonstrated that the expression of
Nrf2 can promote the expression of ASPM, impacting EMT
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and CSCs, and therefore, Nrf2 can facilitate the formation
of VM and tumor growth in mice xenografts, thus providing
a reasonable explanation for Nrf2 playing in the malignant
progression of HCC via regulating ASPM expression.

In the symmetrical division of neural stem cells, a pro-
cess critical to the renewal of stem cells, ASPM is a pivotal
regulatory factor [34]. Previous research has demonstrated
that ASPM expression is associated with poor prognosis in
HCC [35]. Furthermore, interfering with ASPM expression
has been shown to suppress HCC cell invasion and EMT
[36]. Our data consistently underscores the high expression
of ASPM in liver cancer cells, with notable effects extending
beyond promoting EMT conversion to significantly enhanc-
ing CSCs characteristics. Earlier research has pointed out
the enrichment of liver CSCs within the CD133-expressing
cancer cell population [37]. In our study, ASPM overexpres-
sion promoted CD133 expression and colony-forming capa-
bilities of HCC cells. Under hypoxic stimulation, EMT and
CD133 expression were further strengthened in liver cancer
cells overexpressing ASPM and these cells were organized
into VM tubular structures. These findings suggested that
ASPM activation might enhance liver cancer VM and inva-
sive properties by bolstering both EMT and CSCs develop-
ment under hypoxia.

In addition, rescue experiments in our study showed that
ASPM overexpression could rescue the inhibitory effects
of Nrf2 knockdown on EMT, cancer stemness, VM and
invasive ability of HCC cells. Moreover, ASPM silencing
in HCC cells overexpressing Nrf2 could mitigate the pro-
motional effects on EMT, cancer stemness, VM and invasive
ability of HCC cells induced by Nrf2 overexpression. Mean-
time, we further found Nrf2/ASPM expression was related
to poor prognosis of HCC patients. Therefore, we concluded
that Nrf2/ASPM axis was activated under hypoxia, thus pro-
moting EMT, CSCs and VM development, ultimately driv-
ing adverse outcomes in HCC patients.

Further transcriptome sequencing revealed that the reti-
nol metabolism pathway was dysregulated in ASPM over-
expression HCC cells. Data from the TCGA corroborated a
negative relationship between ASPM expression and reti-
nol metabolism. ATRA, a metabolite of retinol, is widely
used in clinical therapy for acute promyelocytic leukemia
(APL) and is known to induce cell differentiation in both
stem cells and tumor cells [38, 39]. Recent research has sug-
gested that ATRA effectively inhibits the growth, migration,
and invasion of HCC cells by reversing EMT and inducing
the differentiation of liver cancer stem cells [40-42]. Our
study revealed that ATRA could suppress ASPM expression,
attenuating the high expression of CD133 and EMT induced
by ASPM. It also inhibited the enhanced clonality and VM
tubule-forming capabilities driven by ASPM overexpres-
sion. This suggested that ATRA may inhibit HCC’s EMT
phenotype and induce CSCs differentiation, preventing VM
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formation and malignant progression. Therefore, our study
provided a new clue for HCC treatment. Nrf2/ASPM over-
expression in HCC cells might be a plausible prerequisite
for accepting ATRA treatment.

In summary, our research demonstrated that in a hypoxic
environment, Nrf2 can directly regulate ASPM expression,
which subsequently governs EMT, CSCs development, and
VM formation. Retinol metabolism pathway was dysregu-
lated in HCC cells with ASPM overexpression. Furthermore,
ATRA treatment can reverse HCC malignant progression
phenotype, possibly offering novel therapeutic point for
HCC.
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