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Abstract: Hepatoblastoma (HB) accounts for the majority of hepatic malignancies in children. Although the prog-
nosis of patients with HB has improved in past decades, metastasis is an indicator of poor overall survival. Herein,
we applied single-cell RNA sequencing to explore the transcriptomic profiling of 25,264 metastatic cells isolated
from the lungs of two patients with HB. The transcriptomes uncovered the heterogeneity of malignant cells af-
ter metastatic lung colonization, and these cells had varied expression signatures associated with the cell cycle,
epithelial-mesenchymal plasticity, and hepatic differentiation. Single-cell regulatory network inference and cluster-
ing (SCENIC) was utilized to identify the co-expressed transcriptional factors which regulated and represented the
different cell states. We further screened the key factor by bioinformatics analysis and found that MYBL2 upregula-
tion was significantly associated with metastasis and poor prognosis. The relationship between ectopic MYBL2 and
metastasis was subsequently proved by immunohistochemistry (IHC) of HB tissues, and the functions of MYBL2 in
promoting proliferation, migration, and epithelial-to-mesenchymal transition (EMT) were verified by in vitro and in
vivo assays. Importantly, the levels of Smad2/3 phosphorylation and SNAI1 expression were increased in MYBL2-
transfected cells. Consequently, these results indicated that the MYBL2-controlled Smad/SNAI1 pathway induced
EMT and promoted HB tumorigenesis and metastasis.

Keywords: Epithelial-to-mesenchymal transition, hepatoblastoma, metastasis, MYBL2, single-cell RNA sequencing,
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Introduction

As the most common hepatic malignancy in
infants and young children, hepatoblastoma
(HB) accounts for approximately 1% of all pedi-
atric tumors [1, 2]. Although combined thera-
pies have improved the prognosis of HB, me-
tastasis is still a predictor of poor overall sur-
vival, with approximately one-fifth of patients
progressing to de novo metastatic HB [3, 4].
The 5-year overall survival rate of patients with
pulmonary metastasis due to HB is about
21-28%, and the progression-free survival rate
is only 21-28% [5-7]. Currently, chemotherapy
and resection are the combined treatment
methods for lung metastasis, with less than
50% of patients achieving complete remission
after chemotherapy [5, 8]. Patients with HB

whose tumors remained unresectable after
chemotherapy can choose liver transplanta-
tion, but unresectable lung metastasis will rule
out the possibility of liver transplantation and
greatly affect the survival of patients. There-
fore, the molecular mechanism and clinical
treatment of patients with pulmonary metasta-
sis due to HB remain difficult challenges that
require additional efforts, and the prognosis of
these patients needs to be further improved.

Epithelial-to-mesenchymal transition (EMT) is
postulated to trigger metastatic progression,
which is followed by intravasation, dissemina-
tion, extravasation, and micro-metastases to
palpable macro-metastases [9]. Cancer cells
lose epithelial features and gain mesenchymal
phenotypes, and this process is mediated by
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EMT-driving transcription factors (TFs), primari-
ly the members of SNAIL, TWIST, and ZEB fami-
lies. Albeit its metastasis-initiating function is
controversial, EMT has been considered to reg-
ulate physiological growth and development,
as well as drug resistance [10-12].

The MYB transcription factor family consists of
three members: MYB (C-MYB), MYBL1 (A-MYB),
and MYBL2 (B-MYB). MYB expression is limited
to hematopoietic cells, colonic crypts, and the
brain. MYBL1 is mainly expressed in B lympho-
cytes, germ cells of the brain, and germinal
centers of the spleen, while MYBL2 is widely
expressed in proliferating cells. Consistent
with the unique distribution of MYB family
members, the abnormal expression of MYB is
associated with the occurrence of tumors of
the blood, colon, and breast, as well as other
malignant tumors [13]. Ectopic MYBL1 expres-
sion is associated with hematological tumors
[14], while MYBL2 expression may be closely
correlated with the occurrence and develop-
ment of malignant tumors from various tissues
and organs. Studies have found that MYBL2
plays a role in a variety of tumors, such as re-
nal clear cell carcinoma [15], prostate cancer
[16], non-small cell lung cancer [17-19], liver
cancer [20], and gastric cancer [21]. The level
of MYBL2 expression in various tumors is sig-
nificantly higher than that in adjacent tissues,
which promotes tumor cell proliferation, drug
resistance, and distant metastasis, and thus, is
associated with the poor prognosis of patients
[22, 23].

The level of MYBL2 expression, as well as the
role of MYBL2, in HB progression has not been
investigated yet. In this study, we performed
single-cell RNA sequencing (scRNA-seq) on
pulmonary metastatic tumor tissues to investi-
gate the transcriptional profile, heterogeneity,
and cellular plasticity of tumor cells. Bioin-
formatics analysis indicated that MYBL2 may
be a predictor of metastasis and poor survival
of patients with HB. The results of mechanistic
studies showed that increased MYBL2 expres-
sion promoted EMT by activating the Smad
signaling pathway. Furthermore, the level of
SNAI1 expression was upregulated as the
MYBL2-induced Smad pathway was activated.
Both EMT and SNAI1 expression were reversed
in MYBL2-overexpressing cells, which were cul-
tured in the presence of the Smad pathway

1961

inhibitor. These results implied that MYBL2
promoted EMT, tumor migration, and metasta-
sis by activating the Smad/SNAI1 pathway.

Materials and methods
HB samples and cell lines

For scRNA-seq analysis, pulmonary metastatic
tumor tissues of two patients with HB were
acquired from the Children’s Hospital of Fudan
University (Shanghai, China). For RNA and pro-
tein extraction, freshly frozen specimens of
hepatic tumors and adjacent noncancerous
hepatic tissues from 24 patients, who under-
went hepatectomy for HB between 2020 and
2021, were obtained from the Children’s
Hospital of Fudan University. For immunohisto-
chemistry (IHC), paraffin-embedded sections
of tumor tissues from 78 patients with HB
were collected between 2011 and 2019 from
the Children’s Hospital of Fudan University. All
samples were collected after obtaining written
informed consent from the guardian(s) of each
patient, and the study was approved by the
ethical committee of this hospital. HB cell lines
(HuH6 and HepG2) were purchased from the
Chinese Academy of Medical Sciences (Shang-
hai, China).

Preparation of single-cell suspensions

Pulmonary metastatic tumor samples were
collected during surgery. The samples were
shredded mechanically and enzymatically
digested with collagenase IV and DNase | for
30 min at 37°C with agitation. Thereafter, we
sieved the suspension through a 70 uym cell
strainer, washed the filtered cells with 1% BSA
and 2 mM EDTA in PBS, and centrifuged the
resulting suspension for 8 min at 500x g.
Single-cell suspensions were run through
Lympholyte-H separation medium to remove
red blood cells and debris according to the
manufacturer’s specifications.

Droplet-based scRNA-seq data pre-processing
and quality control (QC)

Droplet-based scRNA-seq analyzes single cells
using the GemCode platform and the Chip and
Library kit (10x Genomics), which constructs
the scRNA-seq library [24]. Using the Chro-
mium Controller system, cell suspensions from
each metastatic tumor sample were prepared
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with appropriate reagents to generate single-
cell gel bead-in-emulsions (GEMs) and barcod-
ed. Libraries were then sequenced on the
NovaSeq 6000 system (Illumina) with a depth
of approximately 400 M reads.

FASTQ files of raw sequencing data were gener-
ated with lllumina bcl2fastq software (version
2.19.1) and mapped to the GRCH38 human
genome reference using the Cell Ranger toolkit
(version 2.1.1), in which the digital gene-cell
expression matrix was processed from the
data by demultiplexing, barcode processing,
and single-cell 3’ gene counting. Seurat pack-
age (version 2.3.4) was applied to prune low-
quality cells in this gene-cell expression matrix,
which contained <500 genes and >10% mito-
chondrial genes [25].

Single-cell RNA-seq data downstream analysis

To identify cell subsets for each sample datas-
et, Seurat’s Normalize Data function was
applied to normalize and log-transform the fil-
tered gene-cell expression matrix [26]. There-
after, principal component analysis (PCA) was
used to reduce dimensionality with highly vari-
able genes. We merged the two samples by
applying Harmony integration, which retained
biological differences but eliminated techno-
logical batches [27]. Graph-based clustering,
t-distributed stochastic neighbor embedding
(t-SNE), and uniform manifold approximation
and projection (UMAP) were employed for clus-
tering and visualization.

Large-scale chromosomal copy-number varia-
tions (CNVs) were identified in malignant cells
by sequencing genes based on their chromo-
somal orientation and employing a moving
average of the relative expression values [28,
29]. Endothelial cells were taken as the “nor-
mal” reference and then subtracted from all
cells. The hidden Markov model (HMM) was
applied to calculate the CNV level, and we
focused on chromosomes with 1qg gain, 2q
gain, and 1p loss in each cell, which agreed
with the genetic hallmarks of HB derived from
bulk sample sequencing [30].

Non-negative matrix factorization (NMF) was
used to refine the transcriptional programs of
malignant cells isolated from each tumor (with
the number of factors set to 10). Each factor
was characterized by the top 50 genes. Four
correlated sets of meta-programs were extract-
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ed using Pearson correlation coefficients and
Ward’s linkage.

The Python package, “pySCENIC”, was applied
for SCENIC analysis. Given the predefined TF
list, the primary regulatory network was in-
ferred by GRNBoost (SCENIC version 0.1.5)
from the processed matrix. TF-target interac-
tions in single cells were further filtered by fol-
lowing the cisTarget step. Databases were
downloaded from https://resources.aertslab.
org/cistarget/.

Using the velocity pipeline, we generated loom
files to annotate spliced and unspliced reads.
Thereafter, loom files were loaded in R to pro-
duce count matrices for spliced/unspliced
reads, followed by analysis with the scVelo
Python package [31].

We estimated the prognostic prediction of
MYBL2 using the patient’s dataset (n=53)
downloaded from the Gene Expression Omni-
bus database (GEO: GSE131329).

Western blotting

Anti-MYBL2 (Abcam-12296, 1:2500), anti-ZO-
1 (Invitrogen-33-9100, 1:1000), anti-GAPDH
(Proteintech-60004, 1:5000), anti-FN1 (Cell
Signaling-26836, 1:1000), anti-AKT (Cell Sig-
naling-9272, 1:1000), anti-phospho-Akt (Ser-
473) (Cell Signaling-4060, 1:2000), anti-GSK-
3B (Cell Signaling-9832, 1:1000), anti-phos-
pho-GSK-33 (Ser9) (Cell Signaling-9323,
1:1000), anti-Smad2/3 (Cell Signaling-8685,
1:1000), anti-phospho-Smad2/3 (Cell Signal-
ing-8828, 1:1000), anti-ERK1/2 (Cell Signal-
ing-9102, 1:1000), anti-phospho-ERK1/2 (Cell
Signaling-4370, 1:2000), and anti-SNAI1 (Ab-
cam-216347, 1:1000) primary antibodies were
used. HRP-linked anti-IgG (Cell Signaling,
1:5000) was used as the secondary antibody.

Quantitative real-time PCR (QPCR)

The RNAiso Plus kit (TaKaRa) was used to ex-
tract total RNA from HB cell lines and tissues.
Genes of interest were tested using SYBR®
Premix Ex Taq (TaKaRa). The primer sequences
are listed in Table S1.

Construction of stably transfected cells

Lentiviral vectors encoding MYBL2 and MYBL2
shRNAs were purchased from Genomeditech
(Shanghai, China), and 293T cells were used
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for lentivirus packaging. HepG2 and HUHG cells
were individually infected with the produced
viruses. The levels of MYBL2 overexpression
and knockdown were examined by QPCR and
western blotting.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) and EdU kit
(Beyotime, Shanghai, China) were used to
examine the proliferation of HB cells. For the
CCK-8 assay, cells were seeded in 96-well cell
culture plates at a density of 6,000 cells per
well, and the absorbance of each well was
measured at 450 nm after incubation with
10% CCK-8 reagent for 2.5 h. For the EdU
assay, cells were stained after incubation with
50 uM EdU for 2 h.

Cell migration assay

For the cell migration assay, 1x10° cells were
seeded into the upper chambers of 12-um
micropore inserts (Millipore, America) in medi-
um without FBS, and medium with 20% FBS
was added into the lower chambers of the
micropore inserts. Forty-eight hours later, mi-
gratory cells under the inserts were fixed and
stained with 0.25% crystal violet for 45 min.

Immunohistochemistry

Tumor and adjacent non-tumor samples were
fixed in formalin, embedded in paraffin, de-par-
affinized, and rehydrated. To retrieve antigens,
sections were treated with 10 mM sodium
citrate (pH 6) at 100°C for 10 min. Thereafter,
non-specific antibody binding sites were
blocked with 5% BSA for 1 h at room tempera-
ture. Sections were incubated with primary
antibodies overnight at 4°C in blocking buffer.
On the following day, sections were washed
three times in PBS (5 min each time), follow-
ed by incubation with secondary antibodies
(GeneTech, 1:500) for 1 h at room tempera-
ture. The primary antibodies were anti-MYBL2
(Cell Signaling-191064, 1:500) and anti-Ki67
(Abcam-16667, 1:200). The level of MYBL2 ex-
pression was evaluated by scoring the staining
intensities according to the staining index (SI)
[32].

In vivo tumorigenicity assays

Five-week-old male nude mice were obtained
from Gempharmatech (Jiangsu, China). For
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assessing cell proliferation in vivo, 5x10° cells
were suspended in 100 yL of medium without
FBS, which contained 50% Matrigel (Corning,
NY, USA), and subcutaneously implanted under
the right armpits of mice (n=8/group). We ob-
served and measured the tumor size every 4
days. The formula for calculating tumor volume
was as follows: V=0.5x% (length) x (width)>2.

Statistical analysis

Statistical analysis was performed using R (ver-
sion 3.4.3) and GraphPad Prism (version 7.04).
A p-value <0.05 was considered statistically
significant. Details of statistical tests are pro-
vided in results and figure legends.

Results

Single-cell transcriptome profiling of HB metas-
tases

To investigate the molecular mechanism of
metastasis in patients with HB, we performed
scRNA-seq for two pulmonary metastatic
lesions collected during surgical resection
using a 10x genomic platform (Figure 1A-C).
After initial quality controls, we retained and
distinguished 19,058 malignant cells and
6,206 non-malignant cells based on the ex-
pression of epithelial markers and the compo-
sition of karyotypes. We recognized malignant
cells by their epithelial characteristics, namely,
the expression of EPCAM, KRT8, and KRT18
(Figure 41D, 1E). Pulmonary epithelial cells
were further identified according to their dis-
tinctive expression of FOXJ1 and SFTPC.
Thereafter, the remaining epithelial cells were
confirmed as malignant by identifying large-
scale CNVs based on the transcriptome of
each single cell [29, 33, 34]. These supposedly
malignant cells from both metastatic lesions
showed concordantly segmental chromosome
1q gain, 2q gain, and 1p loss, as previously
described for HB [30, 35]. In addition, a gain in
chromosome 6 was observed in myeloid cells,
which may have been caused by human leuko-
cyte antigen genes on chromosome 6 (Figure
2E, 2F) [36]. Consistent with our results on
malignant cells, which were identified by differ-
ences in epithelial marker expression, these
cells were further confirmed by comparing col-
lectively aberrant karyotypes with the negative
results of non-malignant cells.
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Figure 1. Single-cell transcriptome profiling of HB metastases. A. Tissue origin collected in this study. Transcriptional
profiling of lung metastatic cells was analyzed by scRNA-seq. B. tSNE plot of all 25,264 cells from two metastatic
samples with 31 clusters. C. Dot plot of mean expression of recognized or cell-type-specific markers for all clusters.
D. Violin plot of epithelial marker genes (average expression of EPCAM, KRT8, KRT18) for all clusters. E. Besides
lung epithelial cells, whole cells from two metastatic samples were classified as tentatively malignant or non-malig-
nant according to the expression of classical markers and the divergency in epithelial or mesenchymal origin. The
epithelial scores of malignant cells were significantly higher than those of stomal and immune cells.

Non-malignant cells were classified according
to acknowledged marker expression and ma-
nually annotated into six major lineages, name-
ly, B cells (CD79A and CD79B); myeloid cells,
including macrophages (CD68 and MARCO),
monocytes (S100A8 and S100A9), DC (CD1C

1964

and GZMB), MAST (TPSB2 and TPSAB1); T cells
(CD3D and CD3E); fibroblasts (ACTA2 and
COL1A2); endothelial cells (CLDN5 and KDR);
and lung epithelial cells (FOXJ1 and SFTPC)
(Figure 2A-D). Heterogeneity was observed
among immune, stromal, and malignant cells
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respective sample origin. D. Bar graph of cell type fractions in each sample. E. Top: UMAP visualization of seven cell
types from the T245 sample; bottom-left: heatmap of large-scale CNVs from all cells; bottom-right: UMAP visualiza-
tion of the distribution of the copy number gain of chromosomes 1q and 2q. F. Top: UMAP visualization of seven cell
types from the T206 sample; bottom-left: heatmap of large-scale CNVs from all cells; bottom-right: UMAP visualiza-
tion of the distribution of the copy number gain of chromosomes 1q and 2q.

isolated from both metastatic lesions. Both T
cells (cl. 10) and B cells (cl. 24) had one cell
cluster, endothelial cells (cl. 20, 27) and lung
epithelial cells (cl. 28, 29) had two, fibroblasts
(cl. 9, 17, 25) contained three, myeloid cells
(cl. 5, 14, 16, 19, 23, 26, 30) had seven, and
malignant cells were separated into 15 clus-
ters (Figure 1C). Furthermore, cells of different
origins (T206 and T245) were collectively in-
volved in the make-up of each cluster without
one patient-specific subpopulation, demon-
strating agreement between cell type diversity
and expression profiles between the two meta-
static lesions (Figure 2C).

Intra-tumoral heterogeneity of pulmonary
metastatic cells

Following the identification of the different cell
types in both metastatic lesions, we explored
the transcriptional characteristics of these
malignant cells. The NMF algorithm was app-
lied to analyze transcriptional signatures that
were co-expressed by versatile subpopulations
of malignant cells [37]. Twenty verified signa-
tures were partitioned into four major meta-
programs, namely, three irrelevant meta-pro-
grams (A, B, and D) and one unspecific program
(C) (Figures 3A-E, 4A, 4B, 4D).

The three meta-programs (A, B and D) were
characterized by heterologous functions that
were revealed by high-scoring genes (Figure
3D). Genes in meta-program A were related
to EMT plasticity (e.g., EPCAM, VIM, SOX4, and
ID1 expression) in which mesenchymal fea-
tures were co-expressed with epithelial mark-
ers, demonstrating the hybrid state of the
dynamic process. The dual functions of ID1 in
promoting metastasis have been previously
reported. ID1 can contribute to the increased
motility of primary tumor cells by triggering
EMT, which subsequentially drives the coloniza-
tion of cells to a remote organ by altering the
cellular state from EMT to mesenchymal-to-
epithelial transition (MET) [38]. The possibility
of cell doublets was excluded by the identifica-
tion of doublets in this population (Figure 3H).
The top-scoring markers of the meta-program
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B indicated a differentiated state of the he-
patocyte-like phenotype (e.g., FGB and AFP
expression), whereas those of the meta-pro-
gram D were mainly involved in the cell-cycle
(e.g., TOP2A, MKI67, and CDK1 expression).
These findings supported the transcriptional
heterogeneity underlying the different cellular
states.

After deciphering the transcriptional spectrum
underlying the malignant cells of the second-
ary tumors, we applied the RNA velocity
approach to trace the fate of the metastatic
cells and analyze the dynamics of intratumor-
ally cellular states. Both T206 and T245 me-
tastatic tumors exhibited EMT, as shown by
the predicted fate of epithelial cells with
increased expression of VIM and decreased
CDH1 expression (Figures 3F, 3G and 4C). The
existence of EMT in secondary tumors may
have promoted and maintained the aggressive
properties of metastatic cells.

Transcriptional heterogeneity controlled by TFs
regulator networks

To identify the regulatory factors underlying
the malignant cell states with heterogeneous-
ly transcriptional spectrums, SCENIC analysis
was applied for malignant cells isolated from
both metastatic lesions [39]. We identified spe-
cific co-expressed TFs and their potential tar-
gets, which were related to the three meta-pro-
grams uncovered by NMF analysis (Figure 5A,
5B). Enriched regulators of the meta-program
A included TRPS1, TWIST2, ELF1, HIVEP2,
SOX4, and IRX2, and these genes were linked
to the switching of epithelial and mesenchymal
cell states. Except for TWIST2, other EMT regu-
lators-namely, ZEB1/2, TWIST1, and SNAIL1/2-
were undetected in malignant cells. TRPS1 has
been reported to participate in the suppression
of cell motility and EMT in malignant cells, as
well as in the regulation of MET during embry-
onic development [40, 41]. TWIST2 can induce
the EMT phenotype and liver stem cell-like self-
renewal by regulating CD24 [42]. In addition,
ELF1 played a critical role in tumor cell plasti-
city by contributing to heterogeneous pheno-
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Figure 3. EMT course identified by NMF and RNA velocity analysis of malignant cells from the T245 sample. (A)
Feature plot of malignant cells from the T245 sample with 16 clusters. (B) Heatmap depicts the correlation of 20
programs extracted by NMF analysis for two samples (T245 and T206). Four correlated meta-programs (A-D) are
recognized and highlighted. (C) Feature plot of gene sets of four meta-programs specifically expressed in malignant
cells of the T245 tumor. (D) Heatmap of four meta-programs of malignant cells (T245 tumor) identified by NMF
analysis and grouped according to differentially expressed genes (rows). (E) Feature plot of VIM, AFP, and MKIG7
expression in malignant cells from the T245 tumor. (F) RNA velocity vector field at the single-cell level, manifested
as arrows, delineates the direction and speed of each malignant cell from the T206 tumor. (G) RNA velocity and
expression of CDH1 and VIM. (H) Quality control coefficients for whole cells clustered by cell type (T245 sample).
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Figure 4. EMT course identified by NMF and RNA velocity analysis of malignant cells from the T206 sample. A.
Feature plot of malignant cells from the T206 sample with 13 clusters. B. Feature plot of gene sets of four meta-
programs specifically expressed in malignant cells from the T206 tumor. C. RNA velocity vector field, manifested as
streamlines, delineates the future states of malignant cells from the T206 tumor. D. Feature plot of VIM, AFP, and
MKIG7 expression in malignant cells from the T206 tumor.

types and cellular states. Wouters et al. report-
ed that the intermediate state of melanoma,
an invasive or dedifferentiated phenotype, was
regulated by active regulators such as ELF1,
SOX6, and EGR3 [43-46].

The top-scoring regulons of the meta-program
B were RORC, HLF, PPARG, EPAS1, and NFA-

1969

TC2. PPARG and EPAS1 have been reported to
induce cell differentiation or enhance chemo-
sensitivity [47-49]. However, the associations
between the increased expression of RORC,
HLF and NFATC2 and the increased risk of me-
tastasis have not been reported yet. We next
identified FOXA1, ZNF281, BRCA1, MYBL2, and
POLE3 as dominating regulators of the meta-
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program D. Except for POLE3, these regulons
could either suppress differentiation or incre-
ase proliferation [50-53]. The characteristics
of gene regulator networks further verified the
properties of meta-programs annotated by
NMF analysis.

MYBL2 functions as an oncogene in HB and
predicts metastasis and poor prognosis

To identify the key factor critical in manipulat-
ing the aggressiveness of HB and in predicting
the poor prognosis of patients, we used micro-
array data from the GEO database (GSE1313-
29) to screen the above regulators dominating
the aggressiveness and metastasis of HB. The

1970

4 1 Standard High
Risk

Intermediate

results indicated that MYBL2 expression was
significantly higher in tumor tissues than that
in normal tissues (P<0.0001), and MYBL2
overexpression was a prognostic factor of poor
survival for patients with HB. Higher MYBL2
expression was correlated with the high-risk
group (P<0.01), increased probability of meta-
stasis (P<0.01), and higher stage (P=0.048)
(Figure 5C).

Next, 48 freshly frozen HB tumor and matched
para-tumor specimens were used to explore
the discrepant expression of MYBL2. Compar-
ed with matched normal tissues, MYBL2 was
overexpressed in tumor specimens (Figure
6A-C). Furthermore, paraffin-embedded tumor
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specimens of 78 patients with HB were utiliz-
ed to analyze the correlation of MYBL2 expres-
sion with clinical characteristics and prognosis
(Table 1). Consistent with the biostatistical
results derived from the GEO database, the
expression levels of MYBL2 in tumor speci-
mens of patients with distant lung metastasis
(n=12) were higher than that without distant
lung metastasis (n=66, P<0.01, Figure 6D).
Furthermore, higher MYBL2 expression was
associated with tumor thrombus (P<0.01),
shorter overall survival (P=0.046), and shor-
ter progression-free survival (P=0.0415, Figure
6E-G). Taken together, MYBL2 expression in
patients with HB was associated with aggres-
sive characteristics and served as a predictor
of metastasis and poor survival.

MYBL2 enhances the proliferation and migra-
tion of HB cells in vitro

MYBL2 expression was higher in the HB cell
line HUHG6 than that in the HB cell line HepG2
and the normal hepatocyte cell line LO2 (Fi-
gure 7A). Stable MYBL2-knockdown (HUHG)
and MYBL2-overexpression (HepG2) cell lines
were constructed to examine the biological
activity of MYBL2 (Figure 7B). The results of
CCK-8 and EdU assays showed that increased
MYBL2 expression strongly promoted HB cell
growth compared with that of controls. By con-
trast, reduced MYBL2 expression significantly
weakened HuHG6 cell proliferation (Figure 7C,
7D). Taken collectively, these findings sug-
gested that MYBL2 improved the growth of HB
cells in vitro. Moreover, a transwell migration
assay was conducted to assess the metastatic
ability of HB cells. MYBL2 overexpression en-
hanced the migratory ability of HB cells, where-
as reduced MYBL2 expression inhibited the
migratory ability compared with that of controls
(Figure 7E). These results demonstrated that
elevated MYBL2 expression participated in HB
progression.

MYBL2 accelerates HB cell growth in vivo

To verify the in vivo significance of aberrant
MYBL2 expression in tumor cell growth, trans-
fected cells were inoculated subcutaneously
under the right armpit of hude mice. The ele-
vated MYBL2 expression significantly acceler-
ated the in vivo proliferation of the implanted
cells compared with that of controls (Figure

1971

8A). Furthermore, the levels of MYBL2 and
Ki67 expression in subcutaneous tumors de-
rived from MYBL2-transfected HepG2 cells,
which were examined by IHC, were higher than
those of controls (Figure 8B). By contrast,
MYBL2 knockdown weakened tumor growth in
vivo. Lower MYBL2 and Ki67 expression was
observed in subcutaneous tumors derived
from shMYBL2-transfected HuH6 cells com-
pared with tumors derived from control cells
(Figure 8C, 8D).

MYBL2 induces cell migration and metastasis
by promoting SNAI1-independent Smad path-
way-mediated EMT

The bioinformatics analysis of pulmonary me-
tastatic tumor specimens from patients with
HB proposed that various cellular states con-
tributed to intratumor heterogeneity, including
EMT, cell proliferation, and differentiation. EMT
has been reported to participate in lung me-
tastasis and tumorigenesis [54]. Therefore, we
questioned the relationship between MYBL2
expression and EMT progression. EMT-associ-
ated proteins and EMT-related pathways were
analyzed by western blotting using MYBL2-
transfected and MYBL2-silenced cells. The
epithelial marker ZO-1 was downregulated and
the mesenchymal marker FN1 was upregulat-
ed in MYBL2-overexpressing cells. By contrast,
reduced MYBL2 expression caused an upregu-
lation of the ZO-1 level and a downregulation of
the FN1 level (Figure 9A). These results demon-
strated the ability of MYBL2 to regulate EMT.

To examine the participating signaling pathway
in MYBL2-regulated EMT, changes in three
EMT-relevant pathways, PI3K/AKT, Smad, and
MAPK/ERK [55], were examined in MYBL2-
transfected and shMYBL2-transfected cells.
Interestingly, in MYBL2-upregulated HepG2
cells, the phosphorylation level of Smad2/3
was significantly increased, whereas the phos-
phorylation level of Smad2/3 was decreased
in MYBL2-downregulated HuHG cells. Despite
the findings that the levels of AKT phosphoryla-
tion and GSK-3f3 expression were increased in
MYBL2-overexpressing cells, they showed no
changes when MYBL2 expression was deplet-
ed. Furthermore, the level of ERK1/2 phos-
phorylation was increased as MYBL2 expres-
sion was reduced, and it showed no changes in
MYBL2-overexpressing cells (Figure 9B). Taken
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Figure 6. MYBL2 functions as an oncogene in HB and predicts metastasis and poor prognosis. A. Expression of
MYBL2 in tumor (n=24) and para-tumor liver (n=24) tissues was analyzed by QPCR assay. B. Expression of MYBL2
in tumor and para-tumor liver tissues was examined by IHC. Scale bars, left: 200 pm; right: 50 pm. C. Comparison
of MYBL2 expression in twelve pairs of HB tumors (T) and corresponding normal tissues (N). GAPDH is used as a
loading control. D. Expression of MYBL2 in primary HB tumors with metastasis vs HB tumors without metastasis
(n=78). E. Representative IHC images of the MYBL2 expression level scored by the SlI. Scale bars, left: 200 pym; right:
50 um. F. Correlation between MYBL2 expression and metastasis, tumor size, and tumor thrombus. G. Kaplan-Meier
survival curves show that higher MYBL2 expression is associated with shorter progression-free survival and overall

survival.

Table 1. The correlation between the levels
of MYBL2 expression and gender, age, tumor
thrombus, tumor size, and metastasis in 78
cases of HB tissues by IHC (x? test)

MYBL2
Parameters High Low P values
(38 cases) (40 cases)

Gender
Male 26 21 0.17
Female 12 19

Age (months)
>17 24 15 0.9999
<17 14 25

Thrombus
Present 6 0 0.0089
Absent 32 40

Size of tumor
>11cm 23 19 0.25
<1llcm 15 21

Metastasis
Yes 9 3 0.048
No 29 37

collectively, these results confirmed the func-
tion of MYBL2 in mediating the Smad signaling
pathway.

To identify the EMT-inducing transcription fac-
tors (TFs), such as SNAI1/2, ZEB1/2, and TWI-
ST1/2 [56], that function as the core factors of
the MYBL2-regulated Smad signaling pathway,
the mRNA levels of these factors were exam-
ined in both MYBL2-upregulated and downreg-
ulated cells. Only the levels of ZEB2 and SN-
All were decreased in MYBL2-silenced cells,
whereas the levels of SNAI1/2 and TWIST2
were increased in MYBL2-overexpressed cells
(Figure 9C). In addition, increased SNAI1 ex-
pression in MYBL2-overexpressed cells was
observed by western blotting (Figure 9D).
These results showed that SNAI1 was a core
factor of the MYBL2-mediated Smad signaling
pathway.

1973

To investigate the role of the MYBL2-mediated
Smad signaling pathway in EMT progression,
MYBL2-overexpressing HepG2 cells were cul-
tured in the presence of the Smad pathway
inhibitor LY2157299 for 72 h, which was testi-
fied by the reduced level of Smad2/3 phos-
phorylation. Compared with control cells, the
EMT course in pathway-inhibited cells was re-
versed, with an upregulation of the ZO-1 level
and a downregulation of the FN1 level, demon-
strating that MYBL2 promoted EMT progres-
sion by activating the Smad signaling path-
way. Furthermore, the level of SNAI1 expres-
sion was also decreased by inhibiting the Smad
pathway (Figure 9E). Taken collectively, these
results illustrated that EMT was initiated by
the MYBL2-mediated Smad signaling pathway,
which was independent of the upregulated
SNAI1 expression, and promoted cell migration
and HB metastasis.

Discussion

Despite the extremely poor prognosis of lung
metastasis in patients with HB, the physiologi-
cal and pathological mechanisms of metasta-
sis in HB have not been investigated in depth
[57, 58]. In this study, we demonstrated the
heterogeneity of metastatic cells by scRNA-seq
analysis and the oncogenic function and spe-
cific mechanism of MYBL2 in HB progression.
The application of scRNA-seq enabled us to
deconstruct the heterogeneous transcriptional
patterns and the exclusive regulatory factors
of metastases at the single-cell level. The
underlying cellular trajectories predicted by
RNA velocity analysis suggested the involve-
ment of EMT in metastasis. Given that EMT
progression in vivo is a dynamic and complex
process and somewhat difficult to monitor, the
role of EMT in promoting tumor metastasis
remains controversial. It was reported that
knockout of the Snaill or Twist1 gene in a pan-
creatic ductal adenocarcinoma mouse model
did not inhibit tumor invasiveness, tumor
spread, and distant metastasis [59]. Incon-
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Figure 7. MYBL2 enhances the proliferation and migration of HB cells in vitro. (A) Expression of MYBL2 in two HB
cell lines and the normal liver epithelial cell line LO2. (B) Ectopic expression of MYBL2 in MYBL2-transfected and
shMYBL2-transfected cells was analyzed by QPCR. Results of CCK8 (C) and EdU (D) assays indicate that MYBL2
overexpression enhances the proliferation of HepG2 cells, whereas MYBL2 knockdown inhibits the proliferation of
HuH®6 cells. Scale bars, 100 uym. (E) Migratory ability of HuUH6 and HepG2 cells after modifying MYBL2 expression

was examined by the transwell assay. Scale bars, 500 um.

sistent with the findings of the Snaill or Twist1
gene knockout mouse model, Krebs et al.
reported that knockout of the Zebl gene in
mice with pancreatic cancer significantly re-
duced the occurrence of lung metastasis, as
well as inhibited stem cell characteristics and
tumor-forming ability [54]. As such, the biologi-
cal processes of EMT may be tissue-specific,
and the transcription factors that play key
roles in different tumor models may also be
variable.

Bioinformatics analysis identified MYBL2 as a
potential predictor of metastasis and poor
prognosis in patients with HB. Nevertheless,
the expression level and biological function of
MYBL2 in HB have not been investigated in
depth. In this study, we observed that MYBL2
was overexpressed in HB compared with adja-
cent liver tissues. It also correlated with the
occurrence of metastasis and tumor throm-
bus. Consistent with our findings, enhanced
MYBL2 expression was also observed in other
malignancies, such as breast, colorectal, and
ovarian cancers, and was considered a prog-
nostic marker [60-62]. Furthermore, Bar-shira
et al. verified through a public database of
prostate cancer that the expression of MYBL2
in metastatic cells was higher than that in pri-
mary tumors and benign prostatic hyperplasia
[63]. Our study revealed that MYBL2 over-
expression stimulated the proliferation and
metastatic ability of HB cells, whereas MYBL2
knockdown inhibited the proliferative and met-
astatic potential of cells using in vitro and in
vivo assays. Taken collectively, these results

1975

demonstrated the proliferation-promoting and
metastasis-promoting roles of MYBL2 in HB.

In this study, we attempted to clarify the rela-
tionship and mechanism between MYBL2 and
EMT. Our results showed that MYBL2 overex-
pression promoted EMT and activated the
SNAIl-independent Smad signaling pathway,
which could be reversed by a Smad signaling
pathway inhibitor. SNAI1 was reported to par-
ticipate in MYBL2-mediated EMT progression
in breast cancer [64]. However, the relation-
ship between MYBL2 and the Smad signaling
pathway has not been investigated. Jin et al.,
as well as other researchers, have reported
that two heterogeneous subpopulations of
mesenchymal-like and epithelial-like tumor
cells exist in non-neuroendocrine small cell
lung cancer. Compared with the epithelioid
subset, the expression of proteins within the
TGF-B/Smad signaling pathway was higher in
the cell subset with mesenchymal characteris-
tics which had stronger metastatic ability, sug-
gesting the crucial role of TGF-3/Smad-induced
EMT in accelerating metastasis and promoting
tumor aggressiveness [65].

Taken collectively, the results of this study
uncovered the intra-heterogeneity and EMT
course of metastatic tissues, as well as identi-
fied MYBL2 as an oncogenic gene that is as-
sociated with the metastasis and tumor pro-
gression of HB. MYBL2 increased the expres-
sion of epithelial markers but decreased the
expression of mesenchymal markers. The ph-
osphorylation level of Smad2/3 was upregulat-
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Figure 8. MYBL2 accelerates HB cell proliferation in vivo. A. Top: image of the xenograft tumors formed by MYBL2 downregulation (KD) and control (KD-SCR) HUH6
cells (n=5); bottom-left: growth curve of the xenograft tumors; bottom-right: weight of the xenograft tumors. B. MYBL2 and Ki67 expression in xenograft tumors
(KD and KD-SCR) were examined by IHC. Scale bars, 100 um. C. Top: image of the xenograft tumors formed by MYBL2 upregulation (OVER) and control (OVER-SCR)
HepG2 cells (n=5); bottom-left: growth curve of the xenograft tumors; bottom-right: weight of the xenograft tumors. D. MYBL2 and Ki67 expression in xenograft
tumors (OVER and OVER-SCR) were examined by IHC. Scale bars, 100 pm.
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the SNAIll-independent Smad signaling path-
way can be effectively balanced by inhibiting
Smad2/3 phosphorylation. Thus, MYBL2 pro-
moted metastasis of HB by inducing Smad/
SNAI1-mediated EMT.
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Table S1. Sequence of primers

MYBL2 promotes EMT and hepatoblastoma metastasis

Gene Forward primer (5’-—-3’) Reverse primer (5'-—-3’)
MYBL2 CACCAGAAACGAGCCTGCCTTA CTCAGGTCACACCAAGCATCAG
ZEB1 GATGATGAATGCGAGTCAGATGC ACAGCAGTGTCTTGTTGTTGT
ZEB2 AAAGCTTTCCTGGTCCCATT GTTGATGGGGCTTGTCATTC
SNAIL TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
SNAI2 CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT
TWIST1 AAGAGGTCGTGCCAATCAG GGCCAGTTTGATCCCAGTAT
TWIST2 AGGCTCTCAGAAGAGGACCC AAGGAAAAGAATAGCGGCGT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA




