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Abstract
BACKGROUND 
Activated hepatic stellate cells (aHSCs) are the major source of cancer-associated 
fibroblasts in the liver. Although the crosstalk between aHSCs and colorectal 
cancer (CRC) cells supports liver metastasis (LM), the mechanisms are largely 
unknown.

AIM 
To explore the role of BMI-1, a polycomb group protein family member, which is 
highly expressed in LM, and the interaction between aHSCs and CRC cells in 
promoting CRC liver metastasis (CRLM).

METHODS 
Immunohistochemistry was carried out to examine BMI-1 expression in LM and 
matched liver specimens of CRC. The expression levels of BMI-1 in mouse liver 
during CRLM (0, 7, 14, 21, and 28 d) were detected by Western blotting (WB) and 
the quantitative polymerase chain reaction (qPCR) assay. We overexpressed BMI-
1 in HSCs (LX2) by lentivirus infection and tested the molecular markers of aHSCs 
by WB, qPCR, and the immunofluorescence assay. CRC cells (HCT116 and DLD1) 
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were cultured in HSC-conditioned medium (LX2 NC CM or LX2 BMI-1 CM). CM-induced CRC 
cell proliferation, migration, epithelial-mesenchymal transition (EMT) phenotype, and 
transforming growth factor beta (TGF-β)/SMAD pathway changes were investigated in vitro. A 
mouse subcutaneous xenotransplantation tumor model was established by co-implantation of 
HSCs (LX2 NC or LX2 BMI-1) and CRC cells to investigate the effects of HSCs on tumor growth 
and the EMT phenotype in vivo.

RESULTS 
Positive of BMI-1 expression in the liver of CRLM patients was 77.8%. The expression level of BMI-
1 continued to increase during CRLM in mouse liver cells. LX2 overexpressed BMI-1 was 
activated, accompanied by increased expression level of alpha smooth muscle actin, fibronectin, 
TGF-β1, matrix metalloproteinases, and interleukin 6. CRC cells cultured in BMI-1 CM exhibited 
enhanced proliferation and migration ability, EMT phenotype and activation of the TGF-β/SMAD 
pathway. In addition, the TGF-βR inhibitor SB-505124 diminished the effect of BMI-1 CM on 
SMAD2/3 phosphorylation in CRC cells. Furthermore, BMI-1 overexpressed LX2 HSCs promoted 
tumor growth and the EMT phenotype in vivo.

CONCLUSION 
High expression of BMI-1 in liver cells is associated with CRLM progression. BMI-1 activates HSCs 
to secrete factors to form a prometastatic environment in the liver, and aHSCs promote prolif-
eration, migration, and the EMT in CRC cells partially through the TGF-β/SMAD pathway.

Key Words: BMI-1; Hepatic stellate cells; Colorectal cancer; Liver metastasis; Epithelial-mesenchymal 
transition
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Core Tip: This study revealed that BMI-1 was upregulated in liver cells during colorectal cancer (CRC) 
liver metastasis. BMI-1-activated LX2 hepatic stellate cells (HSCs) promoted CRC cell proliferation, 
migration, and the epithelial-mesenchymal transition both in vitro and in vivo. Mechanistically, 
transforming growth factor beta 1 was increased in BMI-1 overexpressed LX2 HSCs, and triggered the 
phosphorylation of downstream SMAD2/3 in CRC cells and the interaction of activated HSCs and CRC 
cells, thereby further promoting CRC progression.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and ranks second in terms of cancer mortality 
worldwide[1,2]. Liver metastasis (LM) is the primary cause of death in CRC patients, and the liver plays 
a major role in survival as it is often the only site of metastasis. In CRC patients, approximately 14%-35% 
have LM at diagnosis, and about 70% have LM in the late stage of the disease[3]. In colorectal cancer 
(CRC) liver metastasis (CRLM) patients, liver resection is the primary curative treatment option, with a 
5-year survival rate of 20%-50%[4]. Although treatments have advanced in recent years, the rate of 
intrahepatic recurrence is still high.

During CRLM, CRC cells can orchestrate a premetastatic niche by changing the tumor microenvir-
onment[5,6]. For example, tumor cells secrete cytokines and extracellular vesicles containing micro-
RNAs (miRNAs), integrins, and cytokines, which can modulate distant niches[7]. Zhao et al[8] found 
that CRC-derived miRNA-181a-5p-rich extracellular vesicles induced the activation of hepatic stellate 
cells (HSCs)[8]. The hepatic microenvironment has numerous signaling factors in liver cells, which 
consist of parenchymal and nonparenchymal cells, and the interaction between cancer cells and stromal 
cells facilitates the development of LM[9,10]. Cancer-associated fibroblasts (CAFs), comprising the major 
stromal cell type, are fibroblast populations found in primary and metastatic cancers and are related to 
tumor initiation, progression, and metastasis by regulating extracellular matrix (ECM) remodeling and 
the immune response[11-13]. HSCs are the major nonparenchymal liver cells, which store retinol and 
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play a role in liver repair, liver fibrosis, and hepatocellular carcinoma (HCC)[14-17]. HSCs contribute 
85%–95% of fibroblasts in the liver[18]. HSCs are activated to CAFs by cancer cells to support tumor 
growth and metastasis[8,19]. Hepatic CAFs are thought to come primarily from HSCs and to a lesser 
extent from bone marrow-derived precursors, portal fibroblasts, and endothelial cells[20]. In 
intrahepatic cholangiocarcinoma, HSC-derived CAFs are the main tumor-interacting population[21]. 
Although CRC is the most common primary cancer that metastasizes to the liver, the mechanisms by 
which HSCs interact with CRC cells to promote LM are largely unclear.

BMI-1, one of the polycomb group protein family members, plays a critical role in negatively 
regulating the Ink4a/Arf locus which encodes p16INK4a and p19ARF[22]. BMI-1 regulates self-renewal of 
stem cells and participates in the carcinogenesis of human cancers including CRC[23-25]. We previously 
reported that BMI-1 was overexpressed in CRLM and contributes to LM by regulating the epithelial-
mesenchymal transition (EMT) of CRC cells in vitro and in vivo[26]. Interestingly, we observed BMI-1-
positive staining in liver cells both in human and mouse specimens of CRLM. Studies have shown that 
quiescent HSCs can be activated by cancer cells and transformed into CAFs, and in turn activated HSCs 
(aHSCs) promote cancer cell invasion and the EMT[8,19]. Thus, we speculated that BMI-1 plays a role in 
the crosstalk between HSCs and CRC cells during LM.

In this study, both CRLM patients and mice showed increased BMI-1 expression in liver cells. BMI-1 
overexpressed HSCs were activated and transformed into CAFs. CRC cells cultured in conditioned 
medium (CM) from BMI-1 overexpressed HSCs showed enhanced proliferation, migration, and EMT 
ability. The experimental in vivo subcutaneous xenotransplantation tumor model also showed increased 
tumor proliferation and EMT of CRC cells cocultured with BMI-1 overexpressed HSCs. These findings 
may provide a potential new target for the treatment of CRLM.

MATERIALS AND METHODS
Immunohistochemistry analysis of CRLM patients
LM and adjacent normal liver tissues from 18 clinically diagnosed patients with CRLM were collected 
from the Pathology Department (from 2013 to 2020), Sir Run Run Shaw Hospital, Hangzhou, China. The 
expression of BMI-1 was investigated by immunohistochemistry (IHC) staining. Anti-BMI-1 (1:100; Cell 
Signaling Technology, Danvers, MA, United States) was used as the primary antibody before secondary 
antibody incubation.

Cell culture and treatment
The high metastatic human CRC cell line (HCT116), low metastatic human CRC cell line (DLD1), mouse 
CRC cell line (CT26), and human HSC line (LX2) were purchased from the American Type Culture 
Collection (Manassas, VA, United States). Cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(Gibco, Waltham, MA, United States) with 10% fetal bovine serum and 1% penicillin/streptomycin in a 
5% carbon dioxide humidified incubator at 37 °C. The BMI-1 overexpressed lentiviral construct (pGC-
FU-GFP-BMI-1) and negative control (pGC-FU-GFP) were obtained from Genechem (Shanghai, China). 
The control (LX2 NC) and stable BMI-1 overexpressed LX2 (LX2 BMI-1) cells were established by 
lentivirus transfection following the manufacturer’s instructions. In addition, to prepare the CM, we 
first cultured transfected LX2 cells in a 10 cm plate at a density of 1 × 106 cells. We then used 6 mL 
serum-free DMEM to culture the cells for 24 h. The supernatants were collected, centrifuged at 1000 × g 
for 10 min, and filtered through a 0.22 mm filter unit (Millex, Duluth, GA, United States). CM from NC 
LX2 (NC CM) and BMI-1 LX2 (BMI-1 CM) was prepared by mixing the different supernatant with 
complete medium (1:1). Then the CRC cells were cultured in CM for 24 h. All CM was used within 2 d. 
CRC cells were pretreated with SB-505124 (0.05 μM) for 1 h to inhibit SMAD2 phosphorylation, and 
then the cells were incubated with BMI-1 CM for 24 h.

Western blotting
Whole proteins from the tissue and cell samples were extracted using RIPA buffer with a 1% protease/
phosphatase inhibitor. After centrifugation of the extraction solutions, the BCA Protein Concentration 
Assay Kit (Solarbio, Beijing, China) was used to quantify the proteins. Following sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, the proteins were electrotransferred to polyvinylidene 
fluoride membranes. Antibodies against BMI-1, glyceraldehyde-3-phosphate dehydrogenase, β-actin, 
vimentin, SMAD2/3, phosphorylated SMAD3 (1:1000; Cell Signaling Technology), alpha smooth muscle 
actin (α-SMA), transforming growth factor beta 1 (TGF-β1), phosphorylated SMAD2 (1:1000; Abcam, 
Cambridge, MA, United States), fibronectin (1:1000; BD Biosciences, San Jose, CA, United States), E-
cadherin, zinc finger E-box-binding homeobox 1 (ZEB-1), Twist-1 (1:1000; Novus Biologicals, 
Centennial, CO, United States), and Snail (1:1000; Proteintech Group, Rosemont, IL, United States) were 
used as primary antibodies. After washing with Tris-buffered saline with 0.1% Tween 20 three times 
every 10 min, goat anti-rabbit/mouse immunoglobulin G (Abcam) was used as the secondary antibody. 
The Bio-Rad CD Touch Detection System (Hercules, CA, United States) with enhanced chemilumin-
escence detection reagents was used to detect protein bands.
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Quantitative polymerase chain reaction
Whole RNAs from the tissue and cell samples were extracted using Trizol reagent (Cwbio, Dalian, 
China). HiScript II Q RT SuperMix (Vazyme Biotech, Nanjing, China) was subsequently used for reverse 
transcription. ChamQ Universal SYBR quantitative polymerase chain reaction (qPCR) Master Mix 
(Vazyme Biotech) was used for qPCR. The Bio-Rad CFX-96 Real-Time PCR System was utilized to 
analyze the results. The sequences of all primers are listed in Supplementary Table 1.

Immunofluorescence staining
Immunofluorescence staining was performed in 96-well plates. Cells were fixed in paraformaldehyde 
and permeabilized with Triton X-100. Before incubation with secondary antibody, antibodies against 
vimentin (1:100; Cell Signaling Technology) and Snail (1:100; Proteintech Group) were used as primary 
antibodies. The Zeiss AXIO Observer A1 inverted fluorescence microscope system (Jena, Germany) was 
used to obtain images.

Cell viability assay
Cells were cultured in CM separately for 24, 48, 72, and 96 h. After treatment, Cell Counting Kit-8 (CCK-
8) reagent (Yeasen Biotechnology, Shanghai, China) was added and incubated for 2 h. A spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, United States) was used to detect the optical density 
value (450 nm).

Colony formation assay
CRC cells were cultured in CM for 2 wk. Cells were fixed in paraformaldehyde and stained with crystal 
violet. Colonies were viewed with the Olympus CKK53 microscope (Tokyo, Japan), and photos were 
taken. ImageJ software was utilized to measure the number of colonies.

Wound healing assay
CRC cells were cultured until they reached 90% confluence. Following the creation of a linear wound, 
cells were cultured in CM for 48 h. Wounds were viewed with the Olympus CKK53 microscope, and 
photos were taken at 0, 24, and 48 h. ImageJ software was used to measure the migration rate.

Transwell migration assay
Transwell chambers were purchased from Corning Inc. (Corning, NY, United States). CRC cells were 
plated in the upper chambers with serum-free DMEM, while CM was placed in the lower chambers. 
After 48 h, cells in the upper chambers were removed, and cells on the lower membrane surface were 
fixed and stained. The migrated cells were viewed with the Olympus CKK53 microscope, and photos 
were taken. ImageJ software was used to measure the number of cells.

IHC
Tissue samples were fixed, dehydrated, paraffin-embedded, and sectioned. After deparaffinization, the 
sections were blocked in goat serum and incubated with primary antibodies for 24 h. The sections were 
incubated with secondary antibody for 30 min, followed by counterstaining with Mayer’s hematoxylin. 
The Olympus CKK53 microscope was used to view and photograph the stained sections.

Animal experiments
All animal experimental procedures were approved by the Committee on the Ethics of Animal 
Experiments of Zhejiang University (No. ZJU20220447; Hangzhou, China).

Treatment protocol 1
Five-week-old male BALB/c mice (19-20 g) were randomly divided into five groups (n = 3). Isoflurane 
(inhalation) was utilized to anesthetize the mice. The spleen was then exteriorized through a left flank 
incision. CT26 cells (2 × 106) were injected intrasplenically to establish the tumor, and then the injection 
site was pressed for 5 min. Surgical thread was used to close the peritoneum and skin. The mice were 
sacrificed at 0, 7, 14, 21, and 28 d after inoculation of CT26 cells. Resected liver tissues were collected for 
qPCR, Western blotting (WB), and the IHC assay.

Treatment protocol 2
Five-week-old male BALB/c nude mice (17-18 g) were randomly divided into four groups (n = 5): (1) 
HCT116 cells (5 × 106) were mixed with LX2 NC cells (1 × 106); (2) HCT116 cells (5 × 106) were mixed 
with LX2 BMI-1 cells (1 × 106); (3) DLD1 cells (5 × 106) were mixed with LX2 NC cells (1 × 106); and (4) 
DLD1 cells (5 × 106) were mixed with LX2 BMI-1 cells (1 × 106). The mixed cells were subcutaneously 
injected into mouse flanks to establish the tumors. When measurable, tumor sizes were estimated every 
2 d. The mice were killed 28 d after cell inoculation. Resected tumor tissues were collected for qPCR, 
WB, and the IHC assay. Total tumor volume (mm3) = L × W2/2 (L = length and W = width).

https://f6publishing.blob.core.windows.net/c311428f-e91d-4f3a-842f-519b16a351fb/WJG-29-3606-supplementary-material.pdf
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Table 1 Correlation between clinicopathological characteristics of colorectal cancer patients and BMI-1 expression in the liver

BMI-1 expression
Characteristics Cases, n = 18

Negative, n = 4 Positive, n = 14
P value

Age in yr 0.051

< 60 12 4 8

≥ 60 6 0 6

Sex 0.509

Male 11 3 8

Female 7 1 6

Primary tumor site 0.018a

Colon 10 4 6

Rectum 8 0 8

Tumor size in the liver in mm 0.278

< 30 8 3 5

30-50 3 0 3

≥ 50 5 1 5

Tumor numbers in the liver 0.432

1-2 12 2 10

≥ 3 6 2 4

Differentiation degree 0.881

Low 4 1 3

Middle-high 14 3 11

T stage 1

III 18 4 14

N stage 0.248

N0 9 3 6

N1 + N2 7 1 8

aP < 0.05.

Statistical analyses
In all experiments, the data are shown as the mean ± standard deviation based on three independent 
experiments. The difference between the groups was analyzed by the χ2 test, Fisher’s exact probability, 
Student’s t-test, or one-way analysis of variance using GraphPad Prism 8 software or SPSS 25.0. P < 0.05 
was considered statistically significant.

RESULTS
BMI-1 expression is upregulated in liver cells during CRLM
In our previous research, it was found that BMI-1 was overexpressed in LM of human CRC[26]. 
Interestingly, although normal liver cells were BMI-1-negative, 77.8% of liver cells from CRLM patients 
(14 of 18 samples; Figure 1A) were BMI-1-positive. The positive expression of BMI-1 was not strongly 
related to the clinical pathological characteristics (including tumor size and tumor number in the liver, 
differentiation degree, T stage, N stage) except the tumor site (Table 1). Positive BMI-1 expression in the 
liver cells of patients with rectal cancer LM was significantly higher (100%) than in patients with CRLM 
(60%). To investigate BMI-1 expression level in liver cells during CRLM, we measured BMI-1 expression 
at 0, 7, 14, 21, and 28 d following intrasplenic injection of CT26 cells in mice (Figure 1B). As shown in 
Figure 1C, small LM had formed by day 7. Compared with healthy control mice, the protein expression 
level of BMI-1 did not significantly change at 7 and 14 d, but markedly increased 4.58-fold at 21 d and 
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Figure 1 BMI-1 expression increases in liver cells during colorectal cancer liver metastasis. A: Immunohistochemistry analysis of BMI-1 in liver 
metastasis and paired liver tissues of colorectal cancer liver metastasis (CRLM) patients; B: Spleens and livers of mice were photographed after intrasplenic injection 
of CT26 cells at the indicated times; C: Western blot analysis of BMI-1 expression in mouse livers (n = 3); D: Quantitative protein expression of BMI-1 normalized to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in mouse livers (n = 3); E: Quantitative polymerase chain reaction detection of BMI-1 expression in mouse 
livers (n = 3); cP < 0.001 vs D0; F: Immunohistochemistry confirmed that BMI-1 expression was increased in mouse livers during CRLM.

continued increasing up to 7.29-fold at 28 d (Figure 1D). The mRNA expression level of BMI-1 
accordingly increased 2.92-fold at 21 d and 6.71-fold at 28 d (Figure 1E). The IHC results also showed 
that few nuclei in liver cells were BMI-1-positive in CRLM mice from 14 d, but the BMI-1-positive rate 
and intensity increased markedly at 21 and 28 d (Figure 1F). These results suggest that BMI-1 was 
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Figure 2 BMI-1 activates LX2 hepatic stellate cells. A: Western blot analysis of BMI-1 and activated hepatic stellate cell (aHSC)-related markers (alpha 
smooth muscle actin [α-SMA], fibronectin and transforming growth factor beta 1) in control (LX2 NC) and LX2 BMI-1 HSCs; B: Quantitative polymerase chain reaction 
detection of matrix metalloproteinases (MMPs) and cytokines in LX2 HSCs, cP < 0.001; C: Immunofluorescence analysis showed that α-SMA and fibronectin 
expression levels were increased in LX2 BMI-1 HSCs. DAPI: 4',6-diamidino-2-phenylindole; IL: Interleukin; NC: Negative control.

upregulated in liver cells after CRC cells metastasized to the liver, and may play a role in CRLM.

BMI-1 activates HSCs
To investigate the effects of BMI-1 on liver cells, we overexpressed BMI-1 in LX2 HSCs and confirmed 
the overexpression by WB (Figure 2A). High expression of α-SMA, a myofibroblast marker, is a key 
marker of aHSCs. aHSCs highly secrete the key cytokine TGF-β1 and promote hepatic fibrosis with 
fibronectin expression[27]. Compared with control quiescent HSCs, BMI-1 overexpressed LX2 HSCs 
showed a significant increase in α-SMA expression. Fibronectin and TGF-β1 expression were also 
markedly increased in BMI-1 overexpressed LX2 HSCs. Immunofluorescence staining also confirmed 
that the expression of α-SMA and fibronectin was significantly increased in LX2 cells overexpressing 
BMI-1 (Figure 2B). It was also observed that the transcript levels of matrix metalloproteinases (MMP1, 
MMP2, MMP3, MMP7, MMP9) and inflammatory cytokines (TGF-β1 and interleukin 6 [IL-6]) were 
markedly increased (Figure 2C). Thus, LX2 HSCs were activated by the overexpression of BMI-1.

BMI-1 overexpressed HSC CM enhances CRC cell proliferation and migration
To examine the effect of BMI-1 on the interaction between HSCs and CRC cells, CRC cells (HCT116 and 
DLD1) were cultured in control LX2 CM (NC CM) or BMI-1 overexpressed LX2 CM (BMI-1 CM). We 
first measured cell proliferation using the CCK-8 assay. Compared with cells cultured in NC CM, the 
proliferation of CRC cells cultured in BMI-1 CM was markedly enhanced on day 4 (Figure 3A), and the 
colony formation ability of CRC cells cultured in BMI-1 CM also significantly increased (Figure 3B). In 
addition, CRC cells cultured in BMI-1 CM showed higher wound healing rates (Figure 3C). Transwell 
migration assays showed the same results (Figure 3D). Then we investigated EMT-related molecular 
changes. Consistent with the above results, the mRNA and protein expression levels of ZEB-1, Twist-1, 
vimentin, and Snail in CRC cells cultured in BMI-1 CM were significantly increased while E-cadherin 
was decreased (Figure 3E and F). Immunofluorescence staining further demonstrated that Snail and 
vimentin expression was obviously increased in CRC cells cultured in BMI-1 CM (Figure 3G). Therefore, 
BMI-1 may be an important regulator in aHSCs, which promoted the malignant phenotype of CRC cells.
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Figure 3 Effects of BMI-1 overexpressed hepatic stellate cell conditioned medium on cell proliferation and migration of colorectal cancer 
cells. A: Viability of HCT116 and DLD-1 cells cultured in conditioned medium (CM) from negative control (NC) LX2 (NC CM) or CM from BMI-1 overexpressed LX2 
(BMI-1 CM) was confirmed by the Cell Counting Kit-8 assay; B: Colony formation assay of colorectal cancer (CRC) cells cultured in NC CM or BMI-1 CM; C: Wound 
healing assay of CRC cells cultured in NC CM or BMI-1 CM, the healing percentages were calculated at 24 h and 48 h; D: Transwell migration assay of CRC cells 
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cultured in NC CM or BMI-1 CM, the numbers of cells which migrated were counted; E: Quantitative polymerase chain reaction assay of the expression of epithelial-
mesenchymal transition (EMT)-related markers in CRC cells cultured in NC CM or BMI-1 CM; F: Western blot assays of the expression of EMT-related markers in 
CRC cells cultured in NC CM or BMI-1 CM; G: Immunofluorescence analysis showed that vimentin and Snail expression levels were increased in CRC cells cultured 
in BMI-1 CM. bP < 0.01, cP < 0.001 vs NC CM. DAPI: 4',6-diamidino-2-phenylindole.

BMI-1 overexpressed HSC CM promotes CRC cell EMT by activating the Smad2/3 pathway
As previously mentioned, TGF-β1 was upregulated in BMI-1 overexpressed LX2 HSCs (Figure 2A). The 
TGF-β/SMAD signal pathway plays an important role in metastasis by modulating the EMT process[28,
29]; therefore, we hypothesized that BMI-1 CM induces EMT in CRC cells by activating SMADs. We first 
determined the expression levels of SMAD2/3. As shown in Figure 4A and B, although the mRNA and 
protein expression levels of SMAD2 and SMAD3 showed no changes in CRC cells cultured in BMI-1 
CM, SMAD2 and SMAD3 phosphorylation was significantly increased compared with CRC cells 
cultured in NC CM. We then used SB-505124 (a TGF-β receptor [TGF-βR] inhibitor, which inhibits 
SMAD2 phosphorylation) to further confirm the involvement of SMADs in the pro-EMT effects of BMI-
1 CM. SB-505124 markedly decreased BMI-1 CM-induced SMAD2 and SMAD3 phosphorylation in CRC 
cells (Figure 4C and D). In addition, the downstream target proteins (Snail and vimentin) of the TGF-β/
SMAD pathway accordingly decreased in SB-505124-treated CRC cells cultured in BMI-1 CM (Figure 4C 
and D). These results confirmed that BMI-1 CM induces EMT in CRC cells partially by activating 
SMAD2/3.

BMI-1 overexpressed HSCs promotes tumor growth in vivo
We further evaluated the effects of BMI-1 overexpressed LX2 HSCs on CRC cell growth in vivo. A 
subcutaneous xenotransplantation tumor model was established by co-implantation of HSCs (LX2 NC 
or LX2 BMI-1) and CRC cells (Figure 5A). Compared with mice co-implanted with LX2 NC, tumors 
grew faster and larger in mice co-implanted with LX2 BMI-1 HSCs and CRC cells as shown by increased 
tumor volume and weight (Figure 5B and C). Moreover, consistent with the in vitro results, we found 
that Snail and vimentin were upregulated in mice co-implanted with LX2 BMI-1 HSCs and CRC cells as 
shown by the qPCR and WB results (Figure 5D and E). Furthermore, the increased expression of Snail 
and vimentin in mouse liver co-implanted with LX2 BMI-1 HSCs and CRC cells was confirmed by IHC 
(Figure 5F). These results showed that LX2 BMI-1 HSCs promoted CRC tumor growth and EMT in the 
mouse model.

DISCUSSION
The liver is the most common target organ in terms of CRC metastases. Accumulating evidence suggests 
that the interactions between cancer cells and the liver microenvironment promote the progression of 
LM. In the liver microenvironment, HSC-derived CAFs are the main tumor-interacting population and 
play a vital role in cancer cell metastasis[8,30]. During the development of CRLM, HSC activation was 
found to be the most common biological process. Tumor-derived factors such as TGF-β and platelet-
derived growth factor can activate HSCs[31]. BMI-1 has been proved to promote tumorigenesis and 
tumor progression in different types of cancers including CRC and HCC[24,26,32-34]. We previously 
reported that BMI-1 was abnormally highly expressed in CRLM and inhibition of BMI-1 in CRC cells 
dramatically reduced LM in vivo[26]. Normal liver cells were BMI-1-negative, and we observed that 
BMI-1-positive liver cells were common in CRLM samples from humans and mice. In particular, the 
mRNA and protein expression levels of BMI-1 in liver cells gradually increased during the development 
of CRLM in mice, suggesting that BMI-1 also participates in regulating liver cells during the course of 
CRLM. In this study, we found that BMI-1 had a novel function as a regulator in activating HSCs and 
plays an important role in the crosstalk between HSCs and CRC cells.

Quiescent HSCs normally resident in the space of Disse become activated with a myofibroblast-like 
phenotype (α-SMA+) in response to inflammatory stimuli and liver damage[27]. Studies have shown 
that cancer cells can also activate HSCs to release cytokines and chemokines to promote LM[8,35]. 
aHSCs reportedly orchestrate a premetastatic and prometastatic niche, which accelerate CRLM[5,6,36]. 
In this study, we found that BMI-1-positive liver cells appeared on day 14 and increased on days 21 and 
28 after injection of CT26 cells, while small LM had formed on day 7. We further confirmed that BMI-1 
overexpressed HSCs were activated to α-SMA+ myofibroblasts with increased expression of fibronectin, 
TGF-β1, MMPs, and IL-6. These secreted components can maintain the activated status of HSCs by 
enhancing the autocrine signaling loop[37]. aHSCs are the major source of ECM, and aHSC-secreted 
factors play a pivotal role in remodeling the ECM during tumor invasion and metastasis[38]. TGF-β1 is 
the most potent fibrogenic cytokine and is a fibrotic marker[39,40]. Fibronectin and MMPs are important 
ECM regulators in the liver fibrosis process[41]. ECM deposition by aHSCs provides a prometastatic 
environment. Thus, BMI-1 activates HSCs to secrete factors to form a prometastatic environment in the 
liver.
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Figure 4 BMI-1 conditioned medium induces activation of the transforming growth factor beta/SMAD pathway in colorectal cancer cells. 
A: Quantitative polymerase chain reaction analysis showed no difference in the expression of SMAD2 and SMAD3 in colorectal cancer (CRC) cells cultured in 
conditioned medium (CM) from negative control NC) (NC CM) or CM from BMI-1 overexpressed LX2 (BMI-1 CM); B: Western blot assays of SMAD2, SMAD3, 
phosphorylated (p)-SMAD2, and p-SMAD3 expression levels in CRC cells cultured in NC CM or BMI-1 CM; C and D: Western blot analysis of the expression of 
SMAD pathway members and epithelial-mesenchymal transition-related proteins (Snail and vimentin) in CRC cells cultured in NC CM or BMI-1 CM with/without 0.5 
μM SB-505124 treatment, the relative expression levels of the proteins were calculated and are shown in D. cP < 0.001.
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Figure 5 BMI-1 overexpressed LX2 promotes tumor growth of colorectal cancer in vivo. A: Colorectal cancer cells (HCT116 or DLD-1) and LX2 cells 
(negative control [NC] or BMI-1 overexpressed) were co-implanted subcutaneously into the flanks of nude mice. After 7 d, tumor volume was measured every 2 d 
from 8 d to 28 d; B: Tumors were photographed at 28 d; C: Tumors were weighed (n = 5); D: Western blot assay of vimentin and Snail expression in mouse tumors in 
the different groups, and the fold changes were calculated; E: Quantitative polymerase chain reaction assay of the expression of epithelial-mesenchymal transition-
related markers in mouse tumors in the different groups; F: Immunohistochemistry analysis of vimentin and Snail expression in mouse tumors. aP < 0.05, bP < 0.01, 
cP < 0.001 vs LX2 NC. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 6 Schematic summary of BMI-1-activated hepatic stellate cells, which promote colorectal cancer cell epithelial-mesenchymal 
transition and liver metastasis. CRC: Colorectal cancer; HSC: Hepatic stellate cell; TGF-β1: Transforming growth factor beta 1.

The interactions between cancer cells and aHSCs promote tumor growth and metastasis. CRC cells 
can stimulate aHSCs to release cytokines and chemokines, which in turn promote CRC growth and 
invasion[8,35]. In addition, aHSCs can secrete ECM components, induce angiogenesis, and modulate 
immunity to facilitate tumor growth and metastasis[31]. We found that high-metastatic HCT116 and 
low-metastatic DLD1 CRC cells cultured in CM from BMI-1 overexpressed HSCs showed the same 
enhanced proliferation and migration ability, and both HCT116 and DLD1 cells co-implanted with BMI-
1 overexpressed HSCs showed increased tumor growth in vivo. These results demonstrated that BMI-1 
aHSCs promote CRC cell proliferation and migration regardless of their ability to metastasize.

TGF-β signaling is important in tumor-stroma crosstalk. The TGF-β/SMAD pathway can act as both a 
tumor suppressor and promoter in CRLM[42,43]. The effect of the TGF-β/SMAD pathway in most 
malignant tumors is toward migration, the EMT or stemness, thereby promoting LM[44-46]. CRC cells 
are able to recruit and activate HSCs into CAFs by secreting TGF-β, and aHSCs lead to secretion of TGF-
β which influences CRC cells[7]. LM has been found to be dependent on TGF-β signaling in liver stroma
[47-50]. TGF-β1 is a key inducer of EMT transcription factors, which can promote EMT through the TGF-
β/SMAD pathway[28,29]. The markers of EMT, including vimentin, Snail, ZEB-1, and Twist-1, were 
upregulated in CRC cells cultured in CM from BMI-1 overexpressed HSCs. The TGF-β/SMAD signaling 
pathway was activated and the phosphorylation of SMAD2/3 was induced in CRC cells cultured in CM 
from BMI-1 overexpressed HSCs, and treatment with the TGF-βR inhibitor SB-505124 attenuated the 
effect of BMI-1. Moreover, CRC cells co-implanted with BMI-1 overexpressed HSCs showed increased 
expression of EMT markers in vivo. Taken together, these findings indicate that BMI-1 overexpressed 
HSCs promote CRC cell growth and migration partly by activating the TGF-β/SMAD pathway and 
enhancing the EMT.

CONCLUSION
We propose a novel mechanism for BMI-1 involvement in promoting CRLM. BMI-1 was upregulated in 
liver cells during CRLM. BMI-1 aHSCs released cytokines and chemokines (fibronectin, TGF-β, MMPs, 
etc) to form a prometastatic environment in the liver, and promoted CRC cell proliferation, migration, 
and the EMT partially by activating the TGF-β/SMAD pathway (Figure 6). These ndings provide a 
potential target for the treatment of CRLM.

ARTICLE HIGHLIGHTS
Research background
Hepatic stellate cells (HSCs) are an important component of liver tissue and are a major source of 
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cancer-associated fibroblasts. Cancer cells can activate HSCs, and in turn activated HSCs (aHSCs) 
promote tumor growth and metastasis. However, the mechanisms by which HSCs interact with 
colorectal cancer (CRC) cells to promote liver metastases (LM) are largely unknown.

Research motivation
We previously discovered that the expression of BMI-1 was abnormally high in LM of CRC. We 
speculated that BMI-1 plays an important role in the interaction between HSCs and CRC cells.

Research objectives
To examine the role of BMI-1 in HSC activation, and investigate the potential mechanisms of BMI-1 in 
the interaction between HSCs and CRC cells.

Research methods
The expression of BMI-1 in liver tissue of patients with CRC liver metastasis (CRLM) was determined by 
immunohistochemistry analysis. We established a mouse LM model to assess the expression of BMI-1 
during CRLM. We used lentiviral vectors to overexpress BMI-1 in LX2 HSCs (LX2 BMI-1) and evaluated 
the molecular markers of aHSCs. The proliferation and mobility of CRC cells in LX2 BMI-1 conditioned 
medium (CM) was detected. The epithelial-mesenchymal transition (EMT) and transforming growth 
factor beta (TGF-β)/SMAD pathway in CRC cells treated with LX2 BMI-1 CM were investigated by 
Western blot analysis and quantitative polymerase chain reaction. A mouse xenograft model was 
established to investigate the effects of co-implantation of LX2 BMI-1 and CRC cells on tumor growth, 
and the EMT phenotype of CRC.

Research results
BMI-1 expression was upregulated in liver cells during CRLM. Overexpression of BMI-1 induced the 
activation of LX2 HSCs. CRC cells cultured in LX2 BMI-1 CM showed higher proliferation, migration, 
and EMT ability compared with cells cultured in NC CM. LX2 BMI-1 CM induced activation of the TGF-
β/SMAD pathway in CRC cells, and the TGF-βR inhibitor SB-505124 diminished the effect of BMI-1 CM. 
In addition, LX2 BMI-1 HSCs promoted CRC tumor growth and EMT in the mouse model.

Research conclusions
BMI-1 aHSCs promoted the proliferation and migration of CRC partly via the TGF-β/SMAD pathway.

Research perspectives
Targeting BMI-1 in liver tissues may have potential therapeutic implications for the treatment of CRLM.
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