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BMP4 augments the survival of hepatocellular  
carcinoma (HCC) cells under hypoxia and  
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Abstract: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer death worldwide although its 
pathogenic mechanism remains to be fully understood. Unlike normal cells, most cancer cells rely on aerobic gly-
colysis and are more adaptable to the microenvironment of hypoxia and hypoglycemia. Bone Morphogenetic Protein 
4 (BMP4) plays important roles in regulating proliferation, differentiation, invasion and migration of HCC cells. We 
have recently shown that BMP4 plays an important role in regulating glucose metabolism although the effect of 
BMP4 on glucose metabolic reprogramming of HCC is poorly understood. In this study, we found that BMP4 was 
highly expressed in HCC tumor tissues, as well as HCC cell lines that were tolerant to hypoxia and hypoglycemia. 
Mechanistically, we demonstrated that BMP4 protected HCC cells from hypoxia and hypoglycemia by promoting gly-
colysis since BMP4 up-regulated glucose uptake, the lactic acid production, the ATP level, and the activities of rate 
limiting enzymes of glycolysis (including HK2, PFK and PK). Furthermore, we demonstrated that BMP4 up-regulated 
HK2, PFKFB3 and PKM2 through the canonical Smad signal pathway as SMAD5 directly bound to the promoter of 
PKM. Collectively, our findings shown that BMP4 may play an important role in regulating glycolysis of HCC cells 
under hypoxia and hypoglycemia condition, indicating that novel therapeutics may be developed to target BMP4-
regulated glucose metabolic reprogramming in HCC.
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Introduction

HCC is one of the leading causes of cancer 
death worldwide, and its incidence has been 
increasing in the last decade although its 
molecular pathogenesis remains to be fully 
understood [1]. Since the liver is an important 
organ of human in regulating glucose homeo-
stasis and lipid metabolism, the changes of 
energy metabolism in liver cancer cells cannot 
been ignored [2, 3]. One of the best character-
ized metabolic phenotypes observed in tumor 

cells is the phenomenon termed “the Warburg 
effect” [2, 4, 5]. In contrast to normal cells, 
which mainly rely on mitochondrial oxidative 
phosphorylation to generate the energy, most 
cancer cells instead rely on aerobic glycolysis 
needed for cellular processes [2, 5, 6]. Rapidly 
growing tumors invariably contain hypoxic 
regions. Adaptive response to hypoxia through 
angiogenesis, enhanced glucose metabolism 
and diminished but optimized mitochondrial 
respiration provides survival and growth advan-
tage to hypoxic tumor cells [7]. This abnormal 
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glycolysis of tumor cells is thus usually accom-
panied with increased glucose uptake and lac-
tic acid production, which is conducive to the 
occurrence and development of tumor [7].

Bone morphogenetic proteins (BMPs) belong to 
the transforming growth factor β (TGF-β) super-
family, and play important roles in regulating 
embryonic development, stem cell differentia-
tion, and adult tissue homeostasis [8-13]. 
There are at least 14 types of BMPs in rodents 
and humans. BMP4 is highly expressed in the 
liver and plays multiple roles in the prolifera-
tion, invasion, migration and differentiation of 
HCC [14-17]. BMP4 preferentially binds to cyto-
plasm membrane receptor BMPR-II (type-II 
receptors), ALK-3 and/or ALK-6 (type-I recep-
tors), and activates receptor-regulated Smads 
(R-Smads) Smad1, 5 and 8 located in the cyto-
plasm through phosphorylation activated by 
type-I receptors. The phosphorylated R-Smads 
interact with common-partner Smad (co-Smad) 
Smad4 to form Smad complex, which is then 
translocated into the nucleus to interact with 
specific transcription factors and regulate the 
expression of target genes [9, 10, 18]. Inhibitor 
Smad6 preferentially inhibits Smad signaling 
initiated by ALK-3 and ALK-6, whereas inhibitor 
Smad7 inhibits both TGF-β and Smad signaling 
[19]. It was shown that BMP4, among the 14 
types of BMPs, played an important role in reg-
ulating glucose metabolism, and BMP4-
BMPR1A signaling in β cells was required for 
and augmented glucose-stimulated insulin 
secretion [20]. It was reported that inhibition of 
BMP4 restored endothelial function in db/db 
diabetic mice [21]. Nonetheless, the direct 
impact of BMP4 on glucose metabolic repro-
gramming in HCC remains poorly understood. 

In this study, we sought to investigate the 
effects and mechanism of BMP4 on HCC cell 
survival in the microenvironment of hypoxia 
and hypoglycemia from the view of glycolysis. 
We found that BMP4 was highly expressed in 
HCC tumor tissues, as well as HCC cell lines 
that were tolerant to hypoxia and hypoglycemia. 
Mechanistically, we demonstrated that BMP4 
protected HCC cells from hypoxia and hypogly-
cemia by promoting glycolysis through a direct 
regulation of the rate limiting enzymes of gly-
colysis via the canonical Smad signal pathway. 
Thus, our findings strongly suggest that BMP4 
may play an essential role in regulating glycoly-

sis of HCC cells under hypoxia and hypoglyce-
mia condition, indicating that novel therapeu-
tics may be developed to target BMP4-regulated 
glucose metabolic reprogramming in HCC.

Materials and methods 

The use of human/clinical samples

In this study, we isolated primary human hepa-
tocytes from the surgically resected liver tis-
sues from pediatric patients suffering from 
cholangiectasis, operated at the Children’s 
Hospital Affiliated to Chongqing Medical Uni- 
versity. Furthermore, 40 cases of achieved  
HCC tissue blocks from the Department of 
Pathology of Chongqing Medical University 
were selected for immunohistochemical (IHC) 
analysis. The use of the clinical samples  
was approved by the Research Ethics and 
Regulations Committee of Chongqing Medical 
University, Chongqing, China.

Cell culture and chemicals

293pTP and RAPA cells were previously 
described [22, 23]. Human HCC lines Hu7 and 
MHCC97H cells were provided by the Ministry 
of Education Key Laboratory of Diagnostic 
Medicine of Chongqing Medical University. 
Human primary hepatocytes (HPH) cells were 
isolated from the human liver tissues which 
surgically resected from the children with chol-
angiectasis. All cells were maintained in high 
glucose DMEM supplemented with 10% FBS 
(Lonsa Science SRL), 100 units of penicillin and 
100 µg of streptomycin at 37°C in 5% CO2. 

For the hypoxia and hypoglycemia culture con-
ditions, cells were maintained in low glucose 
DMEM and hypoxia was chemically induced by 
cobalt chloride (100 μM CoCl2) as described 
[24, 25]. All chemicals were purchased from 
Sigma-Aldrich (St Louis, MO, USA), Thermo 
Fisher Scientific (Waltham, MA, USA), or 
Solarbio (Beijing, China).

H&E and Immunohistochemical (IHC) staining

The paraffin sections of liver tumor tissue (T) 
and adjacent liver non-tumor tissue (ALNT) 
samples from 40 HCC patients were obtained 
from the Department of Pathology of Chongqing 
Medical University. H&E and IHC staining  
were conducted following the procedure as 



BMP4 protects HCC cells by glucose metabolic reprogramming

795	 Am J Cancer Res 2021;11(3):793-811

described [26-28]. The antibodies against 
BMP4 (1:200 dilution; Proteintech; Cat# 12492-
1-AP), HK2 (1:200 dilution; Proteintech; Cat# 
22029-1-AP), PFKFB3 (1:50 dilution; Bimake; 
Cat# A5593), PKM2 (1:50 dilution; Bimake; 
Cat# A5356), SMAD5 (1:50 dilution; Bimake; 
Cat# A5511) and p-SMAD5 phospho S463 + 
S465 (1:200 dilution; Abcam; Cat# ab92698). 
Control rabbit IgG (1:200; cat. no. 011-000-
003; Jackson Immuno Research Laboratories, 
Inc.). The scoring standard and criteria of HCC 
tissue and adjacent liver non-tumor tissue sam-
ples for anti-BMP4 IHC were shown in Table S1 
[29].

Construction and amplification of recombinant 
adenoviruses

Recombinant adenoviruses were generated by 
using the AdEasy technology [30]. The Ad-B4 
that overexpresses human BMP4 was generat-
ed as described in previous studies [31, 32]. 
Ad-siB4 that silence human Bmp4 was gener-
ated as described [33-37]. Three siRNA sites 
targeting human BMP4 were shown in Table S2. 
Adenoviral vector expresses RFP (Ad-RFP) or 
GFP (Ad-GFP) was used as a control [38, 39]. 

Crystal violet cell viability assay

Crystal violet staining assay was conducted as 
described [40, 41]. Briefly, cells were seeded 
into a 24-well plate at the density of 3×104/well 
and treated by different conditions. At the indi-
cated time points, the cells were stained with 
0.5% crystal violet/formalin solution. For quan-
titative measurement, the stained cells were 
dissolved in 10% acetic acid, followed by mea-
suring absorbance at 592 nm.

WST-1 cell proliferation assay

WST-1 assay was conducted as described [40, 
41]. Briefly, cells were seeded into a 96-well 
plate at the density of 2000/well and treated 
by different conditions. At the indicated time 
points, the Premixed WST-1 Reagent (Clontech, 
Mountain View, CA) was added and incubated 
at 37°C for 120 min, followed by measuring 
absorbance at 450 nm. 

Flow cytometry analysis of cell apoptosis 

1×106 cells were treated with different condi-
tions for 48 h and collected in 500 µl PBS.  

The collected cells were subjected to Annexin 
V-FITC and propidium iodide (PI) staining, or 
Annexin APC-A and DAPI staining. Followed by 
the cell flow screening and the apoptosis rates 
were calculated.

Biochemical index test of cells and tissues

The biochemical index were tested by using the 
Glucose Assay Kit (No. F006-1-1, Nanjing 
Jiancheng Bioengineering Institute), the Lactic 
Acid assay kit (No. A019-2-1, Nanjing Jiancheng 
Bioengineering Institute), the ATP assay kit (No. 
A095-1-1, Nanjing Jiancheng Bioengineering 
Institute), the Hexokinase (HK) Assay Kit (No.
BC0745, Solarbio), the Pyruvatekinase (PK) 
Assay Kit (No. BC0545, Solarbio) and the 
Phosphofructokinase (PFK) Assay Kit (No. 
BC0535, Solarbio).

Total RNA isolation and touchdown-quantita-
tive real-time PCR (TqPCR) analysis

Total RNA was isolated by using the TRIZOL 
Reagent (Invitrogen, China) and subjected to 
reverse transcription into the cDNA products by 
using hexamer and M-MuLV reverse transcrip-
tase (New England Biolabs, Ipswich, MA). 
TqPCR was carried out by using 2x SYBR Green 
qPCR Master Mix (Bimake, Shanghai, China) on 
the CFX-Connect unit (Bio-Rad Laboratories, 
Hercules, CA) as described [42]. TqPCR primers 
were shown in Table S3. 

Western blotting analysis

Western blotting assay was carried out as pre-
viously described [39]. The primary antibodies 
against β-ACTIN (1:5000-1:20000 dilution; 
Proteintech; Cat# 60008-1-Ig), BMP4 (1:1000 
dilution; Proteintech; Cat# 12492-1-AP), HK2 
(1:2000 dilution; Proteintech; Cat# 22029-1-
AP), PFKFB3 (1:1000 dilution; Bimake; Cat# 
A5593), PKM2 (1:1000 dilution; Bimake; Cat# 
A5356), SMAD5 (1:1000 dilution; Bimake; Cat# 
A5511), and p-SMAD5 (phospho S463 + S465; 
1:1000 dilution; Abcam; Cat# ab92698), the 
secondary antibodies (1:5000 dilution; ZSGB-
BIG; Peroxidase-Conjugated Rabbit anti-Goat 
IgG or Peroxidase-Conjugated Goat anti-Mouse 
IgG, Cat# ZB-2306 or 2305). Immune-reactive 
signals were visualized with the Enhanced 
Chemiluminescence (ECL) kit (Millipore, USA) 
and recorded by using the Bio-Rad ChemiDoc 
Imager (Hercules, CA). The blots were cropped 
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and all original, full-length blot images were 
shown in Figure S3.

Chromatin immunoprecipitation (ChIP) assay

Consensus Smad1/Smad5 binding sites were 
previously characterized [43, 44]. Numerous 
putative binding sites for Smad1/Smad5 were 
found in the promoter regions (e.g., within 
2,000 bp upstream of exon 1) of human HK2, 
PFKM and PKM genes. ChIP assay was con-
ducted to verify these potential binding sites as 
previously described [45]. Briefly, Hu7 cells 
were infected with Ad-B4 for 30 h, then cross-
linked and subjected to ChIP analysis. Antibody 
for SMAD5 (1:20 dilution; Bimake; Cat# A5511) 
was used to pull down the protein-DNA com-
plex. The goat IgG was used as a negative con-
trol. The presence of HK2, PFKM and PKM  
promoter fragments were detected with semi-
quantitative PCR using multiple pairs of PCR 
primers, as listed in Table S4.

Subcutaneous and intrahepatic hepatoma cell 
implantation in athymic nude mice

The use and care of experimental animals  
was approved by the Research Ethics and 
Regulations Committee of Chongqing Medical 
University. All experimental procedures fol-
lowed the approved guidelines. The cell implan-
tation experiments were carried out as previ-
ously described [39, 46]. Briefly, cells were 
treated with Ad-B4, Ad-siB4, Ad-GFP or Ad-RFP 
for 36 h, followed been injected into the flanks 
of athymic nude mice (5-week old, male, 5×106 
cells/injection, 4 injections/mouse, 5 mice/
group). At 14 days after injection, mice were 
sacrificed, the intrahepatic tumor masses were 
retrieved for biochemical indexes detection 
and IHC staining. Lung metastases nodules 
were retrieved for IHC staining.

Statistical analysis

All experiments were performed at least  
three times and/or repeated three batches  
of independent experiments. Data were ana-
lyzed using GraphPad Prism 7 and presented 
as the mean ± standard deviations (SD). 
Statistical significance was determined by one-
way analysis of variance and the student’s t 
test for the comparisons between groups. A 
value of P < 0.05 was considered statistically 
significant.

Results

BMP4 is highly expressed in HCC and hepato-
ma cells tolerant to hypoxia and hypoglycemia

We first determined the expression of BMP4  
in human HCC. By taking advantage of the  
GEO database (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE14520), we found 
that the expression of BMP4 was markedly 
higher in HCC tumor tissues (T), compared with 
that in the adjacent liver non-tumor tissue 
(ALNT) (Figure 1A). We further evaluated the 
protein level of BMP4 in the HCC tumor (T) and 
ALNT regions in 40 HCC samples by IHC analy-
sis, and found that the immunostaining for 
BMP4 was stronger and wider in the tumor 
regions than that in the ALNT regions (Figure 
1B). As highly metastatic human HCC cell lines, 
Hu7 and MHCC97H cells have been shown to 
actively proliferate under the microenvironment 
of hypoxia and hypoglycemia [47, 48]. We found 
that the expression of BMP4 was higher in Hu7 
and MHCC97H cells than that in human prima-
ry hepatocyte (HPH) cells by Western blotting 
analysis (Figure 1C). 

We also determined the optimal concentration 
of CoCl2 for the chemical induction of hypoxia. 
As shown in Figure S1A, low glucose DMEM and 
100 μM CoCl2 were optimal for simulating the 
hypoxia and hypoglycemia environment in cell 
culture. Using this culture condition, we validat-
ed the higher survival rate and proliferation 
rate of Hu7 and MHCC97H cells under hypoxia 
and hypoglycemia condition, compared with 
that in HPH cells by crystal violet cell viability 
assay (Figure 1D) and WST-1 cell proliferation 
assay (Figure 1E). Furthermore, much lower 
cell late apoptosis rates were found in Hu7 and 
MHCC97H cells, compared with that in HPH 
cells by flow cytometry analysis (Figure 1F). 
These results are supportive of the cell survival 
advantage of Hu7 and MHCC97H cells in hypox-
ia and hypoglycemia environment.

BMP4 protects HCC cells from hypoxia and 
hypoglycemia by promoting proliferation and 
inhibiting apoptosis

We engineered the recombinant adenoviruses 
Ad-B4 and Ad-siB4 to overexpress and silence 
BMP4 respectively. The level of BMP4 overex-
pression or silencing efficiency of BMP4 expres-
sion was firmly validated in Hu7 and MHCC97H 
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Figure 1. BMP4 is highly expressed in HCC tumor samples and HCC cells. A. BMP4 mRNA expression levels in 225 liver tumor tissues (T) and 220 adjacent liver 
non-tumor tissue (ALNT) in 225 surgical liver tumor cases (Data from GEO GSE14520). B. Paired HCC tumor samples (T) and ALNT samples from 40 patients were 
evaluated by H & E and IHC (BMP4) under a bright field microscope. Positive stainings were indicated by arrows. The scores of IHC were judged by degree or/and 
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range of positive staining. “**” P < 0.01, “*” P < 0.05, “T” group vs. “ALNT” group. C. Levels of BMP4 protein expres-
sion in the Hu7, MHCC97H and HPH cells were assessed by Western blotting. The cropped blots were shown and Im-
age Lab was used to quantitatively determine the densitometry of original blots. Relative gray scale was calculated 
by dividing the relative gray values (i.e., BMP4/β-ACTIN). D. Crystal violet staining. HPH, Hu7 and MHCC97H cells 
were cultured with low glucose (LG) DMED + 100 μM CoCl2, while the culture condition of high glucose (HG) DMED 
+ equal volume PBS was set as a control. Crystal violet cell viability assay and quantitative analysis of crystal violet 
staining were conducted at 24 h, 48 h and 72 h. “**” P < 0.01, “*” P < 0.05, LG + 100 μM CoCl2 cultured group vs. 
HG + PBS cultured group. E. WST-1 assay. HPH, Hu7 and MHCC97H cells were cultured with LG DMED + 100 μM 
CoCl2, while the culture condition of HG DMED + equal volume PBS was set as a control. WST-1 was performed at 
0 h, 24 h and 48 h. “**” P < 0.01, “*” P < 0.05, LG + 100 μM CoCl2 cultured group vs. HG + PBS cultured group. 
F. Flow cytometry analysis. HPH, Hu7 and MHCC97H cells were cultured with LG DMED + 100 μM CoCl2, while the 
culture condition of HG DMED + equal volume PBS was set as a control. Flow cytometry of cell apoptosis was tested 
and the ratio of late apoptotic cells (%) was calculated at 48 h. “**” P < 0.01, “*” P < 0.05, LG + 100 μM CoCl2 
cultured group vs. HG + PBS cultured group.

cells (Figure S1B and S1C). When Hu7 and 
MHCC97H cells were cultured under hypoxia 
and hypoglycemia, and treated with Ad-B4 and 
Ad-siB4, respectively, crystal violet cell viability 
assay (Figure 2A) and WST-1 cell proliferation 
assay (Figure 2B) indicated that BMP4 promot-
ed cell proliferation for both Hu7 and MHCC97H 
cells. Flow cytometry analysis revealed that 
BMP4 reduced cell late apoptosis rate of Hu7 
and MHCC97H cells (Figure 2C). Thus, these 
results indicated that BMP4 could protect Hu7 
and MHCC97H cells under hypoxia and hypo-
glycemia conditions. 

BMP4 promotes glycolysis of HCC cells under 
hypoxia and hypoglycemia 

We next investigated the effect of BMP4 on gly-
colysis in HCC cells under hypoxia and hypogly-
cemia. Hu7 and MHCC97H cells were infected 
with Ad-B4 and Ad-siB4 respectively, under 
hypoxia and hypoglycemia. We found BMP4 
promoted the glucose uptake (Figure 3A), LA 
(lactic acid) production (Figure 3B) and ATP 
level (Figure 3C) in the Hu7 and MHCC97H cells 
under hypoxia and hypoglycemia. We further 
tested the activities of rate limiting enzymes of 
glycolysis, and found that BMP4 also increased 
the activities of HK (Figure 3D), PFK (Figure 3E) 
and PK (Figure 3F). In sum, these results 
strongly suggest that BMP4 may promote gly-
colysis in Hu7 and MHCC97H cells to accom-
modate the demand of cellular energy con-
sumption under hypoxia and hypoglycemia.

BMP4 up-regulates the expression of HK2, 
PFKFB3 and PKM2 through activating Smad 
signal pathway in HCC cells under hypoxia and 
hypoglycemia

To understand the possible mechanism under-
lying BMP4-regulated glycolysis, we first con-

firmed that the expression of HK2, PFKFB3 and 
PKM2 were much higher in the HCC tumor 
regions than that in the ALNT regions (Figure 
S1D). Then we found that BMP4 up-regulated 
the expression of HK2, PFK and PKM both at 
36 h and 72 h in Hu7 and MHCC97H cells under 
hypoxia and hypoglycemia by using qPCR analy-
sis (Figure 4A). Western blotting also shown 
that BMP4 up-regulated the protein levels of 
HK2, PFK and PKM in Hu7 and MHCC97H cells 
(Figure 4B). 

Conversely, we found that the BMP type I  
receptor inhibitor LDN193189 effectively 
blocked the BMP4-induced increase of glucose 
uptake (Figure 5A), LA (lactic acid) production 
(Figure 5B), ATP level (Figure 5C), activity of  
HK (Figure 5D), activity of PFK (Figure 5E)  
and activity of PK (Figure 5F) in Hu7 and 
MHCC97H cells under hypoxia and hypoglyce-
mia. We found BMP4 up-regulated the expres-
sion of Smad1/5/8 and Smad6/7 in Hu7 and 
MHCC97H cells under hypoxia and hypoglyce-
mia (Figure 5G). These results demonstrated 
that BMP4 induced the expression of HK2, 
PFKFB3 and PKM2 through activating Smad 
signal pathway in HCC cells under hypoxia and 
hypoglycemia.

SMAD5 directly binds to the promoter of PKM 
in HCC cells under hypoxia and hypoglycemia

As SMAD1/5/8 function as important down-
stream transcription factors of BMP4 and regu-
late the expression of downstream genes, we 
demonstrated that BMP4 up-regulated the pro-
tein level and phosphorylation level of SMAD5 
in the Hu7 and MHCC97H cells under hypoxia 
and hypoglycemia (Figure 5H). We performed 
ChIP analysis to determine whether Smad1/5 
directly bound to the promoters of the rate-lim-
iting glycolysis enzymes. Based on the reported 
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Figure 2. BMP4 promotes proliferation and inhibits apoptosis of HCC cells under hypoxia and hypoglycemia. A. Hu7 
and MHCC97H cells were infected with Ad-B4, Ad-GFP, Ad-siB4 and Ad-RFP respectively, and cultured with low glu-
cose (LG) DMED + 100 μM CoCl2, crystal violet cell viability assay and quantitative analysis of crystal violet staining 
were carried out at 24 h, 48 h and 72 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, 
“#” P < 0.05, Ad-siB4 group vs. Ad-RFP group. B. Hu7 and MHCC97H cells were infected with Ad-B4, Ad-GFP, Ad-siB4 
and Ad-RFP respectively, and cultured with low glucose (LG) DMED + 100 μM CoCl2, WST-1 assay was done to at 
0 h, 24 h, 48 h, and 72 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, “#” P < 0.05, 
Ad-siB4 group vs. Ad-RFP group. C. Hu7 and MHCC97H cells were infected with Ad-B4, Ad-GFP, Ad-siB4 and Ad-RFP 
respectively, and cultured with low glucose (LG) DMED + 100 μM CoCl2, flow cytometry analysis was conducted, and 
the ratio of late apoptotic cells (%) was calculated at 48 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP 
group, “#” P < 0.05, Ad-siB4 group vs. Ad-RFP group. 

consensus SMAD1/5 binding sites, we identi-
fied numerous putative binding sites in the 2kb 
promoter regions of HK2, PFKM and PKM. ChIP 
assay results shown that SMAD5 directly bound 
to the promoter region of PKM in the Hu7 cells 
under hypoxia and hypoglycemia (Figure 5I) 
although further in-depth analyses of SMAD 
binding ability to these genes’ promoter regions, 
including ChIP-seq and reporter assays, are 
warranted.

BMP4 promotes glycolysis of HCC cells in vivo

To further validate the impact of BMP4 on glu-
cose metabolic reprogramming in HCC cells, 
Hu7 and MHCC97H cells infected with Ad-B4 or 
Ad-siB4 were injected intrahepatically and sub-
cutaneous into athymic nude mice. And we 
found that in the freshly retrieved tumor sam-
ples BMP4 was shown to promote the glucose 
uptake (Figure 6A), LA (lactic acid) production 
(Figure 6B), ATP level (Figure 6C), HK activity 
(Figure 6D), PFK activity (Figure 6E) and the PK 
activity (Figure 6F). The retrieved tumor sam-
ples were subjected to IHC staining, and the 
expression of HK2, PFKFB3, PKM2, SMAD5 
and p-SMAD5 were significantly up-regulated 
by BMP4, compared with that in the Ad-GFP 
control groups or the Ad-siB4 groups (Figure 
6G). Furthermore, we found that the expression 
of PFKFB3, PKM2 in mouse lung Hu7 cells’ 
metastases, and the expression of HK2, PKM2 
in mouse lung MHCC97H cells’ metastases 
were both increased by BMP4 (Figure S2).

Discussion

The mainly metabolic alternations in HCC 
include gluconeogenesis, elevated glycolysis, 
β-oxidation, and reduced of tricarboxylic acid 
cycle and Δ-12 desaturase by using a non-tar-
geted metabolic profiling strategy [49]. Under 
aerobic condition, most normal cells metabo-
lize glucose to carbon dioxide mainly through 

glycolysis and pyruvate oxidation in the mito-
chondrial tricarboxylic acid (TCA) cycle. This 
reaction produces NADH, which promotes oxi-
dative phosphorylation to maximize ATP pro-
duction and minimize lactic acid production. In 
contrast, most cancer cells produce large 
amounts of lactate regardless of the availability 
of oxygen, referred to as “aerobic glycolysis”. 
Thanks to the aerobic glycolysis of tumor cells, 
most tumor cells are relatively more tolerant to 
hypoxia and low glucose microenvironment [2, 
50]. In this study, we confirmed that the two 
aggressive HCC lines Hu7 and MHCC97H were 
tolerant to hypoxia and hypoglycemia. 

Recent studies shown that BMP4 was highly 
expressed in liver among BMPs and play multi-
ple effects on HCC. BMP4 enhanced HCC prolif-
eration by promoting cell cycle via ID2/CDKN1B 
signaling, promoted metastasis of HCC by 
inducing EMT through up regulating ID2, pro-
vided cancer-supportive phenotypes to liver 
fibroblasts in patients with HCC, and increase 
proliferation and migration of HCC by active 
MEK/ERK signaling pathway [46, 51-53]. 
However, BMP4 also induced differentiation of 
CD133+ hepatic cancer stem cells, blocked 
their contributions to HCC [54]. Here, we found 
BMP4 is highly expressed in HCC samples and 
the Hu7 and MHCC97H cells, and protects HCC 
cells from hypoxia and hypoglycemia by pro-
motes proliferation and inhibits apoptosis. On 
the other hand, BMP4 plays an important role 
in the regulation of glucose metabolism. BMP4-
BMPR1A signaling pathway in β cells is a nec-
essary condition for regulating insulin secretion 
[20]. 

BMP4 can mediated brown fat-like changes 
into white adipose tissue to change the homeo-
stasis of glucose and energy [55]. Nonetheless, 
the potential impact of BMP4 on glucose meta-
bolic reprogramming HCC cells remains to be 
fully understood.
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Figure 3. BMP4 promotes glycolysis of HCC cells under hypoxia and hypoglycemia. Hu7 and MHCC97H cells were infected with Ad-B4, Ad-GFP, Ad-siB4 and Ad-RFP, 
respectively, and cultured with low glucose (LG) DMED + 100 μM CoCl2. The glucose uptake (A), LA (lactic acid) production (B), ATP level (C), activity of HK (D), activ-
ity of PFK (E) and activity of PK (F) were assessed at 48 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, “#” P < 0.05, Ad-siB4 group vs. 
Ad-RFP group.
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Figure 4. BMP4 up-regulates the expression of glycolysis rate limiting enzymes in HCC cells under hypoxia and hypoglycemia. Hu7 and MHCC97H cells were infected 
with Ad-B4, Ad-GFP, Ad-siB4 and Ad-RFP, respectively, and cultured with low glucose (LG) DMED + 100 μM CoCl2. A. TqPCR analysis was carried out to detect the 
expression of glycolysis rate limiting enzymes at 36 h and 72 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, “#” P < 0.05, Ad-siB4 
group vs. Ad-RFP group. B. Western blotting was used to assess the expression of HK2, PFKFB3 and PKM2 at 72 h. The cropped blots were shown and Image Lab 
was used to quantitatively determine the densitometry of original blots. Relative gray scale was calculated by dividing the relative gray values (i.e., HK2/ β-ACTIN) in 
“**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “#” P < 0.05, Ad-siB4 group vs. Ad-RFP group. 
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Figure 5. BMP4 up-regulates the expression of HK2, PFKFB3 and PKM2 through activating canonical BMP/SMAD signal pathway, and SMAD5 can directly bind to 
the promoter of PKM under hypoxia and hypoglycemia. Hu7 and MHCC97H cells were infected with Ad-B4 and LDN193189 under hypoxia and hypoglycemia. The 
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glucose uptake (A), LA (lactic acid) production (B), ATP level (C), activity of HK (D), activity of PFK (E) and activity of PK (F) were measured at 48 h. “**” P < 0.01, “*” 
P < 0.05, LDN193189 group vs. DMSO group. (G) Hu7 and MHCC97H cells were infected with Ad-B4 and Ad-siB4 under hypoxia and hypoglycemia, TqPCR analysis 
was carried out to detect the expression of SMAD1, 5, 6, 7, 8 at 36 h and 72 h. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, “#” P 
< 0.05, Ad-siB4 group vs. Ad-RFP group. (H) Western blotting was used to detect the protein and phosphorylation level of SMAD5. The cropped blots were shown 
and Image Lab was used to quantitatively determine the densitometry of original blots. Relative gray scale was calculated by dividing the relative gray values (i.e., 
SMAD5/β-ACTIN) in “*” P < 0.05, Ad-B4 group vs. Ad-GFP group. “##” P < 0.01, Ad-siB4 group vs. Ad-RFP group. (I) For ChIP assay of Smad5, three pairs of PCR 
primers were designed to check the possible binding sites in the promoters of HK2, PFKM and PKM after Ad-B4 infection for 30 h in Hu7 cells with low glucose (LG) 
DMED + 100 μM CoCl2.
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Figure 6. BMP4 promotes glycolysis of HCC cells in vivo. Hu7 and MHCC97H cells were infected with Ad-B4 and Ad-siB4, then injected intra-hepatically subcutane-
ously and into nude mice. The mice were sacrificed after 14 days. The retrieved tumor samples were subjected to assess the glucose content (A), LA (lactic acid) 
production (B), ATP level (C), activity of HK (D), activity of PFK (E) and activity of PK (F). “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP group, “##” P < 0.01, “#” 
P < 0.05, Ad-siB4 group vs. Ad-RFP group. (G) The retrieved tumor samples were subjected to IHC staining to assess the expression of HK2, PFKFB3, PKM2, SMAD5 
and p-SMAD5. Results were observed under a bright field microscope (×400), and positive staining were indicated by arrows. Representative results were shown.
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It is rather challenging to understand the pre-
cise mechanisms through which tumors adapt 
to hypoxia and hypoglycemia microenviron-
ment. The structure and function of tumor vas-
cular system are abnormal. In addition, the 
internal changes of tumor cell metabolism 
cause the creates spatial and temporal hetero-
geneity of oxygenation, pH value, glucose and 
many other metabolites [56]. In the process of 
tumorigenesis, the loss of tumor suppressor 
may lead to cell over metabolism and redox 
imbalance. It has been reported that NADPH is 
produced during the conversion of isocitric acid 
to α- ketoglutarate (αKG) catalyzed by isocitrate 
dehydrogenase 1 (IDH1) and IDH2, and muta-
tions in IDH1 and IDH2 are associated with 
tumorigenesis [57]. P53 can promote oxidative 
stress and induce apoptosis. Retinoblastoma 
(rb) normally participates in the antioxidant 
response. Myc not only promotes proliferation, 
but also promotes the production of accompa-
nying macromolecules and antioxidants need-
ed for growth and during the process of tumori-
genesis. Loss of PTEN and overexpression of 
AKT1 resulted in FOXO inactivation and 
increased oxidative stress [58]. HIF1 amplifica-
tion encodes gene transcription of glucose 
transporters and most glycolytic enzymes, 
increasing the ability of cells to carry out gly-
colysis. Loss of tumor suppressors may cause 
cells to become overloaded with the products 
of aberrant metabolism and redox imbalance 
[59-61]. In addition, mutations in oncogenes 
and tumor suppressor genes result in changes 
in many intracellular signaling pathways includ-
ing PI3K pathway [62]. 

In our study, we found BMP4 promoted glycoly-
sis of HCC cells under hypoxia and hypoglyce-
mia, including increased the glucose uptake, 
lactic acid production and ATP level. The rate 
limiting enzymes of glycolysis play important 
role in liver cancer. HK2 mRNA expression was 
significantly higher in metastatic liver cancers 
[63]. HK2 is essential for glycolysis of HCC and 
HK2 depletion induces oxidative phosphoryla-
tion in [64]. Inhibited the expression of HK2 can 
reduce aerobic glycolysis and tumor growth in 
HCC [65]. Overexpression of PKM2 in tumor tis-
sues is associated with poor prognosis in 
patients with HCC [66]. Inhibited the activity of 
PFK induced the apoptosis of HCC [67]. We fur-
ther found BMP4 also increased the activities 
and expression of HK, PFK and PKM in Hu7 and 

HMCC97H cells under hypoxia and hypo- 
glycemia.

BMP4 functions through binding to the recep-
tors BMPR-II, ALK-3 and/or ALK-6, and acti-
vates Smad1, 5, 8 that interact with Smad4. 
The Smad complex is translocated into the 
nucleus, and interact with transcription factors 
to regulate the expression of downstream 
genes [68, 69]. We found that BMP type I recep-
tor inhibitor LDN193189 effectively blocked 
the effect of BMP4 on glycolysis and up-regu-
lated expression of Smad1/5/8. ChIP assay 
results showed that SMAD5 directly bound to 
the promoter region of PKM in HCC cells. 

In sum, we demonstrated that BMP4 protected 
HCC cells from hypoxia and hypoglycemia by 
promoting glycolysis through a direct regulation 
of the rate limiting enzymes of glycolysis via the 
canonical Smad signal pathway. Our findings 
suggest that BMP4 may play an important role 
in regulating glycolysis of HCC cells under 
hypoxia and hypoglycemia condition, indicating 
that novel therapeutics may be developed to 
target BMP4-regulated glucose metabolic 
reprogramming in HCC. 
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Table S1. BMP4 IHC score criteria and outcomes
Degree BMP4 Score
Blue Negative 0
Light yellow Weakly positive 1
Brownish yellow Moderately positive 2
Dark brown Strongly positive 3
Range BMP4 Score
< 5% positive cells Negative 0
< 25% positive cells Weakly positive 1
< 50% positive cells Moderately positive 2
> 75% positive cells Strongly positive 3
BMP4 IHC score HCC Paracancer
Specimen number Degree Range Degree+Range Degree Range Degree+Range
No.1 3 2 5 0 0 0
No.2 0 0 0 2 2 4
No.3 3 2 5 1 2 3
No.4 0 0 0 0 0 0
No.5 1 2 3 0 0 0
No.6 3 3 6 1 1 2
No.7 2 1 3 0 0 0
No.8 2 1 3 0 0 0
No.9 3 3 6 2 1 3
No.10 3 2 5 2 1 3
No.11 1 2 3 3 3 6
No.12 1 3 4 3 3 6
No.13 1 2 3 1 1 2
No.14 3 1 4 0 0 0
No.15 3 2 5 1 1 2
No.16 1 1 2 1 1 2
No.17 3 2 5 1 1 2
No.18 1 1 2 2 2 4
No.19 3 2 5 1 1 2
No.20 2 2 4 1 1 2
No.21 1 2 3 3 1 4
No.22 1 1 2 1 1 2
No.23 1 1 2 3 2 5
No.24 1 2 3 2 2 4
No.25 3 2 5 3 2 5
No.26 3 3 6 1 2 3
No.27 2 3 5 1 3 4
No.28 2 3 5 1 3 4
No.29 1 2 3 3 2 5
No.30 1 3 4 0 0 0
No.31 1 2 3 0 0 0
No.32 1 1 2 0 0 0
No.33 2 1 3 0 0 0
No.34 1 2 3 0 0 0
No.35 1 2 3 1 1 2
No.36 3 2 5 0 0 0
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Table S2. List of siRNA oligos
Gene siRNA sequence Accession No.
Human BMP4 siRNA-1 TTATTCTTCTTCCTGGCCC NM_001202.6
Human BMP4 siRNA-2 TTCTCCAGATGTTCTTCGT
Human BMP4 siRNA-3 ATACTCAAGACCAGTGCTG

No.37 1 3 4 0 0 0
No.38 1 3 4 0 0 0
No.39 3 3 6 0 0 0
No.40 1 1 2 3 1 4
The standard of Anti-BMP4 IHC score.

Table S3. List of TqPCR primers
Gene Forward primer Reverse primer Accession No.
human Gapdh ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC NM_008084
human Hk4 CGTCATCAACCGCATGCG GGCATGGAACCGCTCCTT NM_000162.5
human Hk2 CGAGGCCGCATCTCAGAG TGTTGCAGGATGGCTCGG NM_000189.5
human Pfkl TAACTGTGCTGGGCCACG AGCCGCACTGACTGGTTC NM_001002021.3
human Pfkm TTGGGGCATGTGCAGAGG CGCACAGCCTGGTTACCA NM_000289.6
human Pkl/r TTGCTGTCACCCGCTCTG AACACGGAGGAAGCCACG NM_000298.6
human Pkm1/2 TGCAACCGAGCTGGGAAG CCAGGACTGCATTGGCCA NM_001206796.3
human Smad1 TGTGTCACCATTCCCCGC GGCTCTGAAGATCGGGCC NM_001003688.1
human Smad5 AGCAGCTGCAGCCTCAAA CCAACATGGGGTGCTGGT NM_001001419.3
human Smad8 CCTGTGCTCGTGCCAAGA CACGGAGGCTGCTGGAAA NM_001127217.3
human Smad6 GGAGCTGAAGCCCCTGTG AGGGAGGTGGCGGAGATT NM_005585.5 
human Smad7 CGAGAGTGGGGAGGCTCT CAGCCGATTTTGCTCCGC NM_001190821.1
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Figure S1. A. The determination of the optimal concentration of CoCl2 
for chemically induced hypoxia. 100 μM, 1 mM and 10 mM CoCl2 
were used to treat the Hu7 and MHCC97H cells for 72 h, and the cel-
lular morphology was been observed under a bright field microscope 
(×100). B. The use of Ad-B4 and Ad-siB4 to infect Hu7 and MHCC97H 
cells. The Hu7 and MHCC97H cells were infected with Ad-B4, Ad-siB4, 
Ad-GFP or Ad-RFP. The fluorescence was observed under a fluores-
cence microscope at 48 h after infection (×100). C. Verification of 
the efficiency of Ad-B4 or Ad-siB4 in the Hu7 and MHCC97H cells. 
The Hu7 and MHCC97H cells were infected with Ad-B4, Ad-siB4, Ad-
GFP or Ad-RFP for 48 h and TqPCR was used to analysis the expres-
sion of Bmp4. “**” P < 0.01, “*” P < 0.05, Ad-B4 group vs. Ad-GFP 
group, Ad-siB4 group vs. Ad-RFP group. D. The elevated expression 
of HK2, PFKFB3 and PKM2 in HCC tumor tissues. Paired liver tumor 
tissue (T) and adjacent liver non-tumor tissue (ALNT) samples from 
BMP4 high expression patients were evaluated by IHC staining. The 
expression of HK2, PFKFB3 and PKM2 was observed under a bright 
field microscope (×400). Positive stainings were indicated by arrows. 
Representative results were shown.
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Figure S2. The elevated expression of HK2, PFKFB3 and PKM2 in the lung metastases of HCC cells in vivo. The 
retrieved mouse lung tissues were subjected to H & E and IHC staining, the morphological changes and expression 
of HK2, PFKFB3 and PKM2 were observed under a bright field microscope (×400). The typical metastases were 
indicated by arrows in H & E staining, and positive stainings of HK2, PFKFB3 and PKM2 were indicated by arrows in 
IHC staining. Representative results were shown.
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Figure S3. The original, full-length blot images shown in Figures 1, 4 and 5.

Table S4. List of PCR primers for ChIP assay
Seqeunce Forward primer Reverse primer
PCR Frag-1 of HK2 ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
PCR Frag-2 of HK2 CGTCATCAACCGCATGCG GGCATGGAACCGCTCCTT
PCR Frag-3 of HK2 CGAGGCCGCATCTCAGAG TGTTGCAGGATGGCTCGG
PCR Frag-1 of PFKM TAACTGTGCTGGGCCACG AGCCGCACTGACTGGTTC
PCR Frag-2 of PFKM TTGGGGCATGTGCAGAGG CGCACAGCCTGGTTACCA
PCR Frag-3 of PFKM TTGCTGTCACCCGCTCTG AACACGGAGGAAGCCACG
PCR Frag-1 of PKM TGCAACCGAGCTGGGAAG CCAGGACTGCATTGGCCA
PCR Frag-2 of PKM TGTGTCACCATTCCCCGC GGCTCTGAAGATCGGGCC
PCR Frag-3 of PKM AGCAGCTGCAGCCTCAAA CCAACATGGGGTGCTGGT


