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Abstract

The development of hepatocellular carcinomas (HCC) depends on their local microenvironment and the induction of

neovascularization is a decisive step in tumor progression, since the growth of solid tumors is limited by nutrient and oxygen

supply. Hypoxia is the critical factor that induces transcription of the hypoxia inducible factor-1α (HIF-1α) encoding gene

HIF1A and HIF-1α protein accumulation to promote angiogenesis. However, the basis for the transcriptional regulation of

HIF1A expression in HCC is still unclear. Here, we show that Bclaf1 levels are highly correlated with HIF-1α levels in HCC

tissues, and that knockdown of Bclaf1 in HCC cell lines significantly reduces hypoxia-induced HIF1A expression.

Furthermore, we found that Bclaf1 promotes HIF1A transcription via its bZIP domain, leading subsequently to increased

transcription of the HIF-1α downstream targets VEGFA, TGFB, and EPO that in turn promote HCC-associated angiogenesis

and thus survival and thriving of HCC cells. Moreover, we demonstrate that HIF-1α levels and microvessel density decrease

after the shRNA-mediated Bclaf1 knockdown in xenograft tumors. Finally, we found that Bclaf1 levels increase in hypoxia

in a HIF-1α dependent manner. Therefore, our study identifies Bclaf1 as a novel positive regulator of HIF-1α in the hypoxic

microenvironment, providing new incentives for promoting Bcalf1 as a potential therapeutic target for an anti-HCC strategy.

Introduction

Hepatocellular carcinoma (HCC) is the 2nd leading cause of

global cancer morbidity and mortality [1], and brings about

750,000 new patients and 695,000 deaths per year [2].

Therefore, the elucidation of the molecular mechanisms of

HCC pathogenesis and progression would provide a strong

theoretical basis for targeted therapies and drug design.

The local microenvironment is essential for the devel-

opment and progression of the HCC. Due to insufficient

blood supply, a prominent feature of solid tumors like HCC

is hypoxia that induces cancer cells to change their signal-

ing pathways and metabolic processes to adapt to the

hypoxic challenge. Hypoxia inducible factor-1α (HIF-1α), a

well-defined hypoxia responsive factor, activates diverse

pathways that regulate cellular metabolism, angiogenesis,

proliferation, and drug resistance [3, 4]. In a normal oxygen

environment, HIF-1α is hydroxylated and rapidly degraded

by the ubiquitin-proteasome pathway. In hypoxic condi-

tions, HIF-1α is no longer degraded but translocates into the

nucleus and binds HIF-1β to activate the transcription of

downstream genes [4]. It has been shown that the up-

regulation of HIF-1α activity promotes tumor-associated
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angiogenesis, and hence the survival and proliferation of

tumor cells in solid tumors [5, 6]. HCC is a hypervascu-

larized tumor and inhibiting angiogenesis is envisioned to

be a potential strategy to control HCC [7]. Consequently, it

is crucial to elucidate the regulatory pathway leading to

angiogenesis in the HCC context, starting at HIF-1α.
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To date, it is well established that HIF-1α protein levels

are mainly controlled by post-translational modifications

and degradation, as mentioned above, but there has been

increasing awareness that under hypoxic conditions, HIF-1α

amounts can also be regulated at the level of mRNA by

transcription factors [8–10], microRNAs, and RNA-binding

proteins [11, 12] through growth factor signaling pathways

and other control circuits [13, 14]. We show here that Bcl-2-

associated transcription factor 1 (Bclaf1) is one of the fac-

tors that regulate HIF1A transcription.

Bclaf1 was originally identified as a protein interacting

with anti-apoptotic members of the Bcl2 family [15, 16].

Over the years, it has been reported to be involved in

various biological processes [17], including T-cell acti-

vation, lung development [18], control of the lytic infec-

tion program [19], DNA damage and repair [20, 21], and

even post-transcriptional events like pre-mRNA splicing

[22] and mRNA processing [23]. Although most of the

studies suggest that Bclaf1 is a tumor suppressor [15], a

recent study reported that Bclaf1 regulates the tumor-

igenesis of colon cancer cells [24], implying that there is a

potential correlation between Bclaf1 and tumor progres-

sion. The prominent features of the Bclaf1 structure are

the bZIP and the Myb DNA-binding domains, which are

essential for Bclaf1 function in transcriptional regulation.

However, little is known about their roles under hypoxic

conditions [17].

Interestingly, our RNA-sequencing result revealed that

depletion of Bclaf1 associates with the inhibition of the

angiogenesis pathway and down-regulation of HIF1A

mRNA levels. Thus, we further explored the effect of

Bclaf1 on HIF-1α transcription and protein levels and the

biological significance of Bclaf1 in HCC angiogenesis and

tumor progression under hypoxic conditions.

Results

Bclaf1 knockdown inhibits hypoxia and
angiogenesis pathways

To characterize Bclaf1-dependent global changes in the

transcriptome, we conducted a genome-wide RNA

sequencing (RNAseq) analysis. Total RNAs of Huh7 cells

transfected with a BCLAF1 targeting shRNA (shBclaf1) or

a control shRNA (shNC) were isolated and subjected to

sequencing. The Bclaf1 protein level in the shBclaf1

transfected cells was reduced to 50% of the level in shNC

Huh7 cells as determined by immunoblotting prior to

RNAseq (Fig. 1a). Based on the significance criterion (p-

value), a total of 9926 transcripts were significantly changed

in shBclaf1 cells as compared to shNC cells (Fig. 1b).

Subsequent Gene Set Enrichment Analysis (GSEA)

revealed that the enriched categories include hypoxia,

angiogenesis, and TGF-β signaling (Fig. 1c). Representative

genes related to hypoxia and angiogenesis pathways are

displayed as a heat map (Fig. 1d). Interestingly, the

expression levels of HIF1A and its downstream angiogenic

target genes VEGFA, VEGFC, TGFB2, TGFBR2,

TGFBR3, TGFBI, TGFBRAP1, and EPO, which are known

to be HCC angiogenesis-related [25, 26], were significantly

down-regulated in response to Bclaf1 knockdown (Fig. 1e).

These data suggested that Bclaf1 is involved in angiogen-

esis in the hypoxic microenvironment of tumors. Since HIF-

1α is the oxygen sensor that controls the expression of

multiple target genes implicated in angiogenesis, including

VEGF, TGFB, EPO [6, 26], we then focused on the role of

Bclaf1 in modulating angiogenesis and HIF1A expression

under hypoxia.

Hypoxia enhances Bclaf1-mediated growth
promotion and angiogenesis

Since hypoxia stimulates HCC growth and is one of the

critical microenvironmental factors in HCC [27, 28], we

aimed to elucidate the biologic role of Bclaf1 in HCC cells

after exposure to hypoxia (1% oxygen). Exposure of HCC

cells to hypoxic conditions significantly increased Bclaf1

levels (Fig. 2a) and simultaneous application of hypoxia and

down-regulation of Bclaf1 by siRNA transfection reduced

the growth rate of Huh7 cells in comparison to siRNA

control cells under hypoxia. In contrast, transient transfec-

tion with a plasmid expressing the Bclaf1-encoding gene

(FL) dramatically enhanced proliferative capacity of Huh7

cells (Fig. 2b, c). We validated the oncogenic role of Bclaf1

in vivo. Bclaf1 depleted Huh7 cells (with a stably integrated

BCLAF1-shRNA expression construct) and control cells

were injected subcutaneously into nude mice to establish a

Fig. 1 RNAseq results reveal Bclaf1 knockdown inhibits hypoxia and

angiogenesis pathway in Huh7 cells. mRNA was isolated from Huh7

cells stably transfected with shNC or shBclaf1 and analyzed by

RNAseq. a The residual level of Bclaf1 protein in Huh7 cells trans-

fected with shRNA targeting BCLAF1 mRNA as compared to the

shNC cells was evaluated by immunoblotting (mean ± SD of three

independent experiments. ***p < 0.001). b Volcano plot of differen-

tially expressed genes between shNC and shBCLAF1 Huh7 cells as

determined by RNAseq. c Gene Set Enrichment Analysis (GSEA) to

categorize the pathways that are significantly altered upon Bclaf1

knockdown. Hypoxia, angiogenesis, and TGF-β signaling are high-

lighted. d Differentially regulated angiogenesis and hypoxia signaling-

related genes were shown in a heat map by MeV 4.0, data was pre-

sented as log2(FPKM+ 1). e Validation of identified hypoxia and

angiogenesis related genes through FPKM (Reads Per Kilobase of

exon model per Million mapped reads, FPKM ≥ 1) normalized to the

shNC control of three independent sample. **p < 0.01, ***p < 0.001

vs. control
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xenograft tumor model. Bclaf1 repression significantly

reduced the growth of tumor xenografts in nude mice (Fig.

2d). These tumor cells experienced hypoxic conditions as

indicated by the high levels of HIF-1α (Fig. 2e). These

results indicate that Bclaf1 contributes to tumor growth

under hypoxia.
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It is believed that the ability of tumor cells to survive and

to adapt to hypoxic microenvironments can be mostly

attributed to the stimulation of angiogenesis [29]. Among

the multiple angiogenic factors, the secreted vascular

endothelial growth factor (VEGF) is essential for the

initiation and overall regulation of vascular growth and

patterning [30]. Therefore, we visualized VEGFA and

CD31 levels of tumor xenografts in nude mice by immu-

nohistochemistry (IHC) staining; CD31 levels are indicative

of microvessel density (MVD) [31]. Strikingly, depletion of

Bclaf1 considerably suppressed the levels of VEGFA and

CD31 (Fig. 2e), suggesting that Bclaf1 plays a role in HCC-

induced angiogenesis. To investigate the relevance of

Bclaf1 in angiogenesis, we next employed an in-vitro-

angiogenesis model. First, we determined the extracellular

concentration of VEGFA and found that it decreased after

Bclaf1 depletion in hypoxia as compared to the control

group grown under hypoxic conditions (left panel, Fig. 2f).

In contrast, the VEGFA secretion of HCC cells was sig-

nificantly increased upon BCLAF1 over-expression (Fig.

2f). Then, Human umbilical vein endothelial cells

(HUVECs) were seeded on Matrigel and they migrated to

establish capillary-like structures with a lumen. Compared

to the control group supplied with culture supernatant of

control Huh7 cells, HUVECs supplied with the culture

supernatant of the same number of Bclaf1-knockdown

Huh7 cells formed less-robust capillaries and cord-like

structures. Consistently, the culture supernatant of the same

number of BCLAF1 overexpressing Huh7 cells sig-

nificantly increased the tube-formation capacity of

HUVECs quantified as branching length (Fig. 2g). Similar

results were observed when the culture supernatants of

HepG2 cells were used. Therefore, we hypothesized that

Bclaf1 is able to induce VEGFA expression to promote

tumor-associated angiogenesis and consequently tumor

growth. Furthermore, we assessed the sprouting of vessels

from mouse aortic rings. Consistent with the tube-formation

assay, treatment with medium supernatant from Bclaf1-

knockdown cells resulted in less vessel sprouting at mouse

aortic rings (Fig. 2h). Collectively, these results support the

hypothesis that Bclaf1 is a positive regulator of

angiogenesis.

Expression of Bclaf1 correlates with HIF1A
expression in the HCC

To test whether the Bclaf1 levels correlate with HIF-1α

levels under hypoxia, we cultured HepG2 and Huh7 cells

for different time intervals (0, 6, 12, 24, 48 h) in 1% O2. The

levels of Bclaf1 and HIF-1α increased significantly during

the first 24 h hypoxia treatment and were again decreased

by 48 h (Fig. 3a). Therefore, we chose a hypoxia exposure

time of 24 h for the following experiments. Consistently,

immunofluorescence staining by confocal microscopy

revealed more intense staining of Bclaf1 and HIF-1α after

hypoxia treatment for 24 h (Fig. 3b). Accordingly, the

mRNA levels of BCLAF1 and HIF1A were also higher in

HCC cells incubated for 24 h under hypoxia than in control

cells grown under normoxic conditions (Fig. 3c). These

findings reveal that increased Bclaf1 parallels HIF-1α levels

under hypoxia in HCC cells.

We next studied whether the levels of Bclaf1 and HIF-1α

correlate in human HCC tissue samples. To differentiate

between the neoplastic and normal regions, tissue sections

were stained with hematoxylin–eosin and validated inde-

pendently by two pathologists. HIF-1α and Bclaf1 levels

were significantly higher in tumor tissues than in adjacent

normal tissues (Fig. 3d, e), and the levels of Bclaf1 and

HIF-1α were positively correlated (Fig. 3f; r= 0.9004, p <

0.01). In addition, data from publicly available databases

revealed a positive correlation between the mRNA level of

BCLAF1 and HIF1A in 373 HCC patients (cBioportal [32,

33], Fig. 1g) and in 100 HCC patients (microarray database

GSE62043 [34]; Fig. 1g), suggesting that BCLAF1 is

Fig. 2 Bclaf1 promotes the growth of HCC cells and angiogenesis in

hypoxia. a Western blot analysis of Huh7 cells cultured in 1% O2 or

20% O2 for the indicated hours. Gel-Pro software was used to deter-

mine the relative intensities of Bclaf1 and HIF-1α bands. b, c Hypoxia

promotes cell viability and siBCLAF1 compromises cell viability.

Huh7 cells were transfected with siBCLAF1 and siNC as control, or a

BCLAF1 expressing plasmid (FL) and an empty plasmid (EV) as

control. 24 h post-transfection, the cells were cultured under hypoxic

conditions or left under normal O2 conditions for 24 h. Cell pro-

liferation was assessed using the CCK-8 assay (b) and cell numbers

were determined after crystal violet staining by wide field microscopy

(c). d, e Bclaf1 affects tumor growth and VEGFA secretion in a mouse

xenograft model. d Stably shBCLAF1 and shNC transfected Huh7

cells were implanted into nude mice, the xenograft tumors were sur-

gically extracted 7 weeks after implantation, and tumor weights were

measured. Each point represents the mean weight ± SD, n= 6, *p <

0.05. e Immunohistochemistry (200×) of HIF-1α, VEGFA, CD31, and

Bclaf1 in the tumor tissues of orthotopic hepatocarcinoma xenografts.

Red arrows point to CD31. f Bclaf1 affects VEGFA secretion in HCC

in vitro. HCC cells were transfected with siBCLAF1 or with a

BCLAF1 overexpressing plasmid or with the respective controls

(siNC, EV) and exposed to hypoxia for 48 h before VEGFA con-

centrations were determined by ELISA in the culture supernatants.

Data shown represent the mean ± SD (n= 3) *p < 0.05, **p < 0.01. g

Bclaf1 promotes tube formation of endothelial cells. HUVECs were

plated on Matrigel-coated plates at a density of 1.5 × 105 cells/well and

incubated for 24 h before the cell culture supernatant of siBCLAF1 or

BCLAF1 overexpression plasmid transfected and hypoxia treated

HCC cells was added. Images were taken 12 h after addition of the

supernatant (200×). Tube networks were quantified using the ImageJ

software and expressed as branching length. h Bclaf1 promotes

sprouting of vessels from Aortic rings. Aortic segments were harvested

from C57BL/6 mice. Aortic segments in Matrigel were treated for

7 days with the culture supernatant of siBCLAF1 or Bclaf1 over-

expression plasmid transfected and hypoxia treated Huh7 cells (n= 3

per group). All data represent mean ± SD of three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control
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highly expressed in tumor hypoxic microenvironment and

correlated with HIF1A.

Bclaf1 regulates HIF1A transcription under hypoxia

Since the above-presented data indicate a correlation

between Bclaf1 and HIF-1α levels, we wondered whether

Bclaf1 directly regulates HIF1A expression under hypoxia.

Consistent with this hypothesis, the abundance of HIF1A

mRNA significantly decreased upon BCLAF1 down-

regulation and dramatically increased upon BCLAF1

overexpression (Fig. 4a), suggesting that Bclaf1 acted on

HIF1A at the mRNA level. In parallel with the mRNA

changes, HIF-1α protein levels changed consistently: down-

regulation of Bclaf1 levels by transient siRNA transfection

or stable shRNA transfection reduced hypoxia-induced

HIF-1α protein levels (Fig. 4b). Similarly, immuno-

fluorescence staining also confirmed that Bclaf1 knock-

down decreased HIF-1α levels under hypoxia (Fig. 4c).

These data imply that the expression of the HIF1A gene is

modulated by Bclaf1. To further evaluate the role of Bclaf1

in the expression of HIF-1α target genes, we used a luci-

ferase reporter plasmid driven by the human HIF-1 response

elements (HRE) to detect the transcriptional activity of HIF-

1. Consistent with a previous study [35], we detected a

significant increase in HRE dependent luciferase activity

under hypoxia. When cells were transiently cotransfected

with this reporter plasmids along with BCLAF1 siRNA, a

clear decrease in reporter activity was observed (Fig. 4d).

Taken together, these findings support the hypothesis that

Bclaf1 regulates HIF1A transcription under hypoxia.

Bclaf1 was shown to be involved in pre-mRNA bio-

genesis and processing events, such as pre-mRNA splicing,

mRNA localization and stabilization [22, 36]. Hence, we

wondered which step in HIF1A RNA processing is Bclaf1-

dependent. Using primer pairs specifically designed to

amplify the pre-splicing (pre-mRNA) and the post-splicing

(mature) mRNA of HIF1A, we found that depletion of

Bclaf1 could decrease the levels of HIF1A pre-mRNA and

HIF1A mature mRNA in HepG2 and Huh7 cells (Fig. 4e).

HIF-1α protein levels changed with the same trend (Fig.

4b). These findings suggested that the Bclaf1-induced effect

on HIF1A expression is primarily transcriptional. To check

the effect of Bclaf1 on HIF1A mRNA splicing and stability,

we treated the cells with the RNA polymerase II inhibitor

actinomycin D (ActD) for different time intervals (0, 2, 4, 8

h) with or without Bclaf1 knockdown. Though both, pre-

mRNA and mature mRNA of HIF1A decreased after the

inhibition of transcription, the level of pre-mRNA decreased

more significantly than the mature mRNA. However, the

decrease of both mRNA species was similar in cells

depleted for Bclaf1 by siRNA as in cells with wild type

levels of Bclaf1, indicating that Bclaf1 neither affects spli-

cing of HIF1A pre-mRNA nor stability of mature HIF1A

mRNA (Fig. 4f, g). Collectively, these data demonstrate that

under hypoxia Bclaf1 regulates HIF1A expression solely at

the transcriptional level.

HIF1A transcription is controlled by Bclaf1 through
its bZIP DNA-binding domain

The Bclaf1 protein contains a basic zipper (bZIP) homo-

logous and a Myb homologous DNA-binding motif, and

can bind to DNA and function as a regulator of transcription

[20]. First, we performed a chromatin immune precipitation

(ChIP) assay to examine whether Bclaf1 binds to the pro-

moter region of the HIF1A gene. We designed three sets of

primers that span the sequence from +9 to −1954 bp (Fig.

5a, +1 indicates the first bp of exon 1) of the HIF1A pro-

moter. From the Bclaf1 ChIP samples, only the P2 region

could be amplified, indicating that Bclaf1 specifically binds

to the P2 region of the HIF1A promoter (left panel, Fig. 5a).

Moreover, Bclaf1 depletion significantly decreased the

binding of Bclaf1 to the HIF1A promoter (right panel, Fig.

5a, supplemental Fig. S1e), consistent with our previous

results (Fig. 4).

To further elucidate which domain of Bclaf1 is essential

for HIF1A transcription, we prepared expression vectors

encoding FLAG fusion constructs of different domains of

Bclaf1, encompassing the sequences for full-length Bclaf1

(FL), a Bcl-2 binding domain deleted Bclaf1 mutant (RS),

an RS domain deleted mutant (∆RS), and the empty vector

(EV) as control (Fig. 5b, supplemental Fig. S1a, b). HCC

cells were transfected with the different vectors and cultured

in hypoxia for 24 h. Transfection of Huh7 cells with the RS

domain-encoding vector increased pre-mRNA and mature

HIF1A mRNA abundance even more than transfection with

the vector encoding full-length BCLAF1. In HepG2 cells,

Fig. 3 Elevated HIF-1α positively correlates with Bclaf1 in hepato-

carcinoma. a Western blot analysis of Huh7 and HepG2 cells cultured

in 1% O2 for 0, 6, 12, 24, 48 h. Gel-Pro software was utilized to

measure the relative intensity of Bclaf1 and HIF-1α. b, c Immuno-

fluorescence staining and qPCR were employed to observe the Bclaf1

and HIF-1α protein amounts and respective mRNA levels after Huh7

and HepG2 cells were cultured in 1% O2 for 24 h. d Immunohis-

tochemistry of Bclaf1 and HIF-1α in the tumor and adjacent tissues of

hepatocarcinoma patients. e Statistical analysis of normalized levels of

Bclaf1 and HIF-1α (integrated optical density [IOD] against immu-

noglobulin G [IgG]) in the tumor and adjacent tissues of hepato-

carcinoma patients. f Correlation between fold increase of Bclaf1 and

HIF-1α relative to adjacent tissues in the above-shown tumor subjects.

g Correlation between BCLAF1 and HIF1A mRNA levels in the

publicly available database by cBioportal and the publicly available

microarray database (GSE62043), respectively. Scale, log2 median-

centered value of gene expression. Pearson coefficient tests were

conducted to calculate statistical significance. a–c Data represent

mean ± SD of three independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001 vs. control
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full-length Bclaf1 caused a more prominent increase in

HIF1A mRNA than the RS domain construct. In contrast,

upon transfection with the vector encoding the RS domain

deleted variant (∆RS) no increase in HIF1A mRNA as

compared to the empty vector control was observed (Fig.

5c, supplemental Fig. S1c). Similar changes were observed
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in the transcriptional activity of HIF-1 by cotransfecting

cells with the HRE luciferase reporter plasmid (Fig. 5d).

Taken together, these data demonstrate that HIF1A tran-

scription is controlled by the RS domain of Bclaf1 under

hypoxia.

To further confirm whether the Bclaf1-mediated regula-

tion of HIF1A transcription is associated with the basic

zipper (bZIP) homologous DNA-binding motif of the

Bclaf1 RS-domain, we designed vectors encoding FLAG-

Bclaf1 fusion constructs of a bZIP motif deleted variant

(∆bZIP) (Fig. 5e). The presence of the bZIP motif was

essential for Bclaf1 to bind to the P2 promoter region of the

HIF1A gene (Fig. 5f) and to mediate the effect on HIF1A

expression (Fig. 5g, supplemental Fig. S1d). All of these

data show that Bclaf1 regulates HIF1A transcription via the

bZIP DNA-binding domain.

Bclaf1 is required for HIF-1α-mediated expression of
angiogenic genes

It is well known that activated HIF-1 plays a crucial role in

the adaptive responses of tumor cells to changes in oxygen

partial pressure through activation of transcription of over

100 downstream genes, including the genes encoding

VEGF, transforming growth factor-β (TGF-β), and ery-

thropoietin (EPO) that are involved in angiogenesis and cell

proliferation [25]. To further investigate the effect of Bclaf1

on HIF-1α downstream angiogenesis genes, we down-

regulated Bclaf1 by transient siRNA or stable shRNA

transfection of HCC cells. We detected a significant

decrease in the mRNA levels of VEGFA, EPO, and TGFB

(Fig. 6a, supplemental Fig. S2a), in parallel with a drama-

tically reduced concentration of the VEGFA protein (Fig.

6b). Consistent with the cell model, the in vivo amount of

VEGFA, EPO, TGFB mRNA were also much lower in

xenografts derived from shBcaf1 cells than in control

xenografts (Fig. 6c). Also, in tumor tissues, depletion of

Bclaf1 considerably suppressed the expression of HIF1A

(Fig. 6d), explaining the decrease of VEGFA protein levels

(Fig. 2). These data strongly suggest that Bclaf1 suppresses

downstream angiogenic genes of HIF-1α in vivo and

in vitro.

To verify that Bclaf1 overexpression-induced up-reg-

ulation of VEGFA, TGFβ, and EPO is mediated through

HIF-1α, we co-transfected a vector encoding full-length

Bclaf1 (FL) with HIF1A-specific siRNA. When HIF-1α

levels were increased by Bclaf1 overexpression, mRNA

levels of down-stream angiogenesis genes were up-regu-

lated, an effect that was inhibited by HIF-1α knockdown

(Fig. 6e, supplemental Fig. S2d). VEGFA protein levels

followed this trend of the VEGFA mRNA (Fig. 6f). Our

data demonstrate that Bclaf1 affects angiogenic gene

expression directly through HIF-1α. Taken together, these

in vitro and in vivo results demonstrate that HIF-1α and its

downstream angiogenesis-related genes are important tar-

gets of Bclaf1 that play a crucial role in HCC-associated

hypervascularization.

Discussion

In this study, we demonstrate that Bclaf1 promotes HIF-1α-

mediated angiogenesis by binding to the promoter of

HIF1A gene and directly activating transcription under

hypoxic conditions (Fig. 7). These in vitro data explain why

levels of Bclaf1, HIF-1α, and HIF-1α targets positively

correlate with each other in clinical HCC samples, and also

correlated with tumor weight in a xenograft HCC tumor

model. Thus, we propose that Bclaf1 fosters liver cancer

growth and progression through transcriptional regulation

of HIF-1α and its downstream angiogenic target genes,

ultimately providing potential strategies and biomarkers for

optimally developing novel anti-angiogenic therapies of

HCC and potentially other solid tumors.

Hypoxia is a common condition in solid tumors and is

particularly frequent in HCC due to its rapid growth [4].

Consistent with the notion that hypoxia is a major challenge

for growth, malignity, and metastasis of solid tumors, a

large number of genes including VEGF, TGFB, and EPO,

involved in different steps of angiogenesis are up-regulated

in clinical specimens [6, 26, 37], suggesting that only those

solid tumors become clinically apparent that were able to

overcome the hypoxia hurdle. Our study now links Bclaf1

to this crucial transition in HCC.

The canonical mechanism of HIF-1α accumulation is

controlled by VHL (von Hippel–Lindau) E3 ubiquitin ligase

complex, through oxygen-dependent proline hydroxylation.

Under normoxia, HIF-1α protein is synthesized con-

stitutively, but degraded rapidly by the VHL-mediated

ubiquitin-proteasome system [4, 38]. In a hypoxic micro-

environment, such as in solid tumors, HIF-1α escapes

proline hydroxylation, VHL binding and degradation, hence

Fig. 4 Bclaf1 regulates HIF-1α transcription in hypoxia. Huh7 and

HepG2 cells were transfected with indicated plasmids and 24 h post-

transfection cultured in hypoxia (1% O2) for additional 24 h. a, e

HIF1A mRNA levels were assessed by RT-qPCR (a) and RT-PCR (e).

b, c Protein levels of Bclaf1 and HIF-1α were detected by Western

blotting (b) and immunofluorescence staining (c). d After transfecting

HCC cells with a luciferase reporter of the HIF-1 promoter response

elements (HRE) or co-transfecting with siRNA, cells were cultured

under normoxia (N) or hypoxia (H; 1% O2) for 24 h. Relative luci-

ferase activity of the reporters was determined and normalized to the

control group. f, g HCC cells were transfected with siNC or siBCLAF1

for 24 h, then treated with 10 μg/ml actinomycin D prior to RNA

extraction at the time points indicated. HIF1A mRNA levels were

analyzed by RT-PCR and Gel-Pro software. All data represent mean ±

SD of three independent experiments. *p < 0.05, **p < 0.01, ***p <

0.001 vs. control
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causes the transcription of genes that contain the hypoxia

response element to drive expression of many genes

involved in glycolysis, angiogenesis, cell survival, and

cancer progression [4]. Whereas the regulation of HIF-1α

protein is well documented, little is known about the reg-

ulation and turnover of HIF1A mRNA. Our RNA-seq
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results of HCC cells depleted for Blcaf1 indicate that Bclaf1

depletion significantly down-regulates HIF1A mRNA level,

as compared to VHL mRNA level (Fig. 1d, left panel).

Consistent with these results, siBCLAF1 led to decreased

HIF-1α levels, without obvious effects on degradational and

translational pathways (supplemental Fig. S3a, b).

Bclaf1 was originally reported with a role in either pro-

motion of apoptosis or cell cycle arrest [15, 39]. Subse-

quently, it was identified as a tumor suppressor through

inhibition of cell proliferation by microRNAs in bladder

cancer [40] and by interaction with H2AX in lung adeno-

carcinoma [41]. However, recent studies unearthed the dark

side of Bclaf1, revealing its oncogenic features in acute

myeloid leukemia [42] and colon cancer cells [24]. Bclaf1

also enhances proliferation of endothelial cells, in the con-

text of delivery of microRNA miR-143-3p via platelet-

derived microparticles in a hypertension model [43]. These

diverse observations suggest that Bclaf1 is involved in a

wide range of biological processes. However, there were no

indications to suggest a relationship between Bclaf1 and

hypoxia-induced angiogenesis that could facilitate the

growth of solid tumors.

Several studies assigned a regulatory role for Bclaf1 in

transcription [40, 41], such as Bclaf1 is an activator of

transcription through core promoter elements [41] and

through direct interaction of the Myb motif of Bclaf1 with

the bZIP motif of C/EBPβ [20]. Here, we found that

Bclaf1 supports HCC-associated angiogenesis by driving

transcription of HIF1A. Analyzing the sequence of HIF1A

promoter revealed that there are also recognition sites for C/

EBPβ and the activation of HIF1A transcription could in

principle also involve C/EBPβ. However, for the induction

of HIF1A transcription, the RS domain of Bclaf1 was

essential, whereas the RS domain was not necessary for

interaction with C/EBPβ [20]. On the other side, Myb motif

of Bclaf1 was essential for the interaction with C/EBPβ,

whereas it was dispensable for the induction of HIF1A

transcription (Fig. 5). We therefore conclude that Bclaf1

induces HIF1A transcription by a distinct mechanism.

Other recent studies also suggested a role for Bclaf1 in

pre-mRNA splicing and processing alterations and mRNA

stabilization [37]. Recently, we found that Bclaf1 supports

HCC growth by regulating the oncogenic driver c-MYC at

the post-transcriptional level by preventing degradation of

the mature c-MYC mRNA [44]. In addition, earlier studies

declared that c-Myc post-transcriptionally regulates HIF1α

expression under hypoxia [45]. However, there are two

arguments that the here-observed influence of Bclaf1 on

HIF1A transcription is not mediated via c-Myc. First, c-

Myc has no significant effect on HIF1A transcription

(supplemental Fig. S4a, b). Second, we demonstrate that

Bclaf1 directly binds to the promoter of the HIF1A gene

through its bZIP DNA binding motif.

Since Bclaf1 can also act at the post-transcriptional or

even the post-splicing stage, it would be possible that

Bclaf1 influences HIF-1α expression additionally at these

stages of gene expression. However, we do not favor such a

hypothesis since the ActD-induced decrease of the HIF1A

pre-mRNA was more prominent than the decay of the

mature HIF1A mRNA (Fig. 4f, g). If Bclaf1 had a positive

effect on splicing of HIF1A pre-mRNA or on the stability of

mature HIF1A mRNA, then the amount of mature mRNA

should decrease faster than the amount of the pre-mRNA

upon Bclaf1 knockdown. This is not what we observed.

Also, levels of HIF-1A mature mRNA should decrease

faster upon Bclaf1 knockdown than in control cells with

wild type levels of Bclaf1 contrary to our observations (Fig.

4g).

Interestingly, when analyzing the domains of Bclaf1 that

are responsible for driving the transcription of HIF1A (Fig.

5c) and the HRE luciferase reporter construct (Fig. 5d), we

noticed that ectopic expression of a gene encoding only the

RS domain of Bclaf1 was more efficient in Huh7 cells than

ectopic expression of the full-length BCLAF1 gene, indi-

cating not only that the RS domain is necessary and suffi-

cient for the Bclaf1 effect but also that other domains of

Bclaf1 seem to act inhibitory on transcription activation,

potentially by interacting with transcription factors that

downregulate transcription or by displacing transcription

co-activators. Furthermore, ectopic expression of a

BCLAF1 construct with deleted coding sequence for the RS

domain, producing a Bclaf1 variant that does not bind to the

HIF1A promoter, resulted in HIF1A pre-mRNA and mature

mRNA levels and an HRE luciferase reporter activity that

were similar to the control cells transfected with the empty

vector, indicating that Bclaf1 domains outside the RS

domain only affect HIF1A expression in Huh7 cells when

the Bclaf1 is bound to the HIF1A promoter. In contrast, in

HepG2 cells, ectopic expression of the RS domain encoding

gene led to a significantly smaller increase of HIF1A pre-

Fig. 5 Bclaf1 upregulates HIF1A transcription through its bZIP DNA-

binding domain. Huh7 and HepG2 cells were transfected with the

indicated plasmids and 24 h post-transfection cultured in hypoxia (1%

O2) for 24 h. a The schematic representation of HIF1A promoter with

the indicated regions (P1 to P3) for PCR analysis. The position is

relative to the start of the first exon. ChIP analysis of HIF1A promoter

of siNC (control) or siBCLAF1 transfected Huh7 cells exposed to

hypoxia for 24 h. Immunoprecipitation was performed using anti-

Bclaf1 and IgG antibodies followed by PCR analysis. b, e A schematic

representation of the Bclaf1 protein. Bclaf1 domain levels in

293T cells transfected with the indicated plasmids analyzed by

immunoblotting. c, f The HIF1A mRNA levels were assessed by RT-

PCR. d Relative luciferase activity of the HIF-1 reporter was examined

after hypoxia exposure. g ChIP analysis of HIF1A promoter in Huh7

cells exposed to hypoxia for 24 h after transfection with plasmids

encoding the indicated domains. Immunoprecipitation and PCR are

performed as described in (a). Data represent mean ± SD of three

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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RNA and mature RNA and in HRE luciferase reporter

activity than ectopic expression of the full-length BCLAF1

gene, suggesting that other domains of Bclaf1 contribute to

the transcription activation activity of Bclaf1, potentially by

recruiting transcriptional co-activators present in HepG2

cells but not in Huh7 cells to the HIF1A promoter. More-

over, ectopic expression of a BCLAF1 construct with

deleted coding sequence for the RS domain led to slightly

lower concentrations of HIF1A pre-mRNA and mature

mRNA than the levels in the control cells, suggesting that

the overexpressed Bclaf1 without the RS domain had a

slight dominant negative effect in the presence of the

endogenous Bclaf1. Consistent with these observations,

deletion of the bZIP motif in Bclaf1 almost completely

abrogated HIF1A transcription in Huh7 cells but still had a

positive effect on HIF1A transcription in HepG2 cells (Fig.

5f). These differences between Huh7 and HepG2 cells are

intriguing and will need further investigation in future stu-

dies to identify additional transcription coactivators or fac-

tors that limit the up-regulation of HIF1A transcription.

Such differences might be important for malignity of the

cancer cells and potentially for the development of HIF1A

transcription inhibiting drugs.

Intriguingly, we observed that Bclaf1 protein levels are

significantly increased in hypoxic conditions (Fig. 2a) and

that HIF1A silencing reduces Bclaf1 protein levels in hypoxia

(supplemental Fig. S5a, b). Since we also indicate that Bclaf1

drives transcription of HIF1A, HIF-1α, and Bclaf1 form a

positive feed-back loop, i.e., increasing levels of Bclaf1 pro-

tein stimulate transcription of the HIF-1A gene and in turn,

increasing levels of HIF-1α protein induce in rising levels of

Bclaf1. Such positive feedback loops are extremely sensitive

and allow for a rapid, self-amplifying response in a switch-

like fashion but also raises the question of how such a system

is kicked off in the first place and how it can be limited or shut

off. As mentioned above, HIF-1α is not only regulated at the

transcriptional level but also at the protein level by

posttranslational oxidation leading to rapid degradation by the

ubiquitin-proteasome pathway. Hypoxic conditions slow

down HIF-1α hydroxylation and subsequent degradation and

the low level of constitutive transcription of the HIF1A gene

will lead to a moderate accumulation of HIF-1α. Since HIF-

1α drives transcription of BCLAF1 and Bclaf1 drives tran-

scription of HIF1A in a positive feed-back loop, even a small

initial increase in HIF-1α will be rapidly amplified leading to

a substantial increase of both HIF-1α and Bclaf1. In this

study, we show that increased Bclaf1 promotes HIF-1α-

mediated angiogenesis. And the assumption could be that the

increased angiogensis facilitates oxygen transport, leading to

increasing O2 levels. Then the increasing O2 partial pressure

will lead to hydroxylation of HIF-1α with subsequent ubi-

quitination and degradation, breaking the positive feedback

loop, resulting in reducing Bclaf1 expressionand concomitant

reducing HIF1A expression. The HIF-1α-mediated increase in

Bclaf1 levels also possibly solves another conundrum. One

puzzling observation is that hypoxia spurs the growth of HCC

cells. A priori we would expect that reduced availability of O2

should decrease the O2-dependent metabolism and ATP levels

in the cell and thus should limit cell division. However, as we

previously showed, increased Bclaf1 levels stabilize mature c-

MYC mRNA with subsequent increased c-Myc protein levels

[44]. In turn, c-MYC is known to activate various mitogenic

signals.

In summary, our study identified an important novel

oncogenic function for Bclaf1, which is at the same time

upstream and downstream of HIF-1α, linked in a positive

feedback loop (Fig. 7). Bclaf1 enhances transcription of

HIF1A during hypoxia and through the HIF-1α transcrip-

tion factor a large number of downstream genes, many of

which are involved in angiogenesis. Since hypoxia is a

critical condition limiting the growth of solid tumors, this

pathway plays a vital role in HCC progression. Since Bclaf1

also stabilizes the mRNA encoding the tumor driver onco-

gene c-Myc [44], Bclaf1 promotes HCC at two different

levels, proliferation and growth supporting vascularization

in a synergistic way. Our study therefore supports the

proposal that Bclaf1 could be a target for anti-proliferative

and anti-angiogenic therapy of HCC.

Materials and methods

The following methods are detailed in Supplementary

Information, including the source of human tissue, mouse

xenotransplantation experiments, cell culture and reagents,

cell proliferation assay, western blotting, immuno-

fluorescence, PCR, transfection of siRNA and plasmids,

IHC, Dual-Luciferase assay, chromatin immunoprecipitation

(ChIP), ELISA, tube formation assay, aortic ring assay,

RNA-seq, and data analysis.

Fig. 6 Bclaf1 upregulates the downstream angiogenesis targets of HIF-

1α. a Huh7 and HepG2 cells were transfected with siNC/shNC

(negative control) or siBCLAF1/shBCLAF1, cultured for 24 h, and

subsequently treated in hypoxia (1% O2) for 24 h. The mRNA levels of

VEGF, EPO, TGFB, and BCLAF1 were detected by RT-PCR. b HCC

cells were transfected with siNC or siBCLAF1. 24 h post-transfection

the cells were untreated or treated in hypoxia for 24 h followed by

SDS-PAGE and western blot analysis. Color code as in (a). c shNC or

shBCLAF1 stably transfected Huh7 cells were injected into the sub-

cutaneous area of nude mice (n= 6). The mRNA levels of HIF1A,

VEGFA, EPO, TGFB, and BCLAF1 from two representative xeno-

graft tumor tissues were detected by RT-PCR. d Immunohistochem-

istry (200×) of HIF-1α and Bclaf1 in the xenograft tumor tissues.

Statistical analysis of normalized levels of HIF-1α (integrated optical

density [IOD] against immunoglobulin G [IgG]) was analyzed with

Image pro 6.0. e, f The mRNA and protein levels were detected by RT-

PCR and western blot after transfection with indicated siRNAs or

expression plasmids. Data represent mean ± SD of three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001

Bclaf1 promotes angiogenesis by regulating HIF-1α transcription in hepatocellular carcinoma 1857



Acknowledgements This work was supported by National Natural

Science Foundation of China (NSFC): No. 81673216 to Xuemei Chen,

Nos. 81741131 and 81671860 to Fei Zou; Deutsche For-

schungsgemeinschaft (SFB/TRR77 C5, SFB1036 TP09) to Matthias P.

Mayer. We like to thank the kind gifts of plasmid from Prof. J. Tang

(China Agricultural University, China).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of

interest.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this

article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons license and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA

Cancer J Clin. 2016;66:7–30.

2. El-Serag HB. Epidemiology of viral hepatitis and hepatocellular

carcinoma. Gastroenterology. 2012;142:1264–73.

3. Wilson GK, Tennant DA, McKeating JA. Hypoxia inducible

factors in liver disease and hepatocellular carcinoma: current

understanding and future directions. J Hepatol. 2014;61:1397–

406.

Fig. 7 Model for the Bclaf1-HIF-1α control circuit. Hypoxic condi-

tions reduce the hydroxylation and VHL-dependent degradation of

HIF-1α. Low constitutive expression of HIF1A leads to slowly

increasing HIF-1α levels that drive transcription of BCLAF1, inducing

increasing levels of Bclaf1. Bclaf1 promotes transcription of HIF1A

by directly binding to the HIF1A promoter, and consequently leads to

the increase of HIF-1α protein. This positive feed-back loop leads to

rapid increase of both, HIF-1α and Bclaf1. Upregulated HIF-1α pro-

tein induces the expression of HIF-1α downstream targets genes,

producing among others VEGF, EPO, TGF-β that are essential for

angiogenesis and tumor growth, consequently promoting HCC neo-

vascularization and progression

1858 Y. Wen et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


4. Keith B, Johnson RS, Simon MC. HIF1α and HIF2α: sibling

rivalry in hypoxic tumour growth and progression. Nat Rev

Cancer. 2012;12:9.

5. Zundel W, Schindler C, Haaskogan D, Koong A, Kaper F, Chen

E, et al. Loss of PTEN facilitates HIF-1-mediated gene expression.

Genes Dev. 2000;14:391–6.

6. Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia:

role of the HIF system. Nat Med. 2003;9:677.

7. Finn RS, Zhu AX. Targeting angiogenesis in hepatocellular car-

cinoma: focus on VEGF and bevacizumab. Expert Rev Anticancer

Ther. 2009;9:503.

8. Wang D, Zhang J, Lu Y, Luo Q, Zhu L. Nuclear respiratory factor-

1 (NRF-1) regulated hypoxia-inducible factor-1alpha (HIF-1alpha)

under hypoxia in HEK293T. IUBMB Life. 2016;68:748–55.

9. Ju UI, Park JW, Park HS, Kim SJ, Chun YS. FBXO11 represses

cellular response to hypoxia by destabilizing hypoxia-inducible

factor-1α mRNA. Biochem Biophys Res Commun.

2015;464:1008–15.

10. Bonello S, Zähringer C, Belaiba RS, Djordjevic T, Hess J,

Michiels C, et al. Reactive oxygen species activate the HIF-1alpha

promoter via a functional NFkappaB site. Arterioscler Thromb

Vasc Biol. 2007;27:755.

11. Li Y, Zhang D, Wang X, Yao X, Ye C, Zhang S, et al. Hypoxia-

inducible miR-182 enhances HIF1alpha signaling via targeting

PHD2 and FIH1 in prostate cancer. Sci Rep. 2015;5:12495.

12. Wei H, Ke HL, Lin J, Shete S, Wood CG, Hildebrandt MA.

MicroRNA target site polymorphisms in the VHL-HIF1α pathway

predict renal cell carcinoma risk. Mol Carcinog. 2014;53:1.

13. Görlach A. Regulation of HIF-1α at the transcriptional level. Curr

Pharm Des. 2009;15:3844–52.

14. Page EL, Robitaille GA, Pouyssegur J, Richard DE. Induction of

hypoxia-inducible factor-1alpha by transcriptional and transla-

tional mechanisms. J Biol Chem. 2002;277:48403–9.

15. Kasof GM, Goyal L, White E. Btf, a novel death-promoting

transcriptional repressor that interacts with Bcl-2-related proteins.

Mol Cell Biol. 1999;19:4390–404.

16. Cuconati A, White E. Viral homologs of BCL-2: role of apoptosis

in the regulation of virus infection. Genes Dev. 2002;16:2465–78.

17. Sarras H, Alizadeh Azami S, McPherson JP. In search of a

function for BCLAF1. ScientificWorldJournal. 2010;10:1450–61.

18. McPherson JP, Sarras H, Lemmers B, Tamblyn L, Migon E,

Matysiakzablocki E, et al. Essential role for Bclaf1 in lung

development and immune system function. Cell Death Differ.

2009;16:331–9.

19. Fontoura BM, Faria PA, Nussenzveig DR. Viral interactions with

the nuclear transport machinery: discovering and disrupting

pathways. IUBMB Life. 2005;57:65–72.

20. Shao AW, Sun H, Geng Y, Peng Q, Wang P, Chen J, et al. Bclaf1

is an important NF-κB signaling transducer and C/EBPβ regulator

in DNA damage-induced senescence. Cell Death Differ.

2016;23:865.

21. Savage KI, Gorski JJ, Barros EM, Irwin GW, Manti L, Powell AJ,

et al. Identification of a BRCA1-mRNA splicing complex required

for efficient DNA repair and maintenance of genomic stability.

Mol Cell. 2014;54:445.

22. Varia S, Potabathula D, Deng Z, Bubulya A, Bubulya PA. Btf and

TRAP150 have distinct roles in regulating subcellular mRNA

distribution. Nucleus. 2013;4:229–40.

23. Vohhodina J, Barros EM, Savage AL, Liberante FG, Manti L,

Bankhead P, et al. The RNA processing factors THRAP3 and

BCLAF1 promote the DNA damage response through selective

mRNA splicing and nuclear export. Nucleic Acids Res.

2017;45:12816–33.

24. Zhou X, Li X, Cheng Y, Wu W, Xie Z, Xi Q, et al. BCLAF1 and

its splicing regulator SRSF10 regulate the tumorigenic potential of

colon cancer cells. Nat Commun. 2014;5:4581.

25. Masoud GN, Li W. HIF-1α pathway: role, regulation and inter-

vention for cancer therapy. Acta Pharm Sin B. 2015;5:378–89.

26. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases.

Nature. 2000;407:249.

27. Kang Y, Pantel K. Tumor cell dissemination: emerging biological

insights from animal models and cancer patients. Cancer Cell.

2013;23:573–81.

28. Hanahan D, Weinberg RA. Hallmarks of cancer: the next gen-

eration. Cell. 2011;144:646.

29. Zhu AX, Duda DG, Sahani DV, Jain RK. HCC and angiogenesis:

possible targets and future directions. Nat Rev Clin Oncol.

2011;8:292–301.

30. Chen TT, Luque A, Lee S, Anderson SM, Segura T, Iruelaarispe

ML. Anchorage of VEGF to the extracellular matrix conveys

differential signaling responses to endothelial cells. J Cell Biol.

2010;188:595–609.

31. Koukourakis MI, Giatromanolaki A, Thorpe PE, Brekken RA,

Sivridis E, Kakolyris S, et al. Vascular endothelial growth factor/

KDR activated microvessel density versus CD31 standard

microvessel density in non-small cell lung cancer. Cancer Res.

2000;60:3088–95.

32. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO,

et al. Integrative analysis of complex cancer genomics and clinical

profiles using the cBioPortal. Sci Signal. 2013;6:pl1.

33. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA,

et al. The cBio Cancer Genomics Portal: an open platform for

exploring multidimensional cancer genomics data. Cancer Discov.

2012;2:401–4.

34. Thurnherr T, Mah WC, Lei Z, Jin Y, Rozen SG, Lee CG. Dif-

ferentially expressed miRNAs in hepatocellular carcinoma target

genes in the genetic information processing and metabolism

pathways. Sci Rep. 2016;6:20065.

35. Li Y, Bo G, Xie Q, Ye D, Zhang D, Ying Z, et al. STIM1

mediates hypoxia-driven hepatocarcinogenesis via interaction

with HIF-1. Cell Rep. 2015;12:388–95.

36. Sarras H, Alizadeh AS, McPherson JP. In search of a function for

BCLAF1. Sci World J. 2010;10:1450.

37. Azoitei N, Diepold K, Brunner C, Rouhi A, Genze F, Becher A,

et al. HSP90 supports tumor growth and angiogenesis through

PRKD2 protein stabilization. Cancer Res. 2014;74:7125–36.

38. Rankin EB, Giaccia AJ. Hypoxic control of metastasis. Science.

2016;352:175.

39. McPherson JP. BCLAF1 (BCL2-associated transcription factor 1).

Atlas Genet Cytogenet Oncol Haematol. 2011;15:994–97.

40. Yoshitomi T, Kawakami K, Enokida H, Chiyomaru T, Kagara I,

Tatarano S, et al. Restoration of miR-517a expression induces cell

apoptosis in bladder cancer cell lines. Oncol Rep. 2011;25:1661–

8.

41. Lee YY, Yu YB, Gunawardena HP, Xie L, Chen X. BCLAF1 is a

radiation-induced H2AX-interacting partner involved inγH2AX-

mediated regulation of apoptosis and DNA repair. Cell Death Dis.

2012;3:e359.

42. Dell’Aversana C, Giorgio C, D’Amato L, Lania G, Matarese F,

Saeed S. et al. miR-194-5p/BCLAF1 deregulation in AML

tumorigenesis. Leukemia. 2017;31:2315–25.

43. Bao H, Chen YX, Huang K, Zhuang F, Bao M, Han Y. et al.

Platelet-derived microparticles promote endothelial cell pro-

liferation in hypertension via miR-142-3p. FASEB J.

2018;32:3912–23.

44. Zhou X, Wen Y, Tian Y, He M, Ke X, Huang Z, et al.

Hsp90alpha-dependent Bclaf1 promotes hepatocellular carcinoma

proliferation by regulating c-MYC mRNA stability. Hepatology.

2018. https://doi.org/10.1002/hep.30172.

45. Doe MR, Ascano J, Kaur M, Cole MD. Myc post-transcriptionally

induces HIF1 protein and target gene expression in normal and

cancer cells. Cancer Res. 2011;72:949–57.

Bclaf1 promotes angiogenesis by regulating HIF-1α transcription in hepatocellular carcinoma 1859

https://doi.org/10.1002/hep.30172

	Bclaf1 promotes angiogenesis by regulating HIF-1&#x003B1; transcription in hepatocellular carcinoma
	Abstract
	Introduction
	Results
	Bclaf1 knockdown inhibits hypoxia and angiogenesis pathways
	Hypoxia enhances Bclaf1-mediated growth promotion and angiogenesis
	Expression of Bclaf1 correlates with HIF1A expression in the HCC
	Bclaf1 regulates HIF1A transcription under hypoxia
	HIF1A transcription is controlled by Bclaf1 through its bZIP DNA-binding domain
	Bclaf1 is required for HIF-1&#x003B1;-mediated expression of angiogenic genes

	Discussion
	Materials and methods
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References


