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Abstract. Originally identified as a regulator of apoptosis and 
transcription, B‑cell lymphoma‑2‑associated transcription 
factor 1 (BCLAF1) has since been shown to be associated 
with a multitude of biological processes, such as DNA damage 

response, splicing and processing of pre‑mRNA, T‑cell 
activation, lung development, muscle cell proliferation and 
differentiation, autophagy, ischemia‑reperfusion injury, 
and viral infection. In recent years, an increasing amount 
of evidence has shown that BCLAF1 acts as either a tumor 
promoter or tumor suppressor in tumorigenesis depending on 
the cellular context and the type of cancer. Even in the same 
tumor type, BCLAF1 may have opposite effects. In the present 
review, the subcellular localization, structural features, muta‑
tions within BCLAF1 will be described, then the regulation 
of BCLAF1 and its downstream targets will be analyzed. 
Furthermore, the different roles and possible mechanisms 
of BCLAF1 in tumorigenesis will also be highlighted and 
discussed. Finally, BCLAF1 may be considered as a potential 
target for cancer therapy in the future.
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1. Introduction

BCLAF1 was originally identified as a binding protein that 
interacted with adenoviral Bcl‑2 homolog E1B19K, and served 
as an inducer of apoptosis and suppressor of transcription (1). 
Subsequent studies have shown that BCLAF1 also played a 
key role in a wide range of biological processes, including 
pre‑mRNA splicing and processing (2‑6), DNA damage 
response (DDR) (3,4,7‑11), lung development (12), viral infec‑
tion (13‑16), muscle cell proliferation and differentiation (17‑20), 
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autophagy (21,22), ischemia‑reperfusion (I/R) injury (23), and 
T‑cell activation (12,24,25).

BCLAF1 primarily localizes to the dot‑like structures 
throughout the nucleus and at a lower number in the cyto‑
plasm (1). The salient features of the BCLAF1 structure include 
an arginine‑serine (RS) rich domain, a basic‑leucine zipper 
(bZIP) domain located within the RS domain, and a MYB 
DNA‑binding domain (Fig. 1A) (1,12). Studies have shown 
that proteins containing the RS domain are usually involved 
in post‑transcriptional events, such as pre‑mRNA splicing and 
processing (26‑28). In addition, the MYB DNA‑binding and 
bZIP domains have also been found to be required for the tran‑
scriptional regulatory function of BCLAF1 (29,30). Therefore, 
these structural features are necessary for the regulatory func‑
tion of BCLAF1 at the transcriptional and post‑transcriptional 
levels. For example, BCLAF1 was found to be associated 
with apoptosis, DDR and tumorigenesis by activating the 
transcription of its downstream target genes [such as TP53, 
Bax, HIF‑1α and long non‑coding (lnc) RNA NEAT1] or 
inhibiting the transcription of its downstream genes (such as 
MDM2) (7,9,30‑32). In addition, BCLAF1 also exerted impor‑
tant functions in the cell cycle, DDR, tumorigenesis and T‑cell 
differentiation by regulating pre‑mRNA splicing and mRNA 
processing (4,5,30,33,34). By contrast, BCLAF1 serves as a 
downstream target, regulated by numerous molecules at the 
transcriptional, translational and post‑translational levels, thus 
influencing several biological processes. For example, the 
type III histone deacetylase, Sirt1, histone methyltransferase 
SET and MYND domain‑containing protein 3 (SMYD3) 
and NF‑κB have all been associated with tumorigenesis 
by regulating the transcription of BCLAF1 (8,22,24,35). 
Furthermore, micro (mi)RNA‑194‑5p exerted its anticancer 
activity by repressing the translation of BCLAF1 (36). 
Furthermore, DNA‑protein kinase C (DNA‑PKC) was asso‑
ciated with DDR and apoptosis by directly phosphorylating 
serine151 and tyrosine150 in the RS domain of BCLAF1 
(Fig. 1B‑a) (7). Notably, increasing evidence has demon‑
strated that BCLAF1 was associated with tumorigenesis as 
either a tumor promotor (11,22,30,31,34,37‑42) or a tumor 
suppressor (7,21,32,35,43) in a context‑dependent manner. In 
addition to for tumorigenesis and viral replication, BCLAF1 
has also been associated with cardiac I/R injury (23). A 
previous study showed that BCLAF1 could promote the 
apoptosis of cardiomyocytes via activating apoptosis regula‑
tory proteins such as TP53 and BAX, and then aggravated the 
cardiac I/R injury (Fig. 1B‑k) (23).

In consideration of recent advances in the understanding 
of multiple biological functions of BCLAF1, particularly in 
tumorigenesis, BCLAF1 exerts an important role in different 
human cancers; therefore, the aim of the present review was 
to introduce the subcellular localization, structural features, 
expression and mutations, regulation, biological functions and 
pathological functions of BCLAF1, then describe the roles of 
BCLAF1 in tumorigenesis. Lastly, BCLAF1 may represent a 
potential cancer therapeutic target in the future.

2. Subcellular localization of BCLAF1

BCLAF1 is predominantly located in the nuclear dot‑like 
structures and secondarily located in the cytoplasm (1). 

Previous studies have discovered that the diverse biological 
functions of BCLAF1 have been associated with its different 
cellular locations. For example, the anti‑apoptotic members of 
the Bcl‑2 family inhibited the pro‑apoptotic effect of BCLAF1 
by isolating BCLAF1 in the cytoplasm (1). In another study, in 
the HeLa cell line, which were induced to undergo apoptosis, 
BCLAF1 relocated from the nuclear dot‑like structures to a 
position near the nuclear envelope (18). Similarly, Lee et al (7) 
also observed the same translocation phenomenon of BCLAF1 
when the 293T cell line was exposed to high‑dose radiation. 
Furthermore, a recent report showed that the nuclear trans‑
location of BCLAF1 significantly increased following the 
induction of cardiac I/R injury (23).

3. Structural features of BCLAF1

The BCLAF1 gene is located on human chromosome 6q23.3, 
encoding 17 transcription variants of different isoforms (44). 
The L isoform of BCLAF1 (a large protein containing 
920 amino acids) will be described. BCLAF1 contains multiple 
domains, including a N‑terminal RS domain, which contains 
a bZIP domain and a C‑terminal MYB DNA‑binding domain 
(Fig. 1A) (1,12). The RS domain is involved in the biogenesis 
and splicing of pre‑mRNA (26‑28), and the formation of the 
ribonucleoprotein (RNP) complex, which is an important part 
of the pre‑mRNA spliceosome (6,45,46). Thus, BCLAF1 also 
exerts its post‑transcriptional splicing function by participating 
in the formation of the spliceosome (2‑6). It has been found that 
the RS domain can mediate protein‑protein interactions, such 
as RNP, snRNP U1‑70K and the splicing factor, U2AF (47,48). 
Notably, three of the five protein binding sites, that interact 
with BCLAF1, are located in the RS domain (7,30,39), 
suggesting that interactions between BCLAF1 and other 
proteins may be mediated by the RS domain; however, this 
requires further research. It is well‑known that the bZIP and 
MYB DNA‑binding domains are characteristic components 
of eukaryotic transcription factor families (49‑51). These 
structural features of BCLAF1 allow it to act as a transcription 
factor and mRNA splicing factor, at the transcriptional and 
post‑transcriptional levels, to participate in the regulation of 
expression of downstream target genes (4,5,7,9,26‑28,30‑34).

4. Expression and mutations in BCLAF1 in cancer

To the best of our knowledge, the expression level and mutations 
in BCLAF1 in human normal tissues and tumor tissues have 
not been systematically studied or summarized in the literature, 
particularly the mutations in BCLAF1. Therefore, the expres‑
sion level of BCLAF1 in human normal and cancer tissues, 
and the mutation status of BCLAF1 in patients with malignant 
tumors was found using the Human Protein Atlas database 
(https://www.proteinatlas.org/ENSG00000029363‑BCLAF1) 
(Fig. 2) and the International Cancer Genome Consortium data‑
base (ICGC; https://dcc.icgc.org/genes/ENSG00000029363) 
(Table I), respectively. In addition, survival analysis was 
performed using the GEPIA2 database (http://gepia2.
cancer‑pku.cn/#survival) with Kaplan‑Meier analysis (Fig. 3).

According to the data from the Human Protein Atlas 
database, BCLAF1 was expressed at different levels in all 
normal tissues (Fig. 2A) and most cancer tissues (Fig. 2B), and 
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Figure 1. (A) Structure of the BCLAF1 protein and the molecules that interact with BCLAF1 and their binding sites. The structure of BCLAF1 contains multiple 
domains, including an N‑terminal RS domain, which contains the bZIP domain, and a C‑terminal MYB DNA‑binding domain. The molecules that interact with 
BCLAF1 include c‑Myc, HIF‑1α, PKC and caspase‑10. BCLAF1 can protect mature c‑Myc mRNA from degradation by the RS domain in HCC. In addition, the 
bZIP domain of BCLAF1 can bind to HIF‑1α and promote transcription of each other in HCC. Furthermore, BCLAF1 reduces HIF‑1α ubiquitination and subsequent 
degradation via its MYB domain, binding to the helix‑loop‑helix domain of HIF‑1α. In addition, DNA‑PKC is involved in the DNA damage response and apoptosis 
by directly phosphorylating serine151 and tyrosine150 in the RS domain. Furthermore, caspase‑10 protects MM cells from autophagic death induced by BCLAF1 via 
cleavage of the aspartic acid at position 452. (B) The role of BCLAF1 in different diseases and pathological processes. (a) Under high‑dose radiation, DNA‑PKC is 
activated and phosphorylates BCLAF1, which then initiates DNA damage repair. BCLAF1 antagonizes p21‑dependent downregulation of cyclin E expression and 
inhibition of p21‑dependent pro‑apoptotic factors, caspase‑3 and BAX by repressing the expression level of p21; however, downregulation of BCLAF1 levels may 
contribute to the tumorigenesis of LC. Phosphorylated FHL1 can interact with BCLAF1 and promote its expression, then promote the proliferation of the LC cells. 
(b) BCLAF1 mediates the apoptosis of colon cancer cells by activating the transcription of TP53 and BAX, and inhibiting the transcription of MDM2. Splicing factor, 
SRSF10 is involved in the post‑transcriptional splicing of BCLAF1 and forms the L isoform, thereby promoting the progression of colorectal cancer. (c) miR‑194‑5p 
binds to the 3'‑UTR of BCLAF1 and inhibits the translation of BCLAF1 in acute myelocytic leukemia. Caspase‑10 protects MM cells from autophagic death induced 
by BCLAF1 by phosphorylating aspartic acid at position 452, which leads to BCLAF1 replacing beclin‑1, thereby promoting autophagy. (d) miR‑K5 and miR‑UL112‑1 
inhibit the translation of BCLAF1 by binding to its 3'‑UTR. After HCMV and PRV infect host cells, they promote the degradation of BCLAF1 protein by releasing 
viral proteins, pp71, UL35 and US3. (e) BCLAF1 can activate the transcription of HIF‑1α and NEAT1 and promote the occurrence and development of HCC. At 
the same time, HIF‑1α can also activate the transcription of BCLAF1 in HCC. Hsp90α interacts with BCLAF1 and inhibits its degradation by the proteasome, 
and BCLAF1 contributes to the occurrence and development of HCC by protecting mature oncogene, c‑Myc mRNA from degradation. (f) Sirt1 binds to NF‑κB, 
translocates to the BCLAF1 promoter and deacetylates histone H3K56 to inhibit the NF‑κB‑dependent transcription of BCLAF1, ultimately inhibiting the activation 
of T cells. (g) miR‑517a may inhibit cell proliferation and promote cell apoptosis by indirectly upregulating the expression level of BCLAF1 in BC. miR‑194‑5p binds 
to the 3'‑UTR of BCLAF1 and inhibits the translation of BCLAF1, thereby repressing the malignant phenotype of BC. SMYD3 activates the transcription of BCLAF1 
by increasing the methylation of H3K4, and SMYD3 promotes the progression of BC by targeting BCLAF1 to activate autophagy. (h) HDAC4 inhibits the transcription 
of BCLAF1 by deacetylating the BCLAF1 promoter. HDAC4 may indirectly inhibit the expression of BCLAF1 by upregulating NF‑κB. (i) Gastric cancer cells with 
BCLAF1 knocked down display decreased cell proliferation and increased basal γH2AX, and are more vulnerable to I/R‑induced DNA damage and apoptosis. (j) An 
Emerin mutation disrupts the interaction between Emerin and BCLAF1, which in turn leads to abnormal muscle cell proliferation and differentiation. miR‑194‑5p 
promoted the myogenic differentiation of mouse muscle cells by downregulating BCLAF1. (k) Translocation of BCLAF1 to the nucleus activates the transcription 
of TP53 and BAX, which promotes the apoptosis of cardiomyocytes induced by I/R. lncCIRBIL binds to the BCLAF1 protein in the cytoplasm of cardiomyocytes 
to prevent its translocation to the nucleus, thus repressing the cardiac I/R injury. BCLAF1, B‑cell lymphoma‑2‑associated transcription factor 1; RS rich domain, 
arginine‑serine rich domain; bZIP domain, basic‑leucine zipper domain; HIF‑1α, hypoxia inducible factor‑1α; PKC, protein kinase C; HCC, hepatocellular carcinoma; 
MM, multiple myeloma; FHL1, four‑and‑a‑half LIM protein 1; miR, microRNA; UTR, untranslated region; HCMV, human cytomegalovirus; PRV, pseudorabies 
virus; NEAT, nuclear enrichment‑rich transcription factor 1; BC, bladder cancer; SMYD3, histone methyltransferase SET and MYND domain‑containing protein 3; 
HDAC, histone deacetylase; γH2AX, H2AX phosphorylated on serine 139; I/R injury, ischemia‑reperfusion injury; lnc, long non‑coding.
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Figure 2. (A) BCLAF1 mRNA expression in human normal tissues. The expression levels are shown as consensus NX levels in 55 tissue types and 6 blood cell 
types. (B) BCLAF1 protein expression in human cancer tissues. The expression levels are shown as the proportion of patients with medium and high expression 
of BCLAF1 in cancer tissues from immunohistochemistry. NX, normalized expression.

Figure 3. Survival analysis of BCLAF1 in colorectal cancer and breast cancer. (A) Survival analysis between BCLAF1 expression and prognosis in patients 
with colorectal cancer. Kaplan‑Meier survival curve showed that high BCLAF1 mRNA expression levels was associated with favorable overall survival in 
patients with colorectal cancer. (B) Survival analysis between BCLAF1 expression and prognosis in patients with breast cancer. Kaplan‑Meier survival curve 
showed that high BCLAF1 mRNA expression level was associated with poor overall survival in patients with breast cancer.
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its expression has low tissue specificity and tumor specificity. 
In addition, survival analysis, into the association between the 
expression level of BCLAF1 in multiple types of cancer and 
the survival rate of patients, indicated that BCLAF1 could not 
be used as a clear prognostic marker in most cancers, except 
for colorectal cancer and breast cancer (Fig. 3). In colorectal 
cancer, the high mRNA expression level of BCLAF1 was 
associated with favorable overall survival rate in 290 patients 
and low mRNA expression level of BCLAF1 was associated 
with poor overall survival in 290 patients (P=0.026) (Fig. 3A). 
In breast cancer, the high mRNA expression level of BCLAF1 
was associated with poor overall survival in 856 patients and 
the low mRNA expression level of BCLAF1 was associated 
with favorable overall survival rate in 856 patients (P=0.0022) 
(Fig. 3B).

Furthermore, the ICGC database showed that different 
mutations were found in BCLAF1 in various types of cancer. 
The mutations were primarily located in the RS domain 
and other regions (sites other than the known domains of 
BCLAF1), while there were fewer mutations in the bZIP and 
the MYB domains (Table I). In addition, the majority of the 
mutations in BCLAF1 were stop‑gain mutations, with fewer 
frameshift and start‑loss mutations (a subtype of non‑sense 
mutations) (Table I). The mutations in BCLAF1 have been 
detected in numerous cancer samples; however, the clinical 
significance is unknown; therefore, additional research is 
required.

Taken together, from the analysis of data from TCGA 
and ICGC, it can be concluded that the existing pathological 
evidence (human cancer specimens) is still insufficient to 
clarify the specific function of BCLAF1 in tumorigenesis. It 
is necessary to further expand the sample size to obtain more 
evidence, such as physiological evidence (animal models) and 
biochemical evidence (upstream and downstream molecules 
of BCLAF1).

5. Regulation of BCLAF1 expression and function

The expression and function of BCLAF1 is affected by 
numerous processes at multiple levels of regulation, including 
the transcriptional, post‑transcriptional, translational and 
post‑translational levels. A previous study showed that a NF‑κB 
binding site was found in the promoter region of BCLAF1 and 
NF‑κB activates its transcription by binding to the promoter 
of BCLAF1 in T‑cell activation (24). Similarly, another 
study also confirmed this process in senescent cells induced 
by the chemotherapeutic agent, doxorubicin (8). However, 
Li et al (35) found the opposite results. They demonstrated 
that the mRNA expression level of BCLAF1 was increased in 
the diffuse large B‑cell lymphoma (DLBCL) cell lines treated 
with the NF‑κB inhibitor, Bay11‑7082, indicating that NF‑κB 
may downregulate the expression level of BCLAF1; however, 
the specific mechanism involved requires further investigation.

Furthermore, hypoxia inducible factor‑1α (HIF‑1α) has 
been shown to bind to the promoter region of BCLAF1 and 
directly activate its transcription in hepatocellular carcinoma 
(HCC) (Fig. 1A and B‑e) (30). In addition to regulating the 
expression level of BCLAF1, through the combination of 
transcription factors and promoters, epigenetic modifica‑
tions have also been found to be involved in the regulation 

of BCLAF1 (22,24,35). In one study it was found that Sirt1 
repressed BCLAF1 transcription by deacetylating the 
histone 3 lysine 56 residues (H3K56) on conserved non‑coding 
sequences (CNS) 3 and CNS4 in the promoter region and the 
loss of Sirt1, using RNA interference resulted in increased 
transcription of BCLAF1, which was responsible for T‑cell 
activation (Fig. 1B‑f) (24). Specifically, Sirt1 was combined 
with Rel‑A (a subunit of NF‑κB) and recruited to the BCLAF1 
promoter, which initiated the deacetylation modification of 
BCLAF1 (Fig. 1B‑f) (24). Furthermore, in another study, a 
HDAC inhibitor (HDACi), LMK‑235 upregulated BCLAF1 
mRNA expression and promoted apoptosis in DLBCL (35) 
Mechanistically, LMK‑235 upregulated BCLAF1 expression 
and BCLAF1‑mediated apoptosis by inhibiting the NF‑κB 
pathway (35). In addition, Shen et al (22) confirmed that the 
histone methyltransferase, SMYD3 physically interacted 
with the promoter of BCLAF1 and upregulated its mRNA 
expression by the increase in the dimethylation and trimeth‑
ylation of histone H3 lysine 4 (H3K4) at the BCLAF1 locus 
(Fig. 1B‑g). In addition, Zhou et al (34) demonstrated that 
the splicing factor, SRSF10 was a direct upstream regulatory 
molecule of BCLAF1 and participated in the production of 
the BCLAF‑L isoform via the post‑transcriptional splicing of 
BCLAF1 in colorectal cancer (Fig. 1B‑b).

miRNAs are small non‑coding RNAs, that negatively regu‑
late gene expression (52). BCLAF1 has also been found to be 
regulated as a direct downstream target of miR‑194‑5p, miR‑K5 
and miR‑UL112‑1 (13,15,20,36,38). Dell'Aversana et al (38) 
discovered that miR‑194‑5p binds the 3'‑untranslated region 
(3'‑UTR) of BCLAF1 to suppress its gene expression, proving 
that the dysregulation of this regulatory pathway results in the 
occurrence of acute myelocytic leukemia (AML) (Fig. 1B‑c). 
Similarly, two other studies reported that miR‑194‑5p could 
inhibit the translation of BCLAF1 in bladder cancer and muscle 
cells (Fig. 1B‑g and ‑j) (20,36). Furthermore, similar inhibi‑
tory effects of miRNAs on BCLAF1 have also been observed 
in viral infections (13,15). For example, miR‑K5, encoded 
by Kaposi's sarcoma‑associated herpes virus (KSHV) (15) 
and miR‑UL112‑1, encoded by human cytomegalovirus 
(HCMV) (13) both inhibited the translation of BCLAF1 by 
binding to its 3'‑UTR (Fig. 1B‑d). In addition, Liu et al (9) 
showed that after induction of DNA damage, PKCδ and 
BCLAF1 formed a complex to occupy TP53 core promoter 
element (CPE‑TP53) and promoted TP53‑mediated apoptosis 
in response to DNA damage. A subsequent study further vali‑
dated this conclusion. Lee et al (7) indicated that DNA‑PKC 
was associated with DDR and apoptosis by directly phosphor‑
ylating serine151 and tyrosine150 in the RS domain in BCLAF1 
(Fig. 1A and B‑a). Similarly, a recent study proved that the 
phosphorylation of BCLAF1 at serine290 participated in DDR 
mediated by H2AX phosphorylated on serine139 (γH2AX) (11). 
Lastly, heat shock protein 90α (Hsp90α) was found to bind to 
BCLAF1 and stabilize its protein structure, thus preventing 
BCLAF1 from degradation via the ubiquitin‑proteasome 
system (UPS) in HCC (Fig. 1B‑e) (39).

It is worth noting that 20 high‑frequency transcription 
factors, that might bind to the BCLAF1 promoter region were 
predicted using the PROMO database (http://alggen.lsi.upc.
es/cgi‑bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) 
(Table II). It predicted high‑frequency transcription factors 
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may participate in the regulation of BCLAF1 expression by 
activating or inhibiting the transcription of BCLAF1.

In summary, multiple studies have revealed that the expres‑
sion and function of BCLAF1 is regulated at different levels and 
in different biological processes (8,13,15,20,22,24,30,34‑36,38). 
Compared to the transcriptional and translational levels, studies 
on the post‑translational modification of BCLAF1 are limited, 
such as ubiquitination, which has not yet been reported. In 
addition, the high‑frequency transcription factors predicted by 
the PROMO database, that can regulate the transcription of 
BCLAF1, require further verification, such as from dual‑lucif‑
erase or chromatin immunoprecipitation assays.

6. Downstream targets regulated by BCLAF1

BCLAF1 has numerous downstream targets and participates 
in a series of biological processes. Previous research has 
shown that BCLAF1 positively regulated TP53 expression 
by interacting with the CPE‑TP53 during DNA damage (9). 
Analogously, another study showed that high doses of ionizing 
radiation (IR) triggered rapid phosphorylation of BCLAF1 and 
enhanced the binding of BCLAF1 to CPE‑TP53 (Fig. 1B‑a) (7). 
Furthermore, Rénert et al (32) confirmed that BCLAF1 played 
an important role in ceramide‑mediated apoptosis of human 
HCT‑116 colon carcinoma cells. BCLAF1 not only promoted 
the transcription of apoptosis‑related proteins, such as TP53 
and BAX, but also inhibited the transcription of the TP53 
inhibitor, MDM2 (Fig. 1B‑b) (32). All these results indicated 

that BCLAF1 participated in apoptosis and DNA damage in a 
TP53‑dependent manner.

Hypoxia‑inducible factors (HIFs) serve an indispens‑
able role in the response of cancer cells to hypoxic stress, 
maintaining cell survival and growth by activating gene 
transcription containing hypoxia‑responsive elements (53,54). 
In hypoxic conditions, BCLAF1 binds the promoter region of 
HIF‑1α via the bZIP domain, directly activating its transcrip‑
tion and promoting HIF‑1α‑mediated angiogenesis in HCC 
(Fig. 1A and B‑e) (30). In addition, BCLAF1 could reduce 
HIF‑1α ubiquitination and subsequent degradation by the 
binding of the MYB domain to the helix‑loop‑helix domain 
of HIF‑1α (Fig. 1A) (55). In addition, studies have shown 
that lncRNA NEAT1 promotes the resistance of cancer cells 
to astib, bortezomib, paclitaxel, doxorubicin and cisplatin in 
ovarian cancer, leukemia and gastric cancer cell lines (56‑58). 
Mou et al (31) revealed that BCLAF1 interacted with the 
promoter region of lncRNA NEAT1 and activated its tran‑
scription, thereby promoting the proliferation, invasion and 
resistance of HCC cells to 5‑fluorouracil (5‑Fu) (Fig. 1B‑e). 
Furthermore, BCLAF1 has also been reported to be involved 
in post‑transcriptional regulation. Zhou et al (39) demonstrated 
that BCLAF1 was a key post‑slicing regulator of c‑Myc mRNA 
stability and it could protect mature c‑Myc mRNA from 
degradation by the RS domain in HCC; however, the specific 
regulatory mechanism involved is unclear (Fig. 1A and B‑e).

7. BCLAF1, HIF‑1α and NF‑κB in cancer

BCLAF1 and NF‑κB in cancer. NF‑κB is an important 
transcription factor that regulates a variety of pathophysi‑
ological processes involved in cell survival and death (59‑62), 
particularly by inhibiting apoptosis in the process of carci‑
nogenesis and cancer progression, thereby promoting tumor 
growth (63,64). However, BCLAF1 acts an inducer of apop‑
tosis (1,7,9,23,32,35,38) and has an opposing effect to NF‑κB 
in the regulation of apoptosis. A study showed that following 
stimulation by T cell receptor and CD28 signals, Rel‑A could 
be significantly induced to bind to the BCLAF1 promoter and 
promote its transcription, leading to the activation and matura‑
tion of immature CD4+T cells (24). In another study, BCLAF1 
was found to be directly downstream of NF‑κB, which was 
bound to the BCLAF1 promoter and activated transcription of 
BCLAF1 in DNA damage‑induced senescence (8). Li et al (35) 
demonstrated that NF‑κB inhibited BCLAF1 expression and 
BCLAF1‑mediated apoptosis in DLBCL cells; however, the 
specific mechanism is not clear (Fig. 1B‑h).

Overall, these studies collectively indicated that NF‑κB 
is directly upstream of BCLAF1, but the regulatory effect of 
NF‑κB on BCLAF1 was observed with different results. NF‑κB 
could act as a positive regulator to activate the transcription of 
BCLAF1 and it has also been found that NF‑κB could repress 
the mRNA and protein expression level of BCLAF1. Given 
the insufficient research on the interaction between NF‑κB and 
BCLAF1 in cancer, further investigation is required.

BCLAF1 and HIF‑1α in cancer. HIF‑1α is a well‑defined 
hypoxia response factor, which can activate a variety of path‑
ways regulating angiogenesis, cell metabolism, proliferation 
and drug resistance (54,65). Wen et al (30) reported that the 

Table II. Predicted transcription factors of B‑cell lym‑
phoma‑2‑associated transcription factor 1.

Name of  Predicted number
transcription of binding
factor sites

C/EBPβ 37
GR‑β 26
YY1 14
TFIID 9
GR‑α 7
TFII‑I 4
FOXP3 3
HNF‑3α 2
GR 2
NF‑AT2 1
AP‑2αA 1
HNF‑1A  1
NF‑AT1 1
HOXD9 1
HOXD10 1
C/EBPα 1
c‑Jun 1
STAT4 1
PR B 1
PR A 1
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mRNA and protein expression levels of HIF‑1α and BCLAF1 
in tumor tissues were significantly higher compared with that 
in the adjacent normal tissues and were positively correlated. 
Furthermore, in the nude mouse xenograft tumor model, it 
was also confirmed that BCLAF1 significantly promoted HCC 
angiogenesis and tumor growth (30). Mechanistic studies have 
shown that BCLAF1 promotes angiogenesis by activating the 
transcription of HIF‑1α, which in turn promotes the prolifera‑
tion, angiogenesis, and metastasis of HCC cells (Fig. 1B‑e) (30). 
Notably, HIF‑1α could in turn activate the transcription 
of BCLAF1 and form a closed loop with BCLAF1 (30). In 
another study, BCLAF1 also maintained HIF‑1α activity by 
binding to HIF‑1α and protecting HIF‑1α from degradation 
under long‑term hypoxia, and BCLAF1 may enhance the 
stability of HIF‑1α to promote tumor progression (55). In 
addition, Zhang et al (42) demonstrated that the ginsenoside, 
compound K (CK; a ginsenoside diol type saponins, which has 
a variety of pharmacological activities, including anti‑inflam‑
matory, hepatoprotective and antitumor effects) (66), inhibited 
the HIF‑1α‑mediated glycolysis pathway by downregulating 
the protein expression level of BCLΑF1, thereby inhibiting the 
proliferation of liver cancer cells.

In summary, several studies have confirmed that BCLAF1 
upregulates the expression level of HIF‑1α; therefore, 
participates in different biological processes, such as cell 
proliferation, angiogenesis and cell metabolism (30,42,55). In 
particular, in HCC, which is characterized by a hypoxic micro‑
environment, HIF‑1α‑mediated angiogenesis and anaerobic 
glycolysis notably promoted the occurrence and development 
of HCC. Therefore, targeting the BCLAF1‑HIF‑1α pathway 
may represent a preclinical treatment strategy for HCC.

8. Physiological function of BCLAF1

BCLAF1 is involved in mediating numerous physiological 
processes, such as DDR (3,4,7,8,9), pre‑mRNA splicing and 
processing (2‑6), apoptosis (1,7,9,12,23,32,35,37,38), cell 
cycle (1,7), lung development (10), T‑cell activation (12,24,25), 
and muscle cell proliferation and differentiation (17‑20). 
The current knowledge arises from physiological evidence 
obtained from mouse and cell models, pathological evidence 
from human tumor cell lines and disease cell models, and 
biochemical evidence from in vitro studies of substrates that can 
interact with BCLAF1 and participate in several physiological 
processes (Table III). Loss of functional Emerin, a nuclear 
membrane protein, causes X‑linked recessive Emery‑Dreifuss 
muscular dystrophy (EDMD) (17). Haraguchi et al (18) 
found that Emerin could bind to BCLAF1 and co‑locate to 
the nuclear membrane, and participate in the regulation of 
apoptosis, and the proliferation and differentiation of muscle 
cells (Fig. 1B‑j). In addition, the loss of binding of Emerin to 
BCLAF1 may be associated with muscle atrophy in EDMD 
(Table III and Fig. 1B‑j) (18). Furthermore, Wang et al (20) 
demonstrated that circular RNA Zfp609 (circZfp609) regu‑
lated muscle cell differentiation by sponging miR‑194‑5p. 
Specifically, circZfp609 could sponge miR‑194‑5p to sequester 
its inhibition on BCLAF1 and repress myogenic differen‑
tiation; however, the specific mechanism is unclear. Notably, 
numerous studies have shown that BCLAF1 is a key apoptosis 
regulator; however, its specific role is still controversial. 

At present, most reports indicate that BCLAF1 promotes 
apoptosis via various mechanisms, such as antagonizing the 
anti‑apoptosis effect of Bcl‑2 (1) and upregulating the expres‑
sion of apoptosis‑related proteins, such as TP53, BAX and 
caspase‑3 (Fig. 1B‑a) (7,9,23,32). However, in one study, after 
a variety of chemical apoptosis inducers (such as anisomycin, 
etoposide and staurosporine) and γ‑irradiation were used, 
BCLAF1‑deficient T cells and B cells did not show notable 
apoptotic disorders, suggesting that BCLAF1 was not neces‑
sary for apoptosis (12). In another study, BCLAF1‑mediated 
autophagy of HCC cells could enhance cell proliferation and 
prevent cell apoptosis under stress conditions (37). Similar to 
tumorigenesis, the regulation of BCLAF1 on apoptosis may 
be dependent on cell type and cell context; however, further 
investigation is required.

9. Roles of BCLAF1 in human cancer

BCLAF1 is a nuclear protein, which was first found to interact 
with Bcl‑2 and promote apoptosis (1). Furthermore, BCLAF1 
has been found to induce apoptosis by activating the tran‑
scription of TP53 (9). Subsequently, BCLAF1 was identified 
as a potential tumor suppressor by promoting the apoptosis 
of colon adenocarcinoma cells and bladder cancer (BC) 
cells (32,43). Collectively, another three studies also confirmed 
that BCLAF1 acted as a tumor suppressor in lung cancer (LC), 
multiple myeloma (MM) and DLBCL (7,21,35). However, 
recently, BCLAF1 has become a hot topic due to its carci‑
nogenic characteristics in certain types of human cancer, 
including colorectal cancer (CRC) (34), BC (22,36), AML (38), 
LC (40), HCC (30,31,37,39,42) and gastric cancer (11). These 
differences indicated that the specific role of BCLAF1 in 
tumor progression may depend on the cellular context and 
type of cancer (Table IV).

BC. Human BC is one of the most common malignant tumors 
and was the second leading cause of mortality in patients 
with cancer of the urogenital tract worldwide in 2018 (67,68). 
Yoshitomi et al (43) found that miR‑517a, as a tumor 
suppressor, was downregulated in BC cells, and overexpres‑
sion of miR‑517a could significantly inhibit cell proliferation 
and induce apoptosis. Furthermore, following transfection of 
miR‑517a mimics in BC cells, oligonucleotide array analysis 
identified significant upregulation of BCLAF1; however, the 
mechanism involved is not clear (43). It is well‑known that 
miRNAs can inhibit transcription by binding to the 3'‑UTR 
of a target molecule (52). For example, miR‑K5 (15) and 
miR‑UL112‑1 (13) both inhibited the translation of BCLAF1 
by binding to its 3'‑UTR (Fig. 1B‑d). Therefore, these results 
suggested that miR‑517a may inhibit cell proliferation and 
promote cell apoptosis by indirectly upregulating the expres‑
sion of BCLAF1 in the BC, and that BCLAF1 acted as a 
potential tumor suppressor in BC.

However, certain subsequent studies have reported 
different conclusions. In one study, compared with that 
in para‑carcinoma tissues, the relative expression level of 
BCLAF1 was significantly increased (~1.82 times) in BC 
samples (P=0.002) (36). Furthermore, the knockdown of 
BCLAF1 inhibited the proliferation of BC cells and promoted 
the apoptosis of BC cells (36). In addition, in a mouse 
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xenograft tumor model, BCLAF1facilitated the tumori‑
genicity of BC (36). Mechanistically, miR‑194‑5p bound 
to the 3'‑UTR of BCLAF1 and inhibited the translation of 
BCLAF1. In addition, lncRNA PVT1 acted as a miRNA 
sponge to actively promote the expression level of BCLAF1 
by sponging miR‑194‑5p and subsequently increased the 
malignant phenotype of BC (Fig. 1B‑g) (36). Epigenetic 
studies have shown that the dysfunction of histone meth‑
ylation and its modifications may serve an important role in 
tumorigenesis and development (69,70). SMYD3 is a histone 
methyltransferase, which has been reported to be involved in 
tumorigenesis, cancer cell proliferation, invasion and migra‑
tion (71,72). Shen et al (22) discovered that compared with that 
in adjacent normal controls, SMYD3 and BCLAF1 mRNA 
and protein expression levels were significantly upregulated 
in 77% (17/22) of BC tissues. Mechanistic research showed 
that the overexpression of SMYD3 activated the transcription 
of BCLAF1 by increasing the methylation of histone H3K4 
and SMYD3 promoted the progression of BC by targeting 
BCLAF1 to activate autophagy (Fig. 1B‑g) (22). Notably, 
there have been reports that BCLAF1 was a strong autophagy 
inducer by replacing bcline‑1 in Bcl‑2 (21,73). As the heteroge‑
neity of tumors is considered to be a sign of BC (74), it could 
be hypothesized that the differential expression and different 
roles of BCLAF1 in BC may be associated with the significant 
heterogeneity of BC.

LC. LC was the leading cause of cancer worldwide and 
cancer‑associated mortality in 2020, with an ~1.8 million (18%) 
deaths (75). In one study, DNA‑PKC was specifically activated 
and phosphorylated BCLAF1 at tyrosine150 and serine151 in 
IR‑reactive cells (293T, MRC‑5 and WI‑38 cell lines) under 
a high dose of IR, which resulted in BCLAF1 relocating 
to the nuclear envelope, then binding with γH2AX foci, 
which in turn stabilized the Ku70/DNA‑PKC complex to 
facilitate the non‑homologous end‑joining (NHEJ) pathway of 
double‑strand break (DSB) repair (Fig. 1B‑a) (7). Ku70 is a 
DNA repair factor in the cell nucleus, forming a heterodimer 
with Ku80 via the central domain to bind double‑stranded (ds) 
DNA, which is essential for the DSB repair of the NHEJ 
pathway of dsDNA (76‑78). At the same time, BCLAF1 
prevents p21‑dependent G1 cell cycle arrest, downregulation 
of cyclin E protein expression level, and inhibition of the 
pro‑apoptotic factors, caspase‑3 and BAX, by repressing the 
p21 protein expression level, thereby promoting cell apoptosis 
and cell cycle progression (Fig. 1B‑a) (7). However, BCLAF1 
was inhibited in LC cells with natural radioresistance. On 
the one hand, the formation of the Ku70/DNA‑PKC complex 
decreased and DNA repair was impaired; on the other 
hand, p21‑dependent cell cycle arrest was increased, and the 
caspase‑dependent apoptosis pathway, mediated by Ku70, 
was inhibited, which eventually resulted in carcinogenesis 
(Fig. 1B‑a) (7). Overall, BCLAF1 served as a tumor suppressor 
in LC by promoting DNA repair, apoptosis and inhibiting cell 
cycle arrest.

However, subsequent studies have discovered that BCLAF1 
may serve a different role in LC. Four‑and‑a‑half LIM protein 1 
(FHL1) was identified in early studies as a tumor suppressor 
factor and its expression level was significantly decreased in 
a variety of cancers, including LC (79), HCC (80) and breast 

cancer (81). Conversely, a previous study found that the role of 
FHL1 in cancer progression could be to promote tumorigen‑
esis (82). In addition, Wang et al (40) confirmed this conclusion, 
as they found that phosphorylation of FHL1 promoted LC cell 
proliferation. Specifically, phosphorylated FHL1 translocated 
into the nucleus and interacted with BCLAF1, then promoted 
the proliferation of the H1299 non‑small cell lung cancer 
(NSCLC) cell line (Fig. 1B‑a) (40). Furthermore, in a nude 
mouse xenograft tumor model, BCLAF1 knockout cells exhib‑
ited a smaller tumor volume and weight (40). These results 
indicated that BCLAF1 could be a potential tumorigenic 
factor in LC. Furthermore, another group revealed that the 
protein and mRNA expression levels of BCLAF1 were higher 
in the cisplatin‑resistant A549 NSCLC cell line (41). Cisplatin 
is a widely used small molecule chemotherapeutic drug (83), it 
can bind and cross‑link with DNA, thereby destroying DNA 
function, repressing mitosis and subsequently inducing cell 
apoptosis (84,85). Further research found that BCLAF1 may 
induce cisplatin resistance in two ways; i) BCLAF1 could 
increase ubiquitin‑specific peptidase 22 (USP22) mRNA 
expression to promote DNA repair, thereby inducing cisplatin 
resistance (41). It has been previously reported that USP22 
overexpression could promote cisplatin resistance in the A549 
cell line, then regulated Ku70/BAX‑dependent apoptosis and 
γH2AX‑mediated DNA damage repair (86); and ii) BCLAF1 
induced G1 cell cycle arrest by increasing the p21 protein 
expression level and decreasing the cyclin D1 protein expression 
level, which resulted in cisplatin resistance (41). These studies 
indicated that BCLAF1 could promote LC cell proliferation 
and resistance to cisplatin by targeting FHL1, promoting DNA 
damage repair and G1 cell cycle arrest. However, the exact role 
and mechanism of action of BCLAF1 in LC requires further 
investigation.

CRC. CRC was the second most common cause of cancer‑asso‑
ciated mortality worldwide in 2018, with a high incidence rate 
in Westernized countries, while the incidence rate is currently 
on the rise in Asian countries (87). There are a few studies on 
the role of BCLAF1 in CRC. In 2009, Rénert et al (32) first 
reported the pro‑apoptotic effect of BCLAF1 in colon cancer 
cell lines. It was found that C16‑ceramide, the core molecule 
involved in sphingomyelin metabolism relied on BCLAF1 to 
promote the apoptosis of colon cancer cells (32). Furthermore 
a mechanistic study reported that BCLAF1 promoted the 
apoptosis of colon cancer cells by regulating apoptosis‑related 
proteins (activating the transcription of TP53 and BAX, 
and inhibiting the transcription of MDM2) (Fig. 1B‑b) (32).
Notably, in the present review the survival prediction analysis 
of BCLAF1 in patients with CRC using the GEPIA2 data‑
base, showed that high mRNA expression level of BCLAF1 
was associated with a favorable overall survival rate in 
290 patients, while low mRNA expression level was associated 
with poor overall survival in 290 patients (P=0.026) (Fig. 3A). 
Collectively, these results indicate that BCLAF1 could be a 
potential tumor suppressor in CRC.

However, another group strongly challenged this conclu‑
sion. Zhou et al (34) discovered that the expression of the 
L isoform of BCLAF1 was increased in CRC cell lines, 
suggesting that the L isoform may serve a key role in colorectal 
tumorigenesis (34). Furthermore, the overexpression of the 
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L isoform promoted the proliferation and colony formation of 
CRC cells (34). In addition, the splicing factor, SRSF10 was 
found to be a direct upstream regulatory molecule of BCLAF1 
and participated in the production of the L isoform via the 
inclusion of exon 5a, which promoted the tumorigenesis 
of CRC (Fig. 1B‑b) (34). In addition, the knockdown of the 
L isoform in a mouse subcutaneous tumor model reduced the 
tumor growth rate and tumor size, which also confirmed the 
role of the L isoform in promoting tumorigenesis and develop‑
ment of CRC (34). Overall, these results indicated that the role 
of BCLAF1 in CRC could be contradictory, possibly as either 
a tumor suppressor or tumor‑promoting factor. Therefore, an 
in‑depth investigation is required to determine the role of 
BCLAF1 in CRC.

HCC. HCC was the fourth leading cause of cancer‑related 
mortality worldwide and the leading cause of death among 
patients with cirrhosis in 2019 (88). However, studies focusing 
on the role of BCLAF1 in the tumorigenesis of HCC have 
not been reported until recently. As aforementioned, multiple 
studies have shown that BCLAF1 was associated with the regu‑
lation of angiogenesis, cell proliferation and drug resistance in 
HCC under hypoxic conditions by activating the transcription 
of HIF‑1α (Fig. 1B‑e) (30,42,55). Furthermore, Zhou et al (39) 
found that, compared with that in adjacent tissues and 
normal hepatocytes, the BCLAF1 protein expression level 
in HCC tissues and cell lines was significantly increased 
and in a nude mouse xenograft tumor model, knockdown of 
BCLAF1 significantly reduced tumor size and tumor growth 
rate. Mechanistically, Hsp90α interacted with BCLAF1 and 
prevented its subsequent degradation via the proteasome 
pathway (Fig. 1B‑e) (39). Furthermore, BCLAF1 protected the 
mature mRNA of the oncogene c‑Myc from degradation via 
its RS domain, thereby promoting the occurrence and progres‑
sion of HCC (Fig. 1A and B‑e) (39). In addition, another group 
also confirmed that BCLAF1 was highly expressed in HCC 
specimens compared with that in adjacent normal tissues, and 
higher BCLAF1 protein expression levels were associated 
with higher TNM stage, poorer differentiation and a less favor‑
able prognosis in patients with HCC (6). In addition, BCLAF1 
induced autophagy in response to starvation of the HCC cells, 
and BCLAF1 might increase cell proliferation and prevent cell 
apoptosis under stress conditions by inducing autophagy (6). 
Animal experiments also showed that BCLAF1 facilitated 
the tumorigenicity of HCC cells in vivo (37). In addition, the 
high BCLAF1 protein expression levels may lead to sorafenib 
resistance in patients with HCC (37). Consistent with the 
two aforementioned studies, Mou et al (31) also verified that 
BCLAF1 was highly expressed in HCC cells and tissues. 
Furthermore, additional research also found that BCLAF1 
could bind to the lncRNA NEAT1 promoter and activate its 
transcription, thereby promoting cell proliferation, invasion 
and resistance to 5‑Fu (Fig. 1B‑e) (31). A recent study found 
that BCLAF1 might play a regulatory role in HCC by medi‑
ating the glycolytic pathway: Zhang et al (42) discovered that 
knockdown of BCLAF1 could enhance the ability of ginsen‑
oside CK to activate HIF‑1α ubiquitination and inhibit the 
glycolysis pathway, mediated by HIF‑1α, leading to inhibition 
of HCC cell proliferation. In addition, in a mouse model of 
HCC, induced by diethylnitrosamine, after the administration 

of CK, both the volume and the glucose uptake ability of the 
tumor was reduced (42). Multiple studies have also confirmed 
that enhanced glycolysis was associated with the tumorigen‑
esis and progression of tumors (89,90). Collectively, these 
studies showed that BCLAF1 was a tumor‑promotor in HCC, 
promoting the proliferation, migration and invasion, angiogen‑
esis and drug resistance of HCC via different mechanisms.

MM. MM is a clonal malignant tumor caused by the uncon‑
trolled proliferation of immunoglobulin‑secreting plasma 
cells in the bone marrow and it accounts for 10% of all 
hematological malignancies (91). Lamy et al (21) used short 
hairpin RNAs in a retroviral library to identify essential 
pathways in MM and to determine potential therapeutic 
targets in MM. It was found that caspase‑10 was essential 
for MM viability and did not induce apoptosis, but instead 
blocked autophagy‑dependent cell death pathways in MM (21). 
Caspase‑10 has been reported to be involved in the formation 
of death‑inducing signaling complex (DISC) and induced 
the proteolysis of their downstream targets, which resulted 
in the initiation of extrinsic apoptosis (92). However, it has 
been reported that caspase‑10 can change the apoptotic cell 
death response following the formation of DISC to activate 
NF‑κB and cell survival (93). Furthermore, the gene expres‑
sion analysis following caspase‑10 knockdown revealed that 
BCLAF1 was one of the upregulated genes. In particular, the 
level of BCLAF1 protein induction was greater than that for 
the mRNA expression level (21). This suggests that BCLAF1 
may be a substrate of caspase‑10. Further in vitro experiments 
indicated that caspase‑10 protected MM cells from autophagic 
death, induced by BCLAF1 from the cleavage of aspartic 
acid at position 452 in BCLAF1 (Fig. 1A and B‑c) (21). As 
aforementioned, BCLAF1 is a strong autophagy inducer by 
replacing beclin‑1 in Bcl‑2 (Fig. 1B‑c) (21,72). These results 
verified that the interaction between BCLAF1 and Bcl‑2 
increased following caspase‑10 inhibition, leading to the disso‑
ciation of beclin‑1 from Bcl‑2, thereby initiating autophagy. 
Overall, BCLAF1 could act as a tumor suppressor by inducing 
the autophagic death of MM cells.

DLBCL. DLBCL is a biologically and clinically heterogeneous 
B‑cell tumor. Its morphology is characterized by large lympho‑
cytes and B‑cell markers proliferating rapidly and in a diffuse 
pattern (94). HDACi are a new type of drug for the treatment 
of hematological malignancies, which can increase histone 
acetylation, induce apoptosis and differentiation, and inhibit 
the proliferation of tumor cells (95‑97). LMK‑235 is a specific 
inhibitor of HDAC4 and HDAC5 (98). A study has shown that 
after treating DLBCL cells with LMK‑235, both the mRNA 
and protein expression level of BCLAF1 and the rate of apop‑
tosis increased (35). Similar results were observed after the 
HDAC4 gene was knocked down (35). In addition, LMK‑235 
increased the BCLAF1 protein expression level by inhibiting 
the NF‑κB pathway (35). Furthermore, both LMK‑235 and 
small interfering (si)RNA‑HDAC4 inhibited the activation of 
NF‑κB and increased the BCLAF1 protein expression level, 
and the NF‑κB inhibitor, Bay11‑7082 increased the BCLAF1 
protein expression level (Fig. 1B‑h) (35).

In summary, BCLAF1 may represent a potential tumor 
suppressor in DLBCL, and LMK‑235 increases the BCLAF1 
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protein expression level by inhibiting the activation of NF‑κB, 
then promoting the apoptosis of DLBCL cells. Notably, 
previous studies found that NF‑κB inhibited the BCLAF1 
mRNA expression level in different cellular processes. 
Shao et al (8) showed that BCLAF1 was a direct downstream 
target of NF‑κB, which bound to the BCLAF1 promoter and 
activated its transcription during therapeutic drug doxoru‑
bicin‑induced senescence. Similarly, another study showed 
that in the regulation of BCLAF1 histone acetylation, Rel‑A 
bound to the BCLAF1 promoter and activated its transcrip‑
tion (24). A recent study suggested that BCLAF1 might play 
a pro‑apoptotic effect in DLBCL through negative regulation 
by NF‑κB (Fig. 1B‑h) (35); however, the specific regulatory 
mechanism is still unclear. As it has been previously reported 
that NF‑κB could activate the transcription of BCLAF1, 
further studies are required to verify whether BCLAF1 could 
also be involved in the development of DLBCL via the tran‑
scriptional regulation of NF‑κB.

AML. AML is a type of cancer derived from the myeloid 
lineage of blood cells. It is characterized by the excessive 
production of leukemic mother cells, but the survival rate is 
still low due to the high recurrence rate (99). BCLAF1 mRNA 
and protein expression level was found to be highly expressed 
in AML cells compared with that in normal CD34+ cells, 
while the opposite effect was observed with respect to the level 
of miR‑194‑5p (38). In addition, lower BCLAF1 mRNA and 
protein expression levels (and higher miR‑194‑5p expression 
levels) were associated with a favorable prognosis based on the 
5‑year survival rate (38). It was further found that miR‑194‑5p 
bound to the 3'‑UTR of BCLAF1 and inhibited the translation 
of BCLAF1 in AML (Fig. 1B‑c) (38). Furthermore, overex‑
pression of miR‑194‑5p and the accompanying decrease in 
the expression of BCLAF1 resulted in G1 cell cycle arrest and 
caspase 9‑dependent activation of apoptosis in AML cells (38). 
In addition, BCLAF1 knockdown cells were more sensitive to 
the AML treatment drug, suberoylanilide hydroxamic acid (a 
HDACi), and the proliferation and number of AML colonies 
formed were notably reduced (38). All these results showed 
that BCLAF1 might be a potential tumor‑promoting factor in 
AML.

10. BCLAF1 and RT

RT is an important treatment modality for localized 
tumors (100). RT produces DNA DSBs using high‑energy IR, 
which induces cell cycle arrest, senescence and various tumor 
cell death modes, including apoptosis, autophagy, necrosis 
and mitotic catastrophes (101). After IR‑induced cellular 
DNA damage, H2AX responds to DSBs by phosphorylating 
serine139 (γh2AX) and subsequently recruits various proteins, 
that are associated with apoptosis and repair of DNA damage, 
such as BRCA1 and RAD51 (102). A number of studies have 
associated BCLAF1 with DDR. Liu et al (9) first reported that 
BCLAF1 promoted the transcription of TP53 by forming a 
complex with PKCδ in response to DNA damage. Lee et al (7) 
found that the complex formed by BCLAF1 and γH2AX was 
co‑localized to the damaged DNA and could stabilize the 
Ku70/DNA‑PKC complex to facilitate the NHEJ pathway of 
DSB repair (Fig. 1B‑a). Similarly, in the latest research, IR 

induced phosphorylation of serine290 in BCLAF1 and the 
co‑localization of BCLAF1 with γH2AX, which promoted 
DDR and radiotherapy resistance of gastric cancer cells 
(Fig. 1B‑i) (11). In addition, Savage et al (3) discovered that 
BCLAF1 was identified in the protein interacting with BRCA1, 
which mediated the formation of the BRCA1‑mRNA splice 
complex after DNA damage, and knockdown of BCLAF1 
increased cell sensitivity to IR. Similar results were found in 
a comparable study (4). Notably, a recent report showed that 
after IR induction, BCLAF1 increased the mRNA expression 
level of programmed cell death ligand 1 (PD‑L1) via the DNA 
DSB repair pathway, thereby increasing the resistance of the 
cells to IR (10). It is well‑known that PD‑L1 is a negative 
regulator of the immune response and blocking antibodies 
targeting PD‑L1 can reactivate immune surveillance (103,104). 
In addition, mounting evidence has revealed that the syner‑
gistic combination of radiotherapy and immunotherapy could 
provide significant therapeutic effects in NSCLC (105,106). 
Therefore, it would be important to further investigate the 
role of BCLAF1 in the combined treatment of tumors with 
radiotherapy and chemotherapy.

Taken together, numerous studies have shown that BCLAF1 
is a DDR‑associated protein and serves an important role in 
DDR (3,4,7,9,10,11). In addition, for normal cells, DDR is a 
key pathway for maintaining genomic stability and preventing 
oncogenic transformation (100). Whereas, for tumor cells, 
high levels of DDR may increase IR‑induced DSB, promote 
tumor cell resistance to RT and eventually lead to treatment 
failure (3,4,10,11). Therefore, targeting BCLAF1 may be an 
effective therapeutic strategy against radioresistance in the 
future.

11. Roles of BCLAF1 in virus replication

In addition to participation in the occurrence and develop‑
ment of several types of malignant tumor, studies have also 
found that BCLAF1 serves an important role in virus replica‑
tion. Ziegelbauer et al (15) discovered, for the first time, that 
BCLAF1 had a negative regulatory role in the replication of 
KSHV. Further analysis showed that BCLAF1 was the target of 
KSHV‑encoded miR‑K5, by binding to the 3'‑UTR of BCLAF1, 
thus decreasing the mRNA expression level of BCLAF1 (15). 
KSHV, as a hemolytic virus, is the etiological agent of some 
malignant tumors associated with acquired immunodeficiency 
syndrome, such as Kaposi's sarcoma, variants of multicentric 
Castleman disease and primary effusion lymphoma (107‑111). 
Furthermore, another study demonstrated that decreased 
BCLAF1 protein expression level enhanced HCMV gene 
expression, while increased BCLAF1 protein expression level 
inhibited virus replication (13). Further analysis found that the 
proteasome degradation of BCLAF1 was induced by releasing 
viral particle proteins in the early stage after HCMV infec‑
tion, such as pp71 and UL35 proteins (Fig. 1B‑d) (13). In the 
later stage of HCMV infection, the miR‑UL112‑1 encoded by 
HCMV, bound to the 3'‑UTR of BCLAF1 and inhibited its 
translation (13). HCMV is a widespread β‑herpes virus that 
can cause diseases in individuals with immature or impaired 
immune systems (112), such as atherosclerosis, vascular 
disease and immune aging as well as increase the risk in devel‑
oping different types of tumor (113,114). Furthermore, a recent 
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study indicated that knockdown of BCLAF1 could signifi‑
cantly promote the replication of US3‑deficient α‑herpesvirus 
pseudorabies virus (PRV) and herpes simplex virus type 1 
(HSV‑1) (14). Mechanistic analysis found that BCLAF1 
could repress viral replication by enhancing type I interferon 
signaling (14). Conversely, PRV induced the degradation of 
BCLAF1 in host cells during infection via its expressed viral 
protein, US3 (Fig. 1B‑d) (14). Type I interferon response serves 
an important role in combating viral infections and it is often 
dysregulated in viral infections (115). In a similar manner 
to KSHV and HCMV, both PRV and HSV‑1 belong to the 
α‑herpesvirus subfamily.

In summary, the aforementioned studies have uncovered 
the role of BCLAF1 in herpes virus defense, and more 
importantly, that BCLAF1 is also the target of multiple viral 
components. However, BCLAF1 may play a different role in 
human papillomaviruses (HPV)16. HPV16 is a small DNA 
virus that infects keratinocytes of the squamous and mucosal 
epithelium (116,117). In one study, in cells with induced 
DNA damage, BCLAF1 was recruited to the HPV16 DNA 
by co‑recruitment with other DDR factors (such as BRCA1 
and BARD1) and RNA processing factors (such as U2AF65 
and SF3b), then induced replication of HPV DNA and HPV 
late gene expression (16), indicating the role of BCLAF1 in 
promoting HPV replication. Taken together, these studies 
showed that BCLAF1 may serve a contradictory role in viral 
infections. On the one hand, BCLAF1 represses the replica‑
tion and infection of some viruses, such as herpes viruses, 
including KSHV, HCMV, PRV and HSV‑1; on the other hand, 
BCLAF1 promotes the DNA replication and gene expression 
of HPV16 (Table IV).

12. Roles of BCLAF1 in cardiac I/R injury

I/R injury, characterized by oxidative stress, inflammation 
and organ dysfunction (118,119), is the initial temporary 
blockage of blood supply to tissues and organs, followed by the 
recovery of perfused blood supply and accompanying reoxy‑
genation, known as reperfusion injury of tissues and organs. 
It has recently been reported that overexpression of BCLAF1 
increased cardiac I/R injury and increased the infarct size in 
the heart of a I/R mouse model, and knockdown of BCLAF1 
reduced cardiac I/R injury (23). Mechanistically, the trans‑
location of BCLAF1 to the nucleus increased the expression 
and activity of apoptosis‑related proteins, such as TP53, BAX 
and caspase‑3 induced by I/R injury, then promoted the apop‑
tosis of cardiomyocytes (Fig. 1B‑k) (23). In addition, further 
research has demonstrated that lncCIRBIL was bound to 
the BCLAF1 protein in the cytoplasm of cardiomyocytes to 
prevent its translocation to the nucleus, thus repressing cardiac 
I/R injury (Fig. 1B‑k) (23). In summary, BCLAF1 could act 
as a cardiomyocyte protective factor in cardiac I/R injury and 
mediate the regulation of lncCIRBIL in cardiac I/R injury 
(Table IV).

13. Conclusions

In conclusion, BCLAF1 has complex physiological and patho‑
logical functions, and exerts these biological functions from 
the regulation of its upstream molecules and the downstream 

target molecules. On the one hand, BCLAF1, as a downstream 
molecule, is mostly regulated at the transcriptional and 
post‑transcriptional level. For example, NF‑κB can regulate 
BCLAF1 transcription by binding to the promoter of BCLAF1 
(Fig. 1B‑f and h) (8,24,35) and Sirt1 can inhibit BCLAF1 tran‑
scription by deacetylating the H3K56 at the BCLAF1 promoter 
(Fig. 1B‑f) (24). In addition, several studies have found that 
BCLAF1 was phosphorylated at different sites associated with 
the repair of DNA damage (7,31). Notably, mass spectrom‑
etry found >30 phosphorylation sites within BCLAF1 (120); 
however, the significance and function of these sites have not 
been reported. Therefore, post‑translational modification (such 
as phosphorylation) of BCLAF1 may be one of the key forms 
for regulating its function, and further research is required.

On the other hand, BCLAF1 regulates its downstream 
targets at the transcriptional and post‑transcriptional level 
to participate in numerous physiological and pathological 
processes. For example, BCLAF1 participates in DDR and 
apoptosis by activating the transcription of TP53 and BAX 
(Fig. 1B‑a) (7,9). Furthermore, BCLAF1 has been associated 
with colon cancer and found to activate the transcription of 
TP53 and BAX, and inhibit MDM2 (Fig. 1B‑b) (32). In addi‑
tion, BCLAF1 was associated with the development of HCC 
by activating the transcription of HIF‑1α and lncRNA NEAT1 
(Fig. 1B‑e) (30,31). Lastly, BCLAF1 was found to be an impor‑
tant splicing factor to maintain the stability of c‑Myc mRNA 
expression in HCC (Fig. 1A and B‑e) (39).

Given the subcellular localization of BCLAF1, most of the 
previous research found that BCLAF1 primarily localizes in 
the nucleus and in a small amount in the cytoplasm (1,7,18). 
Under different conditions, the localization of BCLAF1 can 
change, which is accompanied by functional changes. For 
example, the anti‑apoptotic members of the Bcl‑2 family inhibit 
the pro‑apoptotic effect of BCLAF1 by isolating BCLAF1 
in the cytoplasm (1). Similarly, in apoptosis‑induced cells, 
BCLAF1 is translocated to dot‑like structures in the nucleus to 
exert its pro‑apoptotic function (18). However, further research 
is required to reveal the association between the subcellular 
localization of BCLAF1 and its complex functions.

An increasing amount of evidence has shown that BCLAF1 
can exert carcinogenic and antitumor effects in specific types 
of cancer and in a cell background‑specific manner. For 
example, BCLAF1 has been found to plays a potential tumor 
suppressor effect in MM (21) and DLBCL (35), but has a 
tumor‑promoting effect in AML (38), HCC (30,31,37,39,42) and 
gastric cancer (11). Even in some tumor types (such as BC, LC 
and CRC), it has been observed that BCLAF1 is both a tumor 
suppressor (7,32,43) and a tumor promoter (22,34,40,41). The 
reasons for this may be due to the tumor microenvironment 
or tumor heterogeneity, or differences in biological samples. 
Given multiple tumors are characterized by significant hetero‑
geneity and complex microenvironment (73,74,87), these 
studies may use different biological samples (human cancer 
tissues, tumor cell lines and animal models). In addition, the 
human BCLAF1 gene encodes several transcriptional variants; 
therefore, the complex structure of the BCLAF1 protein itself 
may also mediate its complex and even contradictory effects 
in tumorigenesis. Thus, the specific mechanism requires 
further investigation to clarify its different roles. For example, 
the establishment of a systemic and tissue‑specific BCLAF1 
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gene knockout mouse model may provide a comprehensive 
understanding of the physiological and pathological functions 
of BCLAF1, particularly in tumorigenesis (121). In addition, 
attention should be paid to the role of BCLAF1 in pathological 
processes other than tumorigeneses, such as viral infection 
and cardiac I/R injury. Some progress has been made in 
the investigation into the role and mechanisms of BCLAF1 
in virus infection; however, contradictory results have been 
observed. For example, BCLAF1 acted as a viral inhibitor in 
viral infections, such as KSHV, HCMV and PRV, but acted 
as a viral replication‑promoting factor in HPV16 (13‑16). 
Notably, BCLAF1 has recently been found to promote cardiac 
I/R injury by mediating cardiomyocyte apoptosis (23), which 
was the first time to associate the regulation of BCLAF1 in 
apoptosis with cardiac I/R injury.

Given the complex and even contradictory roles of 
BCLAF1 in tumorigenesis, BCLAF1 has been classified and 
discussed based on its roles in tumorigenesis to identify targets 
for specific therapy. In tumor types in which BCLAF1 acts as 
a tumor promoter (such as HCC and AML), the pathogenic 
pathway of BCLAF1 may be blocked by targeting some 
key signaling molecules. For example, targeted inhibition 
of HSP90, HIF‑1α and lncRNA NEAT1 in HCC may be 
considered, while in AML, upregulation of miR‑194‑5p could 
be considered. By contrast, in other tumor types in which 
BCLAF1 acts as a tumor suppressor (such as DLBCL and 
MM), the anti‑cancer pathway of BCLAF1 may be activated 
by targeting some key signaling molecules. For example, in 
DLBCL, inhibition of NF‑κB may be effective, while in MM, 
caspase‑10 could be inhibited. Of course, more in‑depth 
research is required to determine the exact roles of BCLAF1 
in tumorigenesis, particularly in different types of cancer with 
paradoxical effects of BCLAF1 (including BC, LC and CRC), 
thus making it possible to perform targeted therapy. Notably, 
although survival analysis of data from the GEPIA2 database 
showed established prognostic value of BCLAF1 in BC (high 
expression of BCLAF1 was associated with a less favorable 
prognosis) (Fig. 3B), there are no reports of the association 
between BCLAF1 and BC; therefore, more studies into the 
mechanism of BCLAF1 in BC is required.

Taken together, in vitro, in vivo and studies using clinical 
samples have aided in the understanding of the role of BCLAF1 
in the occurrence, progression and resistance of different 
types of cancer. As BCLAF1 plays an important role in key 
cancer‑related signaling pathways, regulating the activity or 
abundance of this key molecule may provide a new therapeutic 
strategy for patients with cancer in the future.
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