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Heat Shock Protein 90α–Dependent 
B-Cell-2–Associated Transcription Factor 
1 Promotes Hepatocellular Carcinoma 
Proliferation by Regulating MYC  
Proto-Oncogene c-MYC mRNA Stability
Xueqiong Zhou,1* Ying Wen,1* Ye Tian,1 Meiling He,1 Xiangyu Ke,1 Zhizhou Huang,1 Yangfan He,1 Lixia Liu,1 Annette Scharf,2 
Meiting Lu,1 Guowei Zhang,3 Yaotang Deng,1 Yuxia Yan,4 Matthias P. Mayer,2 Xuemei Chen,1,2 and Fei Zou1

B-cell lymphoma 2 (Bcl-2)-associated transcription factor 1 (Bclaf1) is known to be involved in diverse biological processes, 
but, to date, there has been no evidence for any functional role of Bclaf1 in hepatocellular carcinoma (HCC) progression. 
Here, we demonstrate that Bclaf1 is frequently up-regulated in HCC and that Bclaf1 up-regulation is associated with 
Edmondson grade, lower overall survival rates, and poor prognosis. Overexpression of Bclaf1 in HCC cell lines HepG2 and 
Huh7 promoted proliferation considerably, whereas Bclaf1 knockdown had the opposite effect. Xenograft tumors grown 
from Bclaf1 knockdown Huh7 cells had smaller tumor volumes than tumors grown from control cells. Furthermore, our 
study describes MYC proto-oncogene (c-Myc) as a downstream target of Bclaf1, given that Bclaf1 regulates c-MYC expres-
sion posttranscriptionally by its RS domain. To exert this function, Bclaf1 must interact with the molecular chaperone, heat 
shock protein 90 alpha (Hsp90α). In HCC tissue samples, Hsp90α levels were also increased significantly and Hsp90α-
Bclaf1 interaction was enhanced. Bclaf1 interacts with the C-terminal domain of Hsp90α, and this interaction is disrupted 
by the C-terminal domain inhibitor, novobiocin (NB), resulting in proteasome-dependent degradation of Bclaf1. Moreover, 
NB-induced disruption of Hsp90α-Bclaf1 interaction dampened the production of mature c-MYC mRNA and attenuated 
tumor cell growth in vitro and in vivo. Conclusion: Our findings suggest that Bclaf1 affects HCC progression by manipulat-
ing c-MYC mRNA stability and that the Hsp90α/Bclaf1/c-Myc axis might be a potential target for therapeutic interven-
tion in HCC. (Hepatology 2019;69:1564-1581).

Hepatocellular carcinoma (HCC) is the fifth-
most common tumor worldwide and the 
third-leading cause of cancer mortality,  causing 

746,000 cancer deaths annually.(1) Over the past two 
decades, incidence of HCC has tripled, whereas the 
5-year survival rate has remained less than 12%.(2) 

Abbreviations: 17-DMAG, 17-dimethylamino-ethylamino-17-demethoxygeldanamycin; ActD, actinomycin D; Bcl-2, B-cell lymphoma 2;  
Bclaf1, Bcl-2-associated transcription factor 1; CCK-8, Cell Counting Kit-8; CHX, cycloheximide; Co-IP, co-immunoprecipitation; CTD, 
C-terminal dimerization domain; c-MYC, MYC proto-oncogene; EV, empty vector; GO, gene ontology; HA, hemagglutinin; HCC, hepatocellular 
carcinoma; Hsp90, heat shock protein 90; IHC, immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes; KO, knockout; MD, 
middle domain; NB, novobiocin; NBD, N-terminal nucleotide binding domain; shRNA, short hairpin RNA; SILAC, stable isotope labeling with 
amino acids in cell culture; siRNA, small interfering RNA; SRSF1, serine/arginine-rich splicing factor 1; WT, wild type.
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Most patients are diagnosed at an advanced stage, when 
curative treatments, including ablation, resection, and 
liver transplantation, are no longer available.(3) Thus, 
to discover new effective therapeutic treatments and to 
reduce HCC mortality, it will be necessary to better 
understand the molecular mechanisms of HCC.

HCC is largely caused by genomic catastrophes that 
result in the inactivation of tumor suppressor genes 
and/or activation of proto-oncogenes. One of the 
most commonly activated oncogenes associated with 
the pathogenesis of HCC is MYC proto- oncogene 
(c-MYC). Animal models revealed that overexpression 
of c-Myc can induce HCC,(4,5) whereas inhibition of 
c-Myc expression results in a loss of the carcinoma’s 
neoplastic properties. In addition to genetic aber-
rations, regulators of c-MYC gene expression may 
control HCC proliferation and contribute to tumor-
igenesis. In this study, we found evidence for a link 
between the molecular chaperone, heat shock pro-
tein 90 alpha (Hsp90α), B-cell lymphoma 2 (Bcl-2)-
associated transcription factor 1 (Bclaf1/Btf ), c-MYC 
gene expression, and HCC progression.

The ATP-dependent 90-kDa heat shock proteins 
(Hsp90) are evolutionarily highly conserved molec-
ular chaperones that assist maturation of an array of 
client proteins (https://www.picard.ch/downloads/
Hsp90interactors.pdf ), in particular overexpressed 
and mutationally activated oncogenic kinases and 
receptors. Hsp90s consist of an N-terminal nucleo-
tide binding domain (NBD), a middle domain (MD), 
and a C-terminal dimerization domain (CTD), and all 
three domains were shown to interact with clients.(6) 

Natural products were discovered that specifically 
inhibit Hsp90, binding to the ATP binding pocket 
in the NBD (e.g., 17-dimethylamino-ethylamino- 
17-demethoxygeldanamycin [17-DMAG]) and to 
a second binding site in the CTD (e.g., novobiocin 
[NB]).(7) The specific molecular chaperone function 
makes Hsp90 a powerful tool to search for new, critical 
oncoproteins that might be lowly abundant, but vital 
for tumor progression. With a combination of co-im-
munoprecipitation (Co-IP) and stable isotope labeling 
with amino acids in cell culture (SILAC), we stud-
ied the interaction of Bclaf1 and Hsp90 in an HCC 
cell line and further explore the biological function of 
Bclaf1 in HCC.

Bclaf1 was originally identified as an interaction 
partner of the adenoviral, antiapoptotic Bcl-2-related 
protein, E1B, and suggested to promote apoptosis.(8) 
Meanwhile, there is ample evidence that Bclaf1 has 
a much broader function and serves in such diverse 
processes as lung development, T-cell activation, pro-
liferation of Kaposi’s sarcoma-associated herpesvirus, 
and human cytomegalovirus infection, processes not 
generally associated with Bcl-2 family members.(9,10) 
Bclaf1 contains an arginine-serine–rich (RS) domain 
typically found in proteins playing a role in mRNA  
processing or pre-mRNA splicing.(11) In vitro studies  
also implicated Bclaf1 in pathways linking transcrip-
tional events to cell death, DNA damage, or autoph-
agy.(9,12,13) Although most studies suggest that Bclaf1 
acts as a tumor suppressor, more-recent studies pro-
vided evidence for an oncogenic function of Bclaf1  
in bladder and colon cancer.(14,15) Thus, the function  

aRtICle INFoRMatIoN:
From the 1Department of Occupational Health and Medicine, Guangdong Provincial Key Laboratory of Tropical Disease Research, School 
of Public Health,  Southern Medical University, Guangzhou, China; 2Center for Molecular Biology of Heidelberg University 
(ZMBH), DKFZ-ZMBH-Alliance, Heidelberg, Germany; 3Department of Hepatobiliary Surgery, Nanfang Hospital, Southern Medical 
University, Guangzhou, China; 4Department of Biostatistics, School of Public Health, Southern Medical University, Guangzhou, China.

aDDReSS CoRReSpoNDeNCe aND RepRINt ReQUeStS to: 
Fei Zou, Ph.D.
Department of Occupational Health and Medicine
School of Public Health, Southern Medical University
1838 Guangzhou Road North
Guangzhou, 510515, China
E-mail: zfei@smu.edu.cn
Tel: +86-20-61648301
or 
Xuemei Chen, Ph.D.
Department of Occupational Health and Medicine
School of Public Health, Southern Medical University

1838 Guangzhou Road North
Guangzhou, 510515, China
E-mail: cxmcsz@smu.edu.cn
Tel: +86-20-62789125
or 
Matthias Mayer, Ph.D.
Center for Molecular Biology of Heidelberg University (ZMBH)
Im Neuenheimer Feld 282
69120 Heidelberg, Germany
E-mail: m.mayer@zmbh.uni-heidelberg.de
Tel: + 49-6221 54 6829

https://www.picard.ch/
mailto:zfei@smu.edu.cn
mailto:cxmcsz@smu.edu.cn
mailto:m.mayer@zmbh.uni-heidelberg.de


ZHoU, WeN, et al.  Hepatology, april 2019

1566

of Bclaf1 in carcinogenesis is controversial and still 
needs to be further explored in different tumor tissues.

Here, we show that Bclaf1 mRNA and protein levels 
are up-regulated in human HCC as compared to nor-
mal liver and that BCLAF1 mRNA levels correlate with 
c-MYC mRNA levels. Bclaf1 depletion in HCC cells 
inhibits proliferation, consistent with down-regulation of 
c-Myc mRNA and protein levels. The molecular chap-
erone, Hsp90α, is required for this function of Bclaf1. 
Hsp90α inhibition destabilizes Bclaf1 and reduces levels 
of mature c-MYC mRNA. Importantly, a stable reduc-
tion of Bclaf1 in Huh7 cells impairs tumor growth in a 
murine xenograft model. Therefore, our study suggests 
Bclaf1 as a potential target in HCC treatment.

Materials and Methods
HUMaN tISSUeS

HCC samples were collected with the informed con-
sent of patients, and the ethics committee of Taizhou 
Hospital (Zhejiang, China) approved all experiments. The 
human tissues are detailed in the Supporting Information.

otHeR MetHoDS
The following methods are described in the 

Supporting Information, including tissue microar-
rays and immunohistochemistry (IHC), cell culture 
and reagents, cell proliferation and colony-survival 
assay, western blotting and immunoprecipitation, 
reverse-transcription and semiquantity PCR, trans-
fection of small interfering RNA (siRNA) and plas-
mids, apoptosis assay, soft agar colony formation assay, 
SILAC labeling, RNA sequencing (RNA-Seq), mouse 
xenotransplantation experiments, and immunofluores-
cent and immunostaining.

StatIStICal aNalySIS
All experiments were repeated three times. Data are 

described as mean ± SD. Survival curves were calcu-
lated using Kaplan-Meier and log-rank tests. Effects 
of variables on survival were determined by uni- and 
multivariate Cox proportional hazards modeling. 
The Mann-Whitney U test was used to analyze the 
relationship between Bclaf1 expression and clinico-
pathological characteristics. Statistical P values were 
analyzed by a two-tailed Student t test. SPSS software 
(version 16.0; SPSS, Inc., Chicago, IL) was used for 
statistical analysis, and significance was set at P < 0.05.

Results
HSp90α INteRaCtS WItH BClaF1 
IN HCC

Hsp90α was found to be associated with many 
human cancers, including HCC, and pharmacologi-
cal inhibition of Hsp90 in HCC significantly reduced 
viability in cancer cell lines, but much less so in non-
malignant cells.(16-18) At the outset of our study, we 
analyzed the link between Hsp90α protein levels in 
HCC  tissues and survival rates (Fig. 1A-C) and found 
Hsp90α to be a prognostic marker for HCC progression  
(P < 0.05), consistent with a recent publication.(19) To 
better understand the molecular mechanism for why 
HCC seems to be addicted to Hsp90α, we wanted to 
find clients of Hsp90α important for HCC growth. 
Because a large number of Hsp90 clients are already 
known,(18) we wanted to search for clients some-
what off the beaten path. Reasoning that because of 
hypoxic conditions and nutrients depletion tumor cells 
are constantly under stress conditions in their micro-
environment, we searched for proteins that are more 
prominently bound to Hsp90α under stress conditions 
(30 minutes and 4 hours heat shock at 42°C) than 
under control conditions, using SILAC proteomics 
(Supporting Fig. S1A,B; Supporting Table S1).

Out of the significantly enriched Hsp90α interac-
tors, Bclaf1 caught our attention because its function 
was controversial, being described as a tumor suppressor 
in some studies and an oncoprotein in others. To verify 
Bclaf1 as an Hsp90α interactor, we performed a series 
of experiments. Co-IP from HCC cell lines indicated 
that endogenous Hsp90α immunoprecipitated with 
endogenous Bclaf1 (Fig. 1D,E). Immunofluorescence 
staining, in combination with confocal microscopy, 
revealed intense staining of Bclaf1 in nuclei. Hsp90α 
was found throughout the cytoplasm and nucleus, and 
colocalized with Bclaf1 within nuclei (Supporting 
Fig. S1C). To evaluate the situation in liver tissue, 
Co-IP assays were performed using tissue extracts 
derived from three pairs of freshly collected HCC and 
adjacent normal tissues (Fig. 1F). Results showed that 
binding of Hsp90α with Bclaf1 was robustly enhanced 
in HCC.

RegUlatIoN oF BClaF1 
pRoteIN StaBIlIty By HSp90α

Given that our data demonstrated an association 
between Hsp90α and Bclaf1, we wondered whether 
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FIg. 1. Hsp90α interacts with Bclaf1 in liver cancer cell lines. (A) Protein levels of Hsp90α were determined by immunoblotting 
in liver tissue form patients with HCC (tumor tissue; TT) compared to adjacent nontumor liver tissue (adjacent tissue; AT) in a 
total of 15 HCC cases. Values were expressed as mean ± SD; *P < 0.05. (B) Representative images of IHC staining of Hsp90α in 
tissue specimens; scale is 50 μm (left panel). Quantification of Hsp90α levels according to IHC scores in adjacent and tumor tissue, 
respectively; **P < 0.01 (middle panel). Scores indicate Hsp90α levels in representative tumor tissue samples; scale is 50 μm (right 
panel). (C) Kaplan-Meier survival analysis of HCC patients based on Hsp90α levels. Low Hsp90α, IHC score 0-1; high Hsp90α, IHC 
score 2-3. (D,E) Identification of the Hsp90α-Bclaf1 interaction in HCC cells by Co-IP. Endogenous Bclaf1 was pulled down with 
anti-Hsp90α, compared with IgG and vice versa, and detected by immunoblotting. (F) Immunoprecipitation of Hsp90α was performed 
with lysates of adjacent and tumor tissue samples. Precipitated Hsp90α and Bclaf1 were analyzssed by western blotting. Abbreviations: 
IB, immunoblotting; IgG, immunoglobulin G; IP, immunoprecipitation.
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Bclaf1 stability requires Hsp90α. Down-regulation 
of Hsp90α by siRNA transfection reduced Bclaf1 
levels (Fig. 2A, left panel, and Supporting Fig. S1D). 
However, molecular silencing of Hsp90β, which 
shares 86% sequence identity and 93% similarity 
with Hsp90α, had no impact on expression of Bclaf1  
(Fig. 2A, right panel). These data indicated that Bclaf1 
protein levels depend specifically on Hsp90α. Next, we 
generated an Hsp90α–/– HepG2 cell line by CRISPR-
Cas9 (knockout; KO). Strikingly, Bclaf1 protein levels 
were significantly reduced in KO cells as compared to 
the parental Hsp90α-WT (wild-type) HepG2 cells, 
but assessment of BCLAF1 mRNA levels revealed 
no difference between WT and Hsp90α KO cells  
(Fig. 2B). Together, these data further confirmed Bclaf1 
as a putative Hsp90α client in HCC cells and suggest 
that Bclaf1 is regulated by Hsp90α at the protein level.

Because all three domains of Hsp90α (NBD, MD, 
and CTD) have been implicated in client binding, we 
wanted to elucidate which of the Hsp90α domain(s) 
interacts with Bclaf1 and contributes to its stability. 
Therefore, we transiently expressed genes encoding 
NBD-MD, MD, and MD-CTD constructs as hem-
agglutinin (HA) fusions (Fig. 2C, left panel). The 
MD-CTD construct contained a C-terminal coiled-
coil domain to guarantee stable homodimerization with 
itself and prevent heterodimerization with the endog-
enous Hsp90α full-length protein.(20) Co-IP results of 
HEK293T transfected with the various HA-Hsp90α 
domain constructs revealed that Bclaf1 associated with 
the MD-CTD construct of Hsp90α (Fig. 2C, right 
panel). Then, HCC cells treated with the CTD bind-
ing inhibitor, NB, revealed a clear decrease of Bclaf1 
in a dose- and time-dependent manner (Fig. 2D),  
indicating that a functional C-terminal domain of 
Hsp90α was vital for the stability of Bclaf1. In contrast, 
inhibitors like 17-DMAG and STA-9090, known to 
bind to the NBD in a nucleotide-competitive man-
ner, did not cause any decrease in Bclaf1 protein lev-
els but reduced levels of an established Hsp90 client: 
the protein kinase, Akt (protein kinase B; Supporting 
Fig. S2A,B).(21) Moreover, exogenous expression of the 
ATPase-deficient Hsp90α-E47A variant(22) decreased 
levels of Akt by 61%, but had little effect on Bclaf1 
levels (Supporting Fig. S2C).

To determine whether reduced levels of Bclaf1 
in NB-treated HCC were caused by changes at the 
level of gene transcription, RT-PCR was performed 
24 hours posttreatment. As expected, the abundance 
of BCLAF1 mRNA transcript was not significantly 
changed (Supporting Fig. S2D), indicating that NB 

acted on Bclaf1 through a transcription-independent 
mechanism. Consistently, examination of the abun-
dance of Bclaf1 in control or NB-treated Huh7 cells 
after incubation with cycloheximide (CHX) showed 
that Hsp90α inhibition accelerated Bclaf1 disappear-
ance (Supporting Fig. S2E), suggesting that Hsp90α 
prevents Bclaf1 from degradation. We next character-
ized the mechanism of Bclaf1 degradation after treat-
ment with NB. Pretreatment of Huh7 cells with 26S 
proteasome inhibitor MG-132, followed by incubation 
with NB, rescued Bclaf1 levels to the baseline level of 
the normal control (Fig. 2E). Consistent with its deg-
radation by the proteasomal pathway, Bclaf1 was more 
extensively ubiquitinated in Huh7 cells after treatment 
with NB in combination with MG-132 (Fig. 2F). 
Taken together, these findings indicated that inhibition 
of Hsp90 by the CTD inhibitor, NB, promoted Bclaf1 
ubiquitination and degradation by the proteasome.

HIgH leVel oF BClaF1 
paRallelS WItH pooR 
pRogNoSIS IN HCC patIeNtS

To investigate the function of Bclaf1 in HCC pro-
gression, we first explored whether Bclaf1 levels are 
increased in clinical HCC tissue samples. Western 
blotting analysis demonstrated that Bclaf1 protein 
levels in 15 cases of human HCC tissue samples were 
much higher than those in adjacent nontumor liver 
tissues (P < 0.05; Fig. 3A). Microarray-based IHC 
studies, which involved 85 paraffin-embedded HCC 
specimens, also confirmed that levels of Bclaf1 were 
increased in HCC as compared to matched adjacent 
nontumor tissue and suggested that Bclaf1 was pre-
dominantly accumulated in nuclei of HCC tissues 
(P < 0.01; Fig. 3B). These data strongly implicate that 
Bclaf1 is up-regulated in HCC.

To determine whether Bclaf1 levels are related 
to HCC progression, we analyzed the association 
between Bclaf1 and clinical pathological status in 
HCC patients (Supporting Table S2). Statistical anal-
ysis represented a strong correlation between Bclaf1 
levels and Edmondson grade and cirrhosis (P < 0.05), 
respectively (Supporting Table S3). Furthermore, the 
IHC score of both Hsp90α and Bclaf1 increased step-
wise with pathological grade (P < 0.05; Fig. 3D,E), and 
a Kaplan-Meier and log-rank test analysis revealed 
a positive correlation between high Bclaf1 levels and 
significantly reduced overall survival rates (P < 0.05; 
Fig. 3C). Finally, multivariate analysis confirmed that a 
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high Bclaf1 level in HCC tissues was an independent 
predictor for reduced overall survival of HCC patients 
(P < 0.01; Table 1). These data revealed that up-reg-
ulation of Bclaf1 is significantly associated with poor 
prognosis of HCC.

BClaF1 pRoMoteS Cell 
pRolIFeRatIoN IN HCC CellS

The above data suggest that Bclaf1 may play an 
important role in HCC progression. Accordingly, we 
evaluated functions of Bclaf1 in HCC cells using both 
in vitro and in vivo assays.

To elucidate the effects of Bclaf1 on cell prolifera-
tion in vitro, we first investigated endogenous Bclaf1 
levels of different liver cells and modulated their Bclaf1 
levels using siRNA and a plasmid expressing the full-
length Bclaf1-encoding gene (FL). We found signifi-
cantly increased Bclaf1 levels in HCC cells (HepG2, 
Huh7) compared to normal liver cells (LO2). Bclaf1 
depletion or overexpression (FL) had no significant 
effects on cell growth and colony formation in LO2 
cells (Supporting Figs. S3 and ). However, a consid-
erable inhibitory effect on proliferation was observed 
in the Bclaf1-siRNA group in HCC cells (Fig. 4B,C), 
and this was associated with induction of apoptosis 
as indicated by enhanced poly (ADP-ribose) poly-
merase (PARP) cleavage and flow cytometry analysis 
(Supporting Fig. S5). Conversely, Bclaf1 overexpres-
sion dramatically enhanced the proliferative capac-
ity of HCC cells (Fig. 4B,C) and decreased levels of 
cleaved PARP as well as the percentage of apoptotic 
cells (Supporting Fig. S5). To gain more insights into 
the importance of Bclaf1 for proliferation, we gener-
ated an Huh7 cell line stably expressing a short hairpin 

RNA (shRNA) for BCLAF1 knockdown. Visible 
single colonies expressing green fluorescence were 
observed within 15 and 30 days; these colonies grew 
in a time-dependent manner. However, compared to 
the control group, the size of the colonies observed in 
the BCLAF1-shRNA–transfected group was much 
smaller (Supporting Fig. S6).

To confirm this finding, we further measured the 
role of Bclaf1 for tumor growth in vivo. Huh7 cells 
stably transfected of shBCLAF1 or negative control 
cells were injected into flanks of nude mice to estab-
lish a xenograft tumor model. Consistent with the cell 
model, knockdown of Bclaf1 considerably decreased 
tumor size and tumor growth rate (Fig. 4E), demon-
strating that Bclaf1 also promoted tumor growth in 
vivo. To determine the underlying mechanism respon-
sible for reduced tumor growth, we examined the 
impact of Bclaf1 knockdown on cell proliferation in 
vivo. In accord with our in vitro observations, prolifer-
ation indicator Ki67 staining was much lower in xeno-
grafts derived from shBCLAF1 cells than in control 
xenografts (Fig. 4F). Taken together, these in vitro and 
in vivo gain- and loss-of-functional studies demon-
strate that Bclaf1 plays an important role in promoting 
HCC growth.

BClaF1 RegUlateS C-MyC RNa 
pRoCeSSINg

To explore the underlying mechanisms of the protu-
morigenic effect of Bclaf1 in HCC, transcriptomes of 
BCLAF1-shRNA knockdown Huh7 cells and Huh7 
cells transfected with shNC were analyzed by RNA-
Seq. Intriguingly, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 

FIg. 2. Stability of Bclaf1 depends on Hsp90α. (A) Protein levels of Hsp90α, Hsp90β, and Bclaf1 were determined in HuH7 cell 
transfection with a nontargeting control siRNA (siNC) or siRNAs targeting HSP90AA1 (Hsp90α) and HSP90AB1 (Hsp90β) mRNA, 
respectively. Values are expressed as mean ± SD; n = 3; **P < 0.01, versus si NC. (B) Reverse-transcription and semiquantitative PCR 
were performed to detect the amount of HSP90AA1 and BCLAF1 transcripts presented in HepG2 WT and KO (HSP90AA1–/–) 
cells (left panel). Total protein of HepG2 WT and KO cells were subjected to western blotting. Membranes were probed with 
Hsp90α-, Hsp90β-, and Bclaf1-specific antisera (right panel). Values are expressed as mean ± SD; n = 3; **P < 0.01, versus WT. (C) 
Hsp90α domain constructs used for the interaction study (left panel). HEK293T cells were transiently transfected with plasmids 
encoding HA-Hsp90α domains, and immunoprecipitation was performed with a mouse monoclonal anti-HA. Membranes were 
probed with anti-HA and anti-Bclaf1 antisera (right panel). (D) HepG2 (upper panels) and Huh7 (lower panels) cells were incubated 
with increasing amounts of NB, as indicated for 24 hours and with 2 mM of NB for the indicated time points. Western blotting 
analysis was conducted with antisera against Hsp90α, Bclaf1, and β-actin. Values are expressed as mean ± SD; n = 3; **P < 0.01. (E) 
Huh7 cells were treated with 1 μM of MG-132 and 2 mM of NB, as indicated, and cell lysates were subjected to western blotting with 
anti-Bclaf1 and anti-β-actin antisera. Values are expressed as mean ± SD; n = 3; **P < 0.01. (F) Huh7 cells were treated as described 
in (F), and Bclaf1 was immunoprecipitated with a specific antiserum. Membranes were probed with Ubiquitin and Bclaf1-specific 
antisera. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; IgG, immunoglobulin G;  
IRES, internal ribosome entry site.
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analysis indicated that the genes down-regulated by 
knocking down Bclaf1 were associated with cellular pro-
cess, cell proliferation, cell growth, and death (Supporting 
Fig. S7), supporting the role of Bclaf1 in HCC prolif-
eration. Among the down-regulated genes, a significant 

decrease was observed in expression of oncogenes, such as 
c-MYC, RAS, and MET (Supporting Fig. S8A), which 
are often up-regulated in HCC.(23,24) c-Myc represented  
the most interesting target because of its established 
role as regulator of proliferation and apoptosis in  

FIg. 3. Increased levels of Bclaf1 correlate with poor prognosis of HCC. (A) Protein levels of Bclaf1 were determined in liver tissue 
specimens form patients with HCC (tumor tissue; TT) compared to adjacent nontumor liver tissue (adjacent tissue; AT) in a total of 
15 HCC cases by western blotting. Values are expressed as mean ± SD; *P < 0.05. (B) Representative images of IHC staining of Bclaf1 
in tissue specimens; scale is 50 μm (left panel). Quantification of Bclaf1 levels according to IHC scores in adjacent and tumor tissue, 
respectively; **P < 0.01 (middle panel). Scores indicate Bclaf1 levels in representative tumor tissue samples; scale is 50 μm (right panel). 
(C) Kaplan-Meier survival analysis of HCC patients based on Bclaf1 levels. Low Bclaf1, IHC score 0-1; high Bclaf1, IHC score 
2-3. (D) Kaplan-Meier survival analysis of HCC patients based on Edmondson tumor grade. (E) Mean ± SD of Bclaf1 scores (left 
panel) and Hsp90α scores (right panel) within each Edmondson grade. Edmondson grade I (n = 6), Edmondson grade II (n = 64), and 
Edmondson grade III (n = 11). *P < 0.05.
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diverse human cancers, including HCC.(25) Thus, we 
focused on the role of Bclaf1 in modulating c-MYC 
expression.

First, we validated the expression of c-Myc after 
Bclaf1 depletion in Huh7 cells. mRNA and protein of 
c-Myc were dramatically down-regulated upon Bclaf1 
knockdown by shRNA, indicating that c-Myc is a 
downstream target of Bclaf1 (Fig. 5A). We next studied 
whether BCLAF1-directed enhancement of c-MYC 
expression was also detectable in human HCC. We 
found that BCLAF1 and c-MYC mRNA were both 
induced significantly in HCC compared to adjacent 
normal tissues (Supporting Fig. S8B). In addition, con-
sistent with a BCLAF1-dependent control of c-MYC 
expression in vitro, we observed a modest, but signif-
icant, positive correlation between mRNA expression 
of BCLAF1 and c-MYC in 100 HCC patients in a 
publicly available database (GSE62043; Fig. 5B).(26)

The Bclaf1 protein contains a basic zipper homolo-
gous region and an Myb DNA-binding domain, sug-
gesting a potential function as a DNA-binding protein. 
Consistently, Bclaf1 was shown to bind to DNA and 
function as a regulator of transcription.(8) We there-
fore tried to confirm whether its effect on c-MYC 
was primarily through transcriptional regulation. 
Using primer pairs specifically designed to amplify 
the prespliced and postspliced mRNA of c-MYC, we 
found that depletion of Bclaf1 had no effect on lev-
els of prespliced c-MYC mRNA, but caused a signif-
icant decrease in postspliced c-MYC mRNA in both 
HepG2 and Huh7 cells, resulting in a change in pro-
tein levels of c-Myc (Fig. 5C,D). These results indicate 
that the Bclaf1-induced effect on c-MYC expression 
is primarily posttranscriptional. To substantiate this 
hypothesis, we examined the effect of inhibiting tran-
scription using actinomycin D (ActD) with or without 

Bclaf1 knockdown. Analysis of the change of the 
spliced c-MYC mRNA revealed a significant decrease 
in mature c-MYC mRNA when combined with Bclaf1 
knockdown, suggesting that Bclaf1 protects mature 
c-MYC mRNA from degradation (Fig. 5E). Taken 
together, these data suggest Bclaf1 to be a critical post-
slicing regulator of c-MYC mRNA stability.

BClaF1 CoNtRolS C-MyC 
eXpReSSIoN tHRoUgH ItS RS 
DoMaIN

Sequence analysis suggests that Bclaf1 is an 
RS-domain–containing protein, which is typically 
linked with pre-mRNA biogenesis and mRNA pro-
cessing. Therefore, we hypothesized that Bclaf1 may 
regulate c-MYC expression at the posttranscriptional/
postsplicing level by its RS domain. To test this hypoth-
esis, we prepared vectors expressing FLAG fusion con-
structs of different domains of Bclaf1, encompassing 
the sequences for full-length Bclaf1 (FL), for a Bclaf1 
truncation variant containing only the RS domain 
(RS), for an RS domain deleted variant (∆RS), for an 
Myb domain deleted variant (∆Myb), and the empty 
vector (EV) as control (Fig. 6A,B). RT-PCR results 
of HepG2 and Huh7 cells transfected with the dif-
ferent vectors indicated that RS and ∆Myb led to the 
same effects as those observed after overexpression of 
full-length Bclaf1, that is, an obvious up-regulation in 
mature c-MYC mRNA (Fig. 6C). This trend was also 
observed in c-Myc protein levels (Fig. 6D). Consistent 
with our previous results (Fig. 5C,D), no effect of 
Bclaf1 domains was observed on unspliced c-MYC 
mRNA. These results suggest that the RS-rich domain 
of Bclaf1 is required for protecting c-MYC mRNA 
from degradation.

taBle 1. Uni- and Multivariate analysis of HCC patients by Cox Regression analysis

Variables

Univariate Analysis Multivariate Analysis

Hazard Ratio 95% CI P Value Hazard Ratio 95% CI P Value

Age 0.808 0.458-1.428 0.464

Sex 0.849 0.311-2.315 0.749

Edmondson grade 0.487 0.143-1.661 0.251

Cirrhosis 0.151 0.360-1.172 0.649

AJCC stage 2.282 0.781-6.666 0.131

Tumor size 2.615 1.342-5.097 0.005* 2.102 1.204-3.670 0.009*
Bclaf1 levels 2.250 1.047-4.835 0.038* 2.092 1.076-4.067 0.030*

*P values <0.05 were considered statistically significant.
Abbreviations: AJCC, American Joint Committee on Cancer; CI, confidence interval.
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Given that the RS domain of RNA processing 
factors is known to mediate protein-protein interac-
tions,(27) elucidation of proteins associated with Bclaf1 
will provide further understand into its mechanis-
tic pathway in regulating c-MYC expression. First, 
we tested whether Bclaf1 interacts with serine/argi-
nine-rich splicing factor 1 (SRSF1), which has been 
reported to colocalize with Bclaf1 in the nucleus to 
engage in posttranscriptional events.(28,29) Endogenous 
Bclaf1 co-immunoprecipitated with endogenous 
SRSF1, indicating that Bclaf1 binds to SRSF1  
(Fig. 6E). Given that, according to our data, Bclaf1 
regulates c-MYC expression, we wondered whether 
SRSF1 is involved in this regulatory process. siR-
NA-mediated depletion of SRSF1 led to a decrease 
in c-Myc protein levels, and simultaneous depletion of 
SRSF1 and Bclaf1 had no additive effects, indicating 
that these two proteins function in the same pathway, 
most likely in a cooperating complex (Fig. 6F).

NB DISRUpteD HSp90α-BClaF1 
INteRaCtIoN aND SUppReSSeS 
BClaF1-MeDIateD C-MyC 
eXpReSSIoN

Because we have described above (Fig. 2) that 
Bclaf1 stability depends on Hsp90α, we next assessed 
the impact of Hsp90α on c-Myc expression. When 
Hsp90α expression was reduced by siRNA-mediated 
knockdown, c-Myc levels were decreased simulta-
neously with reduced levels of Bclaf1, an effect that 
was reversed by overproducing full-length Bclaf1 
(Fig. 7A,B). These data strongly suggest that Hsp90α 
is required for Bclaf1-mediated c-Myc expression.

It has been suggested that NB forces Hsp90 into 
a conformation that releases client proteins.(7) As 
expected, our results revealed that NB disrupted the 
interaction of Hsp90α with Bclaf1 (Fig. 7C). Next, we 
determined the impact of NB on c-Myc expression. 

We found that, similar to Hsp90α knockdown, NB 
decreased the production of mature c-MYC mRNA 
and c-Myc protein (Fig. 7D,E), in parallel with a sig-
nificantly reduced proliferation as measured by Cell 
Counting Kit-8 (CCK-8; Fig. 7F). Overexpression 
of the FL form of Bclaf1was able to partially rescue 
c-Myc mRNA and protein levels, resulting in restored 
cell growth of Huh7 cells (Fig. 7D-F). A similar change 
was obtained in HepG2 cells (Supporting Fig. S9). 
These findings are in line with our previous finding 
that Bclaf1-mediated c-MYC expression plays a major 
role in tumor cell growth, and suggest that these prop-
erties can be counteracted by Hsp90 inhibition-medi-
ated Bclaf1 depletion.

Finally, we tested whether NB affects tumor growth 
by injecting 1 × 107 Huh7 cells into flanks of nude 
mice. In line with the findings in vitro, administra-
tion of NB resulted in substantially decreased tumor 
growth, suppressed Hsp90α-Bclaf1 complex forma-
tion, and reduced steady-state levels of Bclaf1 and 
c-MYC mRNA (Fig. 8). These results suggest a strong 
link between NB-induced loss of cell proliferation, and 
NB-caused disruption of the Hsp90α-Bclaf1 complex, 
leading to a significantly reduced c-MYC expression.

Discussion
In this study, we gained four insights into the 

molecular basis of HCC progression.(1) Bclaf1 regu-
lates c-MYC mRNA stability by its RS domain. Thus, 
expression of the driver oncogene, c-MYC, depends on 
Bclaf1.(2) Bclaf1 overproduction favors HCC progres-
sion and is a prognostic marker for survival rates. Thus, 
in the case of HCC, Bclaf1 acts as an oncoprotein.(3) 

Bclaf1 stability and function depend on interaction 
with Hsp90α, but not Hsp90β. Thus, Bclaf1 is a bona 
f ide Hsp90α client and provides one rational for the 
addiction of HCC to Hsp90α.(4) Interaction of Bclaf1 

FIg. 4. Bclaf1 promotes HCC cell proliferation and tumor growth. (A) Confirmation of Bclaf1 knockdown and overexpression 
(FL) in HCC cell lines. (B) Cell proliferation of HCC cells transfected, as described, was determined by the CCK-8 assay. Values 
were expressed as mean ± SD; n = 3; **P < 0.01. (C) HCC cells were treated, as described, and colonies were assessed by crystal 
violet staining. Scale is 100 μm. Values are expressed as mean ± SD; n = 3; **P < 0.01. (D) Huh7 cells were stably transfected with 
plasmids expressing a control small hairpin RNA (shNC) and a BCLAF1-specific shRNA (shBCLAF1), and knockdown efficiency 
was confirmed by western blotting. (E) Photographs of tumors that were surgically extracted 7 weeks after transplanting shBCLAF1 
and shNC cells into nude mice (left panel). Stable Huh7/shBclaf1 and shNC cells were injected into nude mice, and tumor volumes 
were measured every 3-4 days. Each point represents mean volume ± SD of tumor volumes; n = 6; *P < 0.05 (right panel). (F) Tumors 
were formalin-fixed, paraffin-embedded, and sliced for Ki-67 staining. Ki-67 (Green) stains the nucleus region of proliferating cells, 
and DAPI (Blue) stains for nuclei of all cells. Scale is 30 μm. Values are expressed as mean ± SD; n = 3; **P < 0.01. Abbreviations: 
DAPI, 4’,6-diamidino-2-phenylindole; IgG, immunoglobulin G; OD, optical density.
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FIg. 5. Bclaf1 is required for the co-transcriptional stability of c-Myc mRNA. (A) Assessment of mRNA levels (left panel) by RT-
PCR. Assessment of protein levels (right panel) was performed by immunoblotting analysis using antisera directed against Bclaf1 and 
c-Myc. (B) Correlation between c-MYC mRNA and BCLAF1 mRNA expression in a clinical HCC data set (GSE62043). Scale, log2 
ratio representing gene expression. Relationships between these two variables were determined by Pearson’s correlation coefficients. 
The correlation was analyzed using SPSS 16.0 software (SPSS, Inc., Chicago, IL). (C,D) HepG2 and Huh7 cells were treated with a 
nontargeting control siRNA (siNC) or siRNAs targeting BCLAF1. Relative levels of unspliced and spliced RNAs were then assessed 
by RT-PCR (left panel). Values are expressed as mean ± SD; n = 3; **P < 0.01 (lower panel). The unspliced transcript is detected using 
primers within exon 2 and intron 2, and the spliced transcript is detected using primers situated within exon 1 and exon 2. Western 
blotting analysis (right panel) was performed using antisera directed against Bclaf1 and c-Myc. (E) HepG2 cells were transfected 
with control or Bclaf1-targeting siRNA, then treated with 10 μg/mL of ActD before RNA extraction at the time points indicated. 
Transcript levels were then analyzed by RT-PCR. Values are expressed as mean ± SD; n = 3.
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with Hsp90α depends on Hsp90’s C-terminal domain 
and is prevented by an Hsp90 inhibitor that binds to 
the C-terminal domain, NB, but not a nucleotide com-
petitive inhibitor, providing one explanation for the 
antitumor growth effect of NB.

Bclaf1 is a nuclear protein that was initially identi-
fied in yeast and was proposed to interact with members 
of the Bcl-2 family of proteins and promote apopto-
sis.(8) Subsequently, it was described as being induced 
in radiation-exposed cells and as a γ-H2AX-interact-
ing tumor suppressor.(30) More recently, Bclaf1 has 
attracted attention because of its oncogenic features in 
some human tumors(14,15) and diverse functions have 
been assigned to it. For example, in bladder cancer 
cells, Bclaf1 activates autophagy and promotes can-
cer progression; in colon cancer cells, it functions as 
an important modulator for cytoskeletal architecture 
and cell adhesion. These differences suggest that the 
specific mode of action of Bclaf1 in tumor progres-
sion may depend on the cellular context. Our study 
revealed that Bclaf1 regulates c-MYC mRNA expres-
sion to promote HCC proliferation. It is well known 
that the c-Myc oncoprotein is a key player associated 
with malignant transformation by regulating cell- cycle 
progression, cell growth, apoptosis, differentiation, 
and other tumor traits.(31) In our study, we found that 
down-regulation of c-Myc phenocopies the cellular 
response to Bclaf1 depletion (Supporting Fig. S10), 
spurring the speculation that Bclaf1 supports HCC 
progression through regulation of c-Myc.

Regulation of mRNA metabolism (processing, 
export, stabilization, etc.) contributes more rele-
vantly than previously suspected to the genesis of a 
wide range of diseases, including cancer.(32) It is a 
remarkable fact that regulation of mRNA stability is 
an important mechanism for modulating the level of 
gene expression during cell growth and differentiation. 
c-Myc abundance is controlled at the level of protein 
and mRNA stability. Deregulation of the c-Myc- 
encoding gene, resulting in an inappropriate increase 

of gene product, can contribute to cancer formation. 
One of the ways in which expression of the c-MYC 
gene can be deregulated is by stabilization of the labile 
c-MYC mRNA.(33,34) For instance, p62/SQSTM1 
mediates stabilization of c-MYC mRNA to enhance 
breast cancer stem-cell–like properties.(35) In this 
study, inhibiting transcription, using ActD, followed 
by analysis of c-MYC mRNA degradation, indicated 
a posttranscriptional role for Bclaf1. In addition, given 
that unspliced c-MYC mRNA does not accumulate 
upon Bclaf1 depletion, splicing of the primary RNA 
transcript itself is unlikely to be the stage at which 
Bclaf1 is required. In agreement with this hypothesis, 
a correlation between BCLAF1 and c-MYC mRNA 
abundance was observed in clinical HCC tissues, fur-
ther supporting the role of Bclaf1 in manipulating 
c-MYC mRNA stability.

Bclaf1 lacks RNA recognition motifs that are typ-
ically found in splicing factors.(28) However, Bclaf1 
contains an RS domain and phosphorylated RS 
domains of splicing factors were shown to mediate 
protein- protein interactions.(27) In keeping with this, 
mass-spectrometry studies found more than 30 phos-
phorylation sites within Bclaf1.(36) We found that 
c-MYC mRNA stability depends on the RS domain 
of Bclaf1, that the splicing factor SRSF1 can be 
co-precipitated with Bclaf1, that SRSF1 knock-down 
has the same effect on c-MYC mRNA as Bclaf1 
knockdown, and that there are no additive effects on 
c-MYC mRNA when both SRSF1 and Bclaf1 are 
down-regulated. Our data are therefore consistent 
with Bclaf1 stabilizing c-MYC mRNA by interaction 
with SRSF1. Interestingly, the RNA-Binding Protein 
DataBase (RBPDB; https://rbpdb.ccbr.utoronto.ca/)  
provides evidence for direct binding of SRSF1 to 
c-MYC mRNA, further supporting our results. 
Although we found that Bclaf1 increases the amount 
of spliced c-MYC mRNA and c-Myc protein, the 
mechanism through which this occurs requires further 
investigation. It may be that SRSF1, like the splicing 

FIg. 6. Bclaf1 interacts with SRSF1 to modulate c-Myc mRNA stability. (A) Schematic structure of Bclaf1 domains. (B) 293T cells 
were transfected with expression plasmids encoding Bclaf1 domains, and transfection efficiency was confirmed by western blotting. 
(C) HepG2 (left panel) and Huh7 (right panel) cells were transfected with the different Bclaf1-encoding plasmids, and transcript levels 
were analyzed by RT-PCR. Values are expressed as mean ± SD (lower panel); n = 3; **P < 0.01. (D) HepG2 (left panel) and Huh7 
(right panel) cells were transfected with the different Bclaf1-encoding plasmids, and protein levels were assayed by immunoblotting 
analysis using c-Myc- and β-actin–specific antisera. Values are expressed as mean ± SD (lower panels); n = 3; **P < 0.01, versus EV. 
(E) Endogenous SRSF1 was co-precipitated with anti-Bclaf1 antisera, but not with unspecific IgG, and detected by immunoblotting. 
(F) HepG2 (left panel) and Huh7 (right panel) cells were transfected with siRNAs, as indicated, and cell extracts were subjected to 
western blotting analysis using Bclaf1-, c-Myc–, and β-actin–specific antisera. Values are expressed as mean ± SD (lower panels); n = 3; 
**P < 0.01, versus si NC. Abbreviations: IB, immunoblotting; IgG, immunoglobulin G; IP, immunoprecipitation.

https://rbpdb.ccbr.utoronto.ca/
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factor, ASF/SF2, regulates other aspects of RNA 
metabolism, such as nuclear export, mRNA stability, 
and association with translating ribosomes, and may 
also stimulate the translation of mRNAs.(37,38) We 
found that Bclaf1 localizes to nuclear speckles, a com-
partment to which many splicing factors (SR proteins) 

predominantly localize and which are believed to be 
sites for storage of splicing factors, RNA modifica-
tion, and RNA metabolism.(39) SRSF1 and other SR 
proteins shuttle between the nucleus and cytoplasm. 
Our data do not rule out that Bclaf1 also shuttles 
in and out of the nucleus and associates with other 

FIg. 7. Ectopic Bclaf1 restores c-Myc expression after Hsp90α knockdown and inhibition. (A,B) HCC cells were transfected with 
control siRNA (siNC) or siRNA targeting Hsp90AA1 mRNA without or with a plasmid expressing Bclaf1 (FL). Hsp90α, Bclaf1, 
and c-Myc levels were detected by western blotting. Values are expressed as mean ± SD (right panel); n = 3; **P < 0.01, versus si NC; 
##P < 0.01, versus si Hsp90α. (C) Huh7 cells were treated with 2 mM of NB for 24 hours, and immunoprecipitation analysis was 
performed with an Hsp90α-specific antiserum. Membranes were probed with Hsp90α- and Bclaf1-specific antisera. (D) Huh7 cells, 
transfected with a Bclaf1-expressing vector (FL) or EV, were incubated with or without NB, and the amounts of c-Myc transcripts were 
detected by reverse-transcription and semiquantitative PCR. Values are expressed as mean ± SD (right panel); n = 3; **P < 0.01. (E) 
Cell extracts of Huh7 cells, transiently transfected with a vector overexpressing Bclaf1 (FL) or an EV and cultured in the presence or 
absence of NB, were subjected to western blotting analysis with Bclaf1-, c-Myc–, and β-actin–specific antisera. Values are expressed as 
mean ± SD (right panel); n = 3; **P < 0.01. (F) Proliferation of HCC cells, transiently transfected with a vector overexpression B Bclaf1 
(FL) or an EV and cultured in the presence or absence of NB, was determined by the CCK-8 assay. Values are expressed as mean ± SD; 
n = 3; **P < 0.01. Abbreviations: IB, immunoblotting; IgG, immunoglobulin G; IP, immunoprecipitation; OD, optical density.
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RNA processing factors to participate in regulation 
of c-MYC expression. Perhaps Bclaf1 assembles into 
the mRNP complex in order to co-regulate postsplic-
ing events, such as mRNA export or stability.(28) 
However, more work will be required to understand 
this complex process.

Within this study, we suggest that Bclaf1 is a cli-
ent protein of Hsp90α. Most Hsp90 clients depend 
on ATP binding, and hydrolysis by Hsp90’s NBD and 
Hsp90’s ATPase cycle regulates binding and release 
of these clients. Recent studies suggest that clients 
could also bind to the CTD, which contains a binding 

FIg. 8. NB suppresses Bclaf1-mediated c-MYC expression and tumor growth. (A) Huh7 cells (1 × 107) were injected subcutaneously 
into nude mice. Two and a half weeks later, mice in the NB group were treated 150 mg of NB/kg three times a week. Photographs 
of tumors were taken after 5.5 weeks (left panel). Tumor volumes were measured every 3-4 days. Each point represents the mean 
volume ± SD of tumor volumes; n = 6; *P < 0.05 (right panel). (B) Immunoprecipitation of Hsp90α was performed with lysates of the 
tumors. Hsp90α and Bclaf1 levels were determined by western blotting. Bands intensities were quantified and values are expressed 
as mean ± SD; n = 3; **P < 0.01. (C) mRNA levels of c-Myc were detected in tumors by RT-PCR. Tumor tissues from 2 mice are 
pooled and loaded onto a single lane because of the small amount of tumor tissue. (D) Protein levels of Hsp90α, Bclaf1, and c-Myc 
was determined in tumors by western blotting. Tumor tissues from 2 mice are pooled per lane. Abbreviations: Ctrl, control; IB, 
immunoblotting; IgG, immunoglobulin G; IP, immunoprecipitation.
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site for certain Hsp90 inhibitors.(7) Here, we suggest 
that neither inhibition of Hsp90α with the ATP-
competitive inhibitors, 17-DMAG and STA-9090, 
nor mutational disruption of Hsp90α’s ATPase activity 
impacts the steady-state levels of Bclaf1. In contrast, a 
drug binding to Hsp90α’s CTD reduced the half-life 
of Bclaf1 without altering the level of Bclaf1-encoding 
mRNA. Moreover, we illustrate that the interac-
tion site for Bclaf1 in Hsp90α is in the C-terminal 
region. Consistent with this hypothesis, NB treatment 
increased Bclaf1 ubiquitination and degradation by the 
proteasome pathway, a common fate for most clients 
deprived of interaction with Hsp90.(40) We also sug-
gest that c-MYC expression can be modulated by the 
molecular chaperone, Hsp90α, most likely by its ability 
to maintain the stability of Bclaf1. Hsp90α knockdown 
or pharmacological inhibition result in a decrease in 
mature c-MYC mRNA, phenocopying the effect of 
Bclaf1 knockdown. More important, this effect can 
be rescued by transfection with an expression plasmid 
encoding full-length Bclaf1. Our data suggest that 
Hsp90α affects c-MYC expression directly through 
Bclaf1 and not through an indirect path involving 
other Hsp90α clients.

Given that many oncoproteins, proteins involved 
in all hallmarks of cancer, rely heavily on Hsp90 to 
chaperone their conformation, Hsp90 inhibitors could 
play a unique role in cancer treatment. A caveat to this 
scheme is that NBD binding inhibitors of Hsp90, 
which are the most potent currently available inhib-
itors, induce heat shock response through activation 
of heat shock transcription factor 1 HSF1) and thus 
induce an increase of prosurvival factors, like Hsp70 
and Hsp27.(41,42) This is currently the major problem 
in cancer treatment using ATP-competitive Hsp90 
inhibitors. One of the potential benefits associated with 
some of the Hsp90 inhibitors binding to the CTD is 
that these inhibitors do not activate HSF1. This prop-
erty allows targeting Hsp90’s cancer-cell–protective and 
antiapoptotic functions, while avoiding the unwanted 
feedback effect caused by the N-domain inhibitors.(43) 
Corroborating our findings with the amino coumarin, 
NB, silibinin, a structurally unrelated flavonolignan, 
which also binds to the C-terminal region of Hsp90, 
shows pharmacological similarity to NB and also 
induced the degradation of Bclaf1 (Supporting Fig. 
S1E). Inhibition of tumor growth by NB (Fig. 8A) 
appears to be more efficient than Bclaf1 knockdown 
(Fig. 4E). This observation could have several rea-
sons. Bclaf1 levels might be more significantly reduced 

in the presence of NB than upon expression of the  
BCLAF1 shRNA. There is also accumulating  evidence 
that NB interferes with the interaction of Hsp90 
with other clients, notably ErbB2, Raf1, and v-Src, 
which have been reported to play a critical regulatory  
role in HCC progression.(44,45)

In summary, our study of the Hsp90α/Bclaf1/c-
Myc dependence pathway that facilitates HCC prolif-
eration might suggest a means for treating HCC using 
C-terminal inhibitors of Hsp90α or combinations of 
inhibitors of Hsp90α and Bclaf1 to achieve treatment 
efficacy with lower toxic side effects. Our study also 
suggests that Bclaf1 expression may represent a suitable 
biomarker in HCC and perhaps in other cancers. Given 
that high Bclaf1 expression correlates with low survival 
rates, further clinical investigation seems warranted to 
evaluate Hsp90 inhibition as a treatment strategy in 
HCC patients stratified for Bclaf1 expression.
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