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Abstract. Broxbam, also known as N-hydroxy-4-{1-methoxy-4-
[4'-(3'-bromo-4',5'-dimethoxyphenyl)-oxazol-5'-yl]-2-phenoxy} 
butanamide, is a novel chimeric inhibitor that contains two 
distinct pharmacophores in its molecular structure. It has 
been previously demonstrated to inhibit the activity of histone 
deacetylases (HDAC) and tubulin polymerisation, two critical 
components required for cancer growth and survival. In the 
present study, the potential suitability of broxbam for the treat-
ment of liver cancer was investigated. The effects of broxbam 
on cell proliferation and apoptosis, in addition to the under-
lying molecular mechanism of action, were first investigated in 
primary liver cancer cell lines Huh7, HepG2, TFK1 and EGI1. 
Real-time proliferation measurements made using the iCEL-
Ligence system and viable cell number counting following 
crystal violet staining) revealed that broxbam time- and 
dose-dependently reduced the proliferation of liver cancer cell 
lines with IC50 values <1 µM. In addition, a significant inhibi-
tion of the growth of hepatoblastoma microtumours on the 

chorioallantoic membranes (CAM) of fertilised chicken eggs 
by broxbam was observed according to results from the CAM 
assay, suggesting antineoplastic potency in vivo. Broxbam 
also exerted apoptotic effects through p53- and mitochondria-
driven caspase-3 activation in Huh7 and HepG2 cells according 
to data from western blotting (p53 and phosphorylated p53), 
mitochondrial membrane potential measurements (JC-1 
assay) and fluorometric capsase-3 measurements. Notably, 
no contribution of unspecific cytotoxic effects mediated by 
broxbam were observed from LDH-release measurements. 
HDAC1, -2, -4 and -6 expression was measured by western 
blotting and the HDAC inhibitory potency of broxbam was 
next evaluated using subtype-specific HDAC enzymatic 
assays, which revealed a largely pan-HDAC inhibitory activity 
with the most potent inhibition observed on HDAC6. Silencing 
HDAC6 expression in Huh7 cells led to a drop in the expres-
sion of the proliferation markers Ki-67 and E2F3, suggesting 
that HDAC6 inhibition by broxbam may serve a predomi-
nant role in their antiproliferative effects on liver cancer 
cells. Immunofluorescence staining of cytoskeletal proteins 
(α-tubulin & actin) of broxbam-treated HepG2 cells revealed 
a pronounced inhibition of tubulin polymerisation, which 
was accompanied by reduced cell migration as determined 
by wound healing scratch assays. Finally, data from zebrafish 
angiogenesis assays revealed marked antiangiogenic effects of 
broxbam in vivo, as shown by the suppression of subintestinal 
vein growth in zebrafish embryos. To conclude, the pleiotropic 
anticancer activities of this novel chimeric HDAC- and tubulin 
inhibitor broxbam suggest that this compound is a promising 
candidate for liver cancer treatment, which warrants further 
pre-clinical and clinical evaluation.

Introduction

The 5-year survival rate of patients with liver cancer (20%) 
is among the lowest compared with other types of cancer (1). 
Hepatocellular carcinoma (HCC) and cholangiocellular 
carcinoma (CCC) are two of the most important types of 

Chimeric HDAC and the cytoskeleton inhibitor broxbam 
as a novel therapeutic strategy for liver cancer

SOFIA ISOLDE BÄR1,  ALEXANDRA DITTMER2,  BIANCA NITZSCHE2,  GOHAR TER-AVETISYAN3,  
MICHAEL FÄHLING3,  ADRIAN KLEFENZ4,  LEONARD KAPS4,  BERNHARD BIERSACK1,  

RAINER SCHOBERT1  and  MICHAEL HÖPFNER2

1Organic Chemistry Laboratory, University of Bayreuth, D-95447 Bayreuth;  
Institutes of 2Physiology and 3Vegetative Physiology, Charité-Universitätsmedizin Berlin,  
Corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin and Berlin 

Institute of Health, D-10117 Berlin; 4Institute of Translational Immunology,  
University Medical Center of the Johannes Gutenberg University, D-55131 Mainz, Germany

Received September 7, 2021;  Accepted February 11, 2022

DOI: 10.3892/ijo.2022.5363

Correspondence to: Dr Bianca Nitzsche, Institute of Physiology, 
Charité-Universitätsmedizin Berlin, Corporate member of Freie 
Universität Berlin, Humboldt-Universität zu Berlin and Berlin 
Institute of Health, 1 Charitéplatz, D-10117 Berlin, Germany
E-mail: bianca.nitzsche@charite.de

Abbreviations: CA-4, combretastatin A-4; CAM, chorioallantoic 
membrane; CCC, cholangiocellular carcinoma; GLUT2, glucose 
transporter 2; HCC, hepatocellular carcinoma; HDAC, histone 
deacetylase; HDACi, histone deacetylase inhibitor; IC50, mean 
inhibitory concentration; LDH, lactate dehydrogenase; MMP, 
mitochondrial membrane potential; SIV, subintestinal veins

Key words: hepatocellular carcinoma, cholangiocellular carcinoma, 
chimeric histone deacetylase inhibitor, tubulin polymerisation 
inhibitor

https://www.spandidos-publications.com/10.3892/ijo.2022.5363


BÄR et al:  CHIMERIC HDAC AND BROXBAM AS A POTENTIALLY NEW THERAPEUTIC AGENT FOR LIVER CANCER2

primary liver cancers, with HCC being the most common, 
which accounts for 70-90% of all types of liver cancer (2,3). 
By contrast, CCC accounts for ~10% of all liver malignan-
cies  (2,3). Although CCC is comparatively rare, they are 
highly aggressive and are typically characterised by poor 
5-year survival rates, specifically 5-15% (2,3). The standard 
systemic therapeutic strategy for HCC is by using the multi-
kinase inhibitor sorafenib, which remains unchanged over the 
last decade (4-7). However, adverse side effects, coupled with 
the increasing incidence of resistance, are posing significant 
therapeutic obstacles that needs to be overcome for the effec-
tive treatment of HCC (4-7). In addition, currently available 
treatment options for CCC are even more limited. At early 
stages surgical tumour resection is a curative option, but only 
palliative measures are available for advanced and metastatic 
CCC (8,9). Therefore, treatment possibilities remain limited, 
which induce severe side effects and only marginally increase 
the survival time (8,9). There is an urgent demand for novel 
treatment options for patients with advanced HCC or CCC.

One potential approach of tackling the therapeutic 
resistance and metabolic evasiveness of cancer cells is 
the development of ‘chimeric inhibitors’, which has been 
garnering interest over recent years (10,11). Using the advent 
of molecular hybridisation, two distinct drug pharmacophores 
can be merged into a single molecule, which can simultane-
ously attack different cellular and molecular targets (10,11). 
Due to their extensively researched structure-activity relation-
ships, histone deacetylase inhibitors (HDACi) are at the centre 
of this chimeric drug approach. In recent years, chimeric 
agents featuring HDACi pharmacophores linked to either 
protein kinase inhibitors, modulators of the DNA structure or 
to moieties that can interfere with the cancer cell cytoskeleton, 
have been developed (11).

HDACs are amidohydrolases that serve a pivotal role 
in cellular chromatin remodelling  (12). They have been 
previously implicated in the epigenetic regulation of cell 
metabolism, proliferation and differentiation of various solid 
cancers, such as urothelial, cervical, myeloma, ovarian and 
lung cancer, where they have already been tested in early-
stage clinical trials (12,13). In several malignancies, including 
liver cancer, HDACs were found to be overexpressed, where 
their activity was also correspondingly enhanced (14). In turn, 
they stifle the expression of tumour suppressor genes, leading 
to uncontrolled cell division and insensitivity to cell repair 
mechanisms and suppression of apoptosis  (14). Therefore, 
HDACi are regarded to be promising novel compounds for the 
therapy of a number of cancers, including liver cancer (14-16). 
In particular, vorinostat was the first HDACi to be clinically 
approved for the treatment of T-cell lymphoma (16-18).

Recently, combined treatment with the new HDACi 
resminostat and the established liver cancer drug sorafenib 
was reported to effectively counteract HCC growth and 
progression  (19). Similarly, a synergistic inhibitory effect 
on the proliferation of HT-29 and HCT116 colon cancer 
cells has been reported for the combination of HDACi and 
microtubule disrupting agents (MDAs) (20). MDAs trigger 
the upregulation of p53 and enhance post-translational modi-
fications on p53, such as phosphorylation and acetylation, in 
non-small lung cancer cells (21). In this regard, potentiation 
of apoptosis mediated by the combined treatment of the 

o-phenylenediamine-based HDACi MS-275 (entinostat) 
with the MDA taxol combretastatin (CA-4) was previously 
reported in MCF7 (breast cancer) and HCT (colon cancer) 
cell lines (22). Treatment with this drug combination led to 
a pronounced inhibition of tubulin polymerisation to impede 
neovascularisation and disrupt the tumour vasculature (23). 
These previous findings aforementioned therefore argue for 
the acceleration in the development of therapeutic agents 
that can simultaneously address ≥ one target. Drugs that can 
accomplish this by the means of several covalently-linked 
pharmacophores are called chimeric drugs (24). Recently, the 
chimeric inhibitor animacroxam, which induces both HDAC 
inhibition and cytoskeleton-interfering effects, has been 
shown to be particularly efficacious against testicular germ 
cell cancer (15).

Broxbam is a promising chimeric HDACi inhibitor. The 
pleiotropic effects of broxbam have been previously reported 
in the 518A2 melanoma cell line, where it was demonstrated 
to inhibit tubulin polymerisation and HDAC activity, disrupt 
the cytoskeleton and induce cell cycle arrest (20). Broxbam 
contains the structural hydroxamate motif of 1st generation 
HDACi that can also be found on vorinostat in addition to 
the trimethoxyphenyl motif commonly found on cytostatic 
MDAs, such as combretastatin  A-4  (CA-4)  (23,25). In 
particular, the oxazole bridge of the trimethoxyphenyl motif 
stabilizes the cis-configuration of the alkene (Fig. 1), which is 
essential for the attachment to the colchicine-binding site of 
tubulin heterodimers (26). It was recently shown that broxbam 
can exert antiproliferative effects in melanoma and colorectal 
cancer cell models  (20). However, its potential suitability 
and efficacy against liver cancer remain poorly understood. 
Therefore, the present study aims to investigate the effects of 
broxbam on the physiology of liver cancer cells and the under-
lying molecular mechanism of action using both in vivo and 
in vitro models.

Materials and methods

Compounds. Broxbam was synthesized according to 
literature (20). In brief, Van Leusen reaction of the 3-bromo-
4,5-dimethoxyphenyl toluenesulfonylmethyl isocyanide 
reagent with ethyl 4-(1-methoxy-4-formyl-2-phenoxy) butyrate 
led to the ester-functionalised oxazole intermediate, which 
was reacted with hydroxylamine to form the target compound 
broxbam. Stock solutions (20 µM) of broxbam and vorinostat 
(cat. no. V-8477; LC Laboratories), were prepared in DMSO 
(Thermo Fisher Scientific, Inc.) stored at -20˚C and diluted to 
the final concentration in fresh media before each experiment. 
In all experiments, the final DMSO concentration was <0.2%.

Cell culture. HepG2 (hepatoma; DSMZ no. ACC 180), Huh7 
(hepatocellular carcinoma; RRID, CVCL_0336), TFK1 
[cholangiocellular carcinoma; Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DMSZ) no. ACC 344] 
and EGI1 (cholangiocellular carcinoma; DSMZ no. ACC 385) 
cells, in addition to the non-transformed hepatocyte cell 
line non-transformed hepatocyte cell line AML12 (cat. 
no. CRL-2254) (27) were purchased from ATCC Company and 
stored for long time in liquid nitrogen in an in-house reposi-
tory. Only cells in the early passages (<30 passages) were used 
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for the study. The liver cancer cell lines are representative for 
the established hepatocellular carcinoma, hepatoblastoma and 
cholangiocarcinoma cell models for the in vitro research of liver 
cancer (28-32). The murine non-transformed hepatocyte cell 
line AML-12 (33,34) was used instead of a non-transformed 
human hepatocyte cell model, which was not available for 
the present study. However, AML-12 cells represent a widely 
applied non-transformed hepatocyte cell model (33,34).

The cells were maintained in RPMI 1640 medium 
containing 10% FBS and 100 U/ml penicillin and strepto-
mycin (all from Gibco, Thermo Fisher Scientific, Inc.) and 
cultured at 37˚C and 5% CO2 in a humidified atmosphere 
unless stated otherwise. Cell lines were serially passaged after 
trypsinisation, using 0.05% trypsin/0.02% EDTA solution 
(Bio & SELL GmbH). Only mycoplasma-free cultures were 
used and potential contamination was routinely monitored. 
Glucose and lactate levels from the cell culture supernatants 
were measured using a blood gas analyser (ABL800 Flex; 
Radiometer GmbH).

Small-interfering (si)RNA transfection. For the siRNA-
mediated knockdown of HDAC6, Huh7 cells were seeded 
into six-well plates and cultured until they reached 
40-50% confluency. Cells were then transfected with 
siRNAs (75 nM; ON-TARGET plus SMART pool human 
HDAC6, cat. no.  L-003499-00-0010 or ON-TARGET 
plus non-targeting control pool, cat. no.  D-001810-
10-05; PerkinElmer, Inc.; https://horizondiscovery.
com/en/gene-modulation/knockdown/sirna/products/on-target-
plus-si rna-reagents?nodeid=entrezgene-10013&cata
log nu mber=L-003499-00-0010) using the transfection 
reagent DharmaFECT1 (cat. no. T-2005-01) according to the 
protocol provided by Dharmacon; PerkinElmer, Inc. In the 
present study, SMART pool siRNAs targeting human HDAC6 
and the non-targeting control containing a mixture of four 
oligonucleotides were used. The target sequences for human 
HDAC6 are as follows: Sequence (Seq) 1, 5'-GGG​AGG​UUC​
UUG​UGA​GAU​C-3'; Seq2, 5'-GGA​GGG​UCC​UUA​UCG​UAG​
A-3'; Seq3, 5'-GCA​GUU​AAA​UGA​AUU​CCA​U-3' and Seq4, 
5'-GUU​CAC​AGC​CUA​GAA​UAU​A-3'. Non-targeting control 
sequences are as follows: Seq1, 5'-UGG​UUU​ACA​UGU​CGA​
CUA​A-3'; Seq2, 5'-UGG​UUU​ACA​UGU​UGU​GUG​A-3'; Seq3, 
5'-UGG​UUU​ACA​UGU​UUU​CUG​A-3' and Seq4, 5'-UGG​
UUU​ACA​UGU​UUU​CCU​A-3'. After 48 h of transfection, cells 

were harvested and analysed by western blotting and reverse-
transcription-quantitative PCR (RT-qPCR).

Crystal violet assay. Changes in cell numbers associated with 
drug treatment were monitored using crystal violet staining as 
previously described (35). In total, 1,500-3,000 cells/well were 
first seeded into 96-well plates and allow to detach for 72 h at 
37˚C, 5% CO2 and 95% humidity. The cells were then treated 
with either broxbam or vorinostat in the following concentra-
tions: 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 10.0 µM for 24, 48 
and 72 h at 37˚C, 5% CO2 and 95% humidity, fixed with 1% 
glutaraldehyde for 30 min at room temperature and stained 
with 0.1% crystal violet (Sigma-Aldrich; Merck KGaA) for 
30 min at room temperature. Water rinsing was then performed 
to remove any unbound dye, before 0.2% Trition-X100 was 
added to solubilise the bound crystal violet and the absorbance 
at 570 nm was measured using a microplate reader (Dynex 
Technologies). The light absorbance was assumed in linear 
proportion to the number of cells.

Real-time inhibition of cell proliferation. The measurement 
of cell proliferation in real-time was performed as previously 
described  (15). Briefly, HepG2, Huh7 (1.0x104 cells/well), 
TFK1 (5x103 cells/well) and EGI1 (3x103 cells/well) cells were 
seeded into in eight-well E-plates (ACEA Biosciences, Inc.) 
and maintained under normal cell culture conditions for 24 h. 
After attachment of the cells, they were treated with concen-
trations of broxbam (0.1, 0.25, 0.5 and 1.0 µM) for ≤70 h at 
37˚C, 5% CO2 and 95% humidity. An impedance-based iCEL-
Ligence system (RTCA Software Vs 2.1.0, ACEA Biosciences) 
was used to monitor the real-time proliferation of viable cells 
in the eight-well plates at 37˚C, 5% CO2 and 95% humidity, 
every 15 min for 70 h. Cell proliferation was recorded as a 
unitless parameter called the ‘cell index’, which was defined 
as (Rtn-Rt0)/4.6 Ohm, with Rtn representing the measured 
resistance at time point n and Rt0 representing the background 
resistance measured at time point T0

Lactate dehydrogenase (LDH) cytotoxicity assay. Cells 
were seeded into 96-well microtiter plates at a density of 
8x103 cells/well and treated with increasing concentrations 
(0.1, 0.3, 0.6, 1.5, 3.0 and 10.0 µM) of broxbam for 24 h at 37˚C, 
5% CO2 and 95% humidity. Cytoplasmic LDH release into 
the cell culture medium was measured using a colorimetric 

Figure 1. Molecular structures of Broxbam and vorinostat. Structures of the vascular disrupting agents combretastatin A-4 (CA-4), the histone deacetylase-
inhibitor vorinostat (red) and the oxazole-bridged hybrid compound broxbam. 
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assay kit (cat. no. 11644793001; Sigma-Aldrich; Merck KGaA) 
according to the manufacturers' protocols (36).

Induction of chorioallantoic membrane (CAM) tumours. In 
total 2x106 HepG2 cells were resuspended in 10 µl RPMI 
medium containing 10% FBS and 100 U/ml penicillin and 
streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.) 
and 10 µl Matrigel (BD Biosciences), before the cell suspension 
was applied into a silicone ring 5 mm in diameter onto the CAM 
of fertilised white Leghorn chicken eggs (Gallus domesticus) 
at day 8 of their embryonic development. Fertilized eggs were 
obtained from Valo Biomedia GmbH (Cuxhaven, Germany 
and the embryonic development was induced by incubating 
the eggs at 37.5˚C and 80% humidity as described earlier (37). 
The tumour-bearing chicken eggs were incubated for 24 h at 
37.5˚C to stimulate tumour formation, followed by the topical 
application of 20 µl PBS containing three concentrations of 
broxbam (1.2, 3.0 and 5.0 µM). After an incubation period of 
72 h at 37.5˚C and 80% humidity, the tumours were excised 
and carefully weighed to determine their mass.

Apoptosis detection
Measurement of caspase‑3 activity. HepG2 and Huh7 cells 
were incubated (37˚C, 5% CO2 and 95% humidity) for 48 h in 
RPMI growth medium (Gibco; Thermo Fisher Scientific, Inc.) 
containing the respective concentrations of test compounds 
(0.1, 0.3, 0.6 and 1.2 µM). The cells were rinsed twice with PBS. 
All cells were lysed with 500 µl lysis buffer (10 mM Tris-HCl, 
10 mM NaH2PO4/Na2HPO4, 130 mM NaCl, 1% Triton X-100 
and 10 mM NaPPi, pH 7.5) per 100 cells. Protein concentra-
tion was determined using a BCA protein assay kit (Pierce; 
Thermo Fisher Scientific, Inc.). The activity of caspase‑3 was 
measured using the fluorogenic substrate AC-DEVD-AMC 
(cat. no. 14987; Caymen Chemical Company). In brief, the cell 
lysate was adjusted to a protein concentration of 500 mg/ml 
before 100 µl of this cell lysate were mixed with 100 µl substrate 
solution (20  µg/ml caspase-3 substrate AC-DEVD-AMC, 
20 mM HEPES, 10% glycerol and 2 mM DTT, pH 7.5; Sigma-
Merck; Merck KGaA). The samples were then incubated 
for 1 h at 37˚C. The fluorescence of the substrate, cleaved 
by caspase‑3, (excitation wavelength=380  nm, emission 
wavelength=460 nm) was measured using a Varioskan Flash 
fluorometer (Thermo Fisher Scientific, Inc.).

Detection of changes in the mitochondrial membrane 
potential (MMP HepG2 and Huh7 cells were seeded at a 
density of 8x103 cells/well in 96-well plates and maintained 
for 72 h at 37˚C, 5% CO2 and 95% humidity until they were 
treated with 0.6 µM broxbam or 2.0 µM vorinostat for 3, 6 and 
18 h at 37˚C, 5% CO2 and 95% humidity. To measure MMP, 
cells were stained for 15 min in the dark at 37˚C using the 
JC-1 dye (1 mg/ml; 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazolylcarbocyanine iodide; Molecular Probes; 
Thermo Fisher Scientific, Inc.). The cells were analysed using 
a Varioscan Flash fluorometer (Thermo Fisher Scientific, Inc.) 
at excitation wavelengths of 485 nm and emission wavelengths 
of 535 nm. Signals in the orange region of the fluorescence can 
be detected when JC-1 aggregates occur because of a negative 
MMP, which indicates healthy mitochondria. In the event of a 
positive MMP, which results from mitochondrial damage, JC-1 
occurs in its monomeric form giving rise to fluorescence in 

the green wavelength region (38). Accordingly, measurement 
of the ratio of orange to green fluorescence signal intensities 
allows the determination of changes in the MMP.

Western blotting. Whole cell extracts were prepared after 
harvesting substance-treated cells. HepG2 and Huh7 cells 
were incubated (37˚C, 5% CO2 and 95% humidity) for 24 h in 
RPMI growth medium (Gibco; Thermo Fisher Scientific, Inc.) 
containing the respective concentrations of test compounds 
(BB: 0.6 and 1.2 µM; Vs, 4.0 µM). Lysis was performed by 
using lysis buffer (0.1% SDS, 0.5% sodium deoxycholic 
acid, 1% Nonidet P-40, 0.1 mM PMSF, 1 mg/ml aprotinin 
and 1 mg/ml pepstatin A1; all from Sigma Aldrich; Merck 
KGaA). Protein contents of samples were determined using a 
BCA protein assay kit and samples containing 30 µg protein 
subjected to 7.5% or 12% SDS-PAGE. Proteins were then 
transferred onto PVDF membranes by electroblotting for 
1.5 h. Membranes were blocked for 1 h using 5% skimmed 
milk powder solution followed by incubation at 4˚C overnight 
with primary antibodies. The following antibodies were 
used: Glucose transporter (GLUT) 2 (1:1,000; cat. no. 071402 
MilliporeSigma), p53 and phosphorylated (p-) p53 (1:1,000; cat. 
nos. 9282 and 9286, respectively; Cell Signalling Technology, 
Inc.), HDAC1, HDAC2, HDAC4 and HDAC6 (1:1,000; cat. 
nos. 5356, 5113, 7628 and 7558, respectively; Cell Signalling 
Technology, Inc.). Detection of tubulin (anti-Tubb2B, cat. 
no. TA337744; Origene Technologies, Inc.) served as a loading 
control. Membranes were washed with 0.1% Tween in PBS and 
incubated with HRP-coupled anti-IgG antibody (1:10,000; cat. 
nos. NA934 and NA931, Amersham; Cytiva) for 1 h at room 
temperature. Protein signals were visualised using enhanced 
chemiluminescent detection kit (Amersham; Cytiva) and a 
Fusion SL camera (Vilber Lourmat Deutschland GmbH). For 
quantification, ImageJ (Vs 1.53j, National Institutes of Health) 
was used and the density of the protein bands was normalised 
to tubulin as a loading control.

RT-qPCR. Cellular RNA of untreated HepG2 and Huh7 
cells were extracted using GeneMATRIX Universal RNA 
Purification Kit (Roboklon GmbH) according to the manu-
facturers' protocols, followed by treatment with 1 U DNAse I 
(Gibco; Thermo Fisher Scientific, Inc.) per µg RNA for the elim-
ination of possible DNA contaminations. Reverse transcription 
into cDNA and qPCR were performed using GoTaq® 1-Step 
RT-qPCR System (Promega Corporation) on a QuantStudio 5 
Real-Time PCR System (Thermo Fisher Scientific, Inc.). The 
mixture for each sample/primer mix had a final volume of 10 µl 
containing 20 ng RNA and 250 nM of each primer. Melt curve 
controls were run to ensure primer specificity. The parameters 
for reverse transcription were as follows: 37˚C for 15 min, 95˚C 
for 10 min. Primer sequences are listed in Table SI. The obtained 
cDNA was analysed by using GoTaq® 1-Step RT-qPCR System 
(Promega Corporation) and qPCR was run on a StepOne-Cycler 
(Thermo Fisher Scientific, Inc.) for 40 cycles of amplification 
(initial denaturation for 5 min at 95˚C; followed by denaturation 
at 95˚C for 15 sec, annealing at 60˚C for 20 sec, elongation at 
72˚C for 45 sec for 40 cycles). All samples were run in tripli-
cate. The relative target gene expression was calculated using 
the 2-ΔΔCq method using GAPDH, β-actin or 18S rRNA as an 
internal control (39).
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Inhibition of HDAC activity. The ability of broxbam to inhibit 
HDAC1, -2, -4 and was measured using a cell free fluorogenic 
HDAC Assay (cat. nos. 50061, 50062, 50064, 50076 BPS 
Bioscience, Inc.). The HDAC activity was measured according 
to the protocols of the manufacturer. Briefly, purified human 
recombinant HDAC enzymes contained with the assay kit and 
fluorogenic HDAC substrates were used to measure HDAC 
activity. In total, 50 µl assay buffer containing 1 µg/µl BSA, 
the human recombinant HDAC enzyme, the test compound 
and the corresponding HDAC substrate was added into a 
black 96-well assay plate. The reaction in each well was incu-
bated at 37˚C for 30 min, followed by the addition of 50 µl 
HDAC developer reagent and incubation at room temperature 
for 15 min. Fluorescence intensity was measured using a 
Varioskan Flash Fluorometer (Thermo Fisher Scientific, Inc.) 
using an excitation wavelength of 380 nm and an emission 
wavelength of 460 nm.

Immunofluorescence staining of the cytoskeleton. HepG2 
cells were seeded onto glass coverslips at a density of 1x105 
and were allowed to attach and proliferate for 24 h (37˚C, 5% 
CO2 and 95% humidity). Cells were treated with broxbam 
(0.6 µM) and vorinostat (4 µM) whereas a corresponding 
volume of DMSO was used as a negative control. Treated 
cells were incubated for additional 24 h (37˚C, 5% CO2 and 
95% humidity) and fixed with 4% formaldehyde in PBS for 
20 min at room temperature. The samples were then blocked 
and permeabilised (1% BSA and 0.1% Triton X-100 in PBS) 
for 30 min at room temperature. For the immunostaining of 
the microtubule structures, the cells were incubated for 1 h at 
37˚C in the dark with mouse primary anti-human α-tubulin 
monoclonal antibody (1:500; cat. no. T6199; Sigma Aldrich; 
Merck KGaA), followed by treatment with a AlexaFluor®-
conjugated 546 goat anti-mouse secondary antibody (1:500; 
cat. no A-21133; Thermo Fisher Scientific, Inc.) for 1 h at room 
temperature in the dark. Cellular actin filaments were stained 
for 1 h at 37˚C in the dark using phalloidin (1:1,000, cat. No 
A12379 AlexaFluor®-conjugated 488; Invitrogen; Thermo 
Fisher Scientific, Inc.). Coverslips were mounted in DAPI 
containing Mowiol (Mowiol 4-88; 1 µg/ml DAPI; Carl Roth 
GmbH) for additional nuclei counterstaining. Fluorescence 
microscopic imaging (magnification, x60; Spinning Disk 
Confocal microscope; Nikon Corporation) was performed 
at the Charité Advanced Medical BioImaging Core Facility 
(Berlin, Germany).

Scratch wound healing assay. HepG2 cells were allowed 
to proliferate to confluence in six-well plates. Using a 10 µl 
pipette tip, the cell monolayer was scratched once horizontally 
and vertically. Wells were rinsed with PBS and fresh medium 
was added, containing two concentrations of broxbam (0.6 
and 1.2  µM), whereas a corresponding volume of DMSO 
was used for a control. The cell monolayers were incubated 
for 24  h (37˚C, 5% CO2 and 95% humidity), followed by 
photographic documentation using a digital camera (Kappa 
Optronics GmbH). Migration of cells was quantified using 
the TScratch software (version 1.0; CSElab). Migration values 
were normalised to control, which was set as 100%. The 
experiments were performed under normal FBS conditions 
(10%), since HepG2 cells could not tolerate serum deprivation 

and reacted with immediate and pronounced cell detachment. 
In addition, serum deprivation is a procedure that is preferable 
necessary for long-term observations (>24-48 h), where cell 
proliferation instead of migration becomes the predominant 
factor for wound healing (40,41).

Zebrafish angiogenesis assay. To examine the angiogenesis 
in vivo, experiments with zebrafish embryos were performed, 
which represents a viable model for the evaluation of angio-
genic effects of small molecules  (42). In the developing 
zebrafish embryo, the sub-intestinal veins (SIVs) represent 
a characteristic blood vessel system that can be easily 
visualised  (42). Eggs from the transgenic Tg(fli1:EGFP)y1 
mutant Casper zebrafish stem were obtained 2-5 h after egg 
deposition connected to spawning process from the animal 
breeding facility of the University of Bayreuth, which has the 
permission to keep and breed vertebrates and cephalopods 
for experimental purposes according to § 11 German animal 
Welfare Law (permission no. OBK/A 2; Bayreuth, Germany). 
Zebrafish are kept at 20-26˚C in water pH 6.0-8.0 under stan-
dard atmosphere.

After the egg deposition, the spawn fish eggs (1 day post 
fertilisation) were collected, rinsed, and transferred into a 
petri dish filled with E3-medium (5 mM NaCl, 0.17 mM KCl, 
0.33 mM CaCl2, 0.33 mM MgSO4 and 0.01% methylene blue 
in ddH2O; pH 7.2) and incubated for 24 h at 28˚C. Healthy 
embryos were then dechorionated, which means the removal 
of the egg shell, and five embryos per well were transferred 
into six-well plates in 5 ml E3-medium. In total, 100-fold 
pre-dilutions of test compounds (final concentrations were 
1 µM, 750 and 500 nM) in ddH2O were prepared and added 
to the E3-medium at 50.5 µl per well, followed by incuba-
tion for 48 h at 28˚C. After the addition of 50 µl 0.04% 
tricaine solution (ethyl-3-aminobenzoate-methanesulfonate; 
Sigma Aldrich; Merck KGaA) to the E3-medium in the 
six-well plates, the embryos (3 days post fertilisation) were 
anaesthetised (5 min at room temperature) to a final tricaine 
concentration of 0.0004% before the blood vessel system 
was visualised and documented by fluorescence microscopy 
with up to two-fold magnification (excitation wavelength, 
488 nm; emission wavelength, 510 nm; Leica MZ10F fluo-
rescence microscope; Leica Microsystems GmbH; AxioCam 
l cm; Carl Zeiss AG). The area of SIVs was measured using 
Image J version 1.52a. At the end of the experiments, 1 ml 
anaesthetic tricaine (tricaine mesylate; 5  g/l) was added 
to 5 ml E3-media to kill the zebrafish larvae (3 days post 
fertilisation) with an overdose of the anaesthetic, at a final 
concentration of 833 mg/l.

Statistical analysis. Statistical analysis of the data was 
performed using GraphPad Prism 8 software for Windows 
(GraphPad Software, Inc.). If not indicated otherwise, data 
were presented as the mean ± standard error of the mean. 
Unpaired Student's t-tests were used for two-group compari-
sons. To test for statistical significance between > two groups, 
one-way ANOVA coupled with Tukey's post hoc tests was 
used. P<0.05 were considered to indicate a statistically signifi-
cant difference. All experiments were performed in triplicate 
unless otherwise stated. The exact number of independent 
repetitions for each assay is provided in the figure legends.
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Results

Inhibition of cell proliferation and cytotoxicity. It was previ-
ously reported that broxbam exerts selective anti-tumour 
effects at half maximal inhibitory concentrations (IC50) in the 
low µM to two-digit nM range (20). In the present study, the 
potential effects of broxbam in liver cancer cell models were 
evaluated. Table I summarises the IC50 values calculated for 
broxbam and vorinostat in liver cancer cell lines HCC and 
CCC and non-transformed hepatocytes. Notably, broxbam 
exhibited higher antiproliferative potency in all liver cancer 
cell lines compared with non-transformed hepatocytes, which 
required three-times higher IC50 concentrations (Table I). This 
suggests the selectivity of broxbam towards liver cancer cells. 
In addition, broxbam exerted higher antiproliferative capabili-
ties compared with the clinically relevant HDACi vorinostat 
in all liver cancer cell models test. Unlike broxbam, vorinostat 
did not appear to display cancer specificity, since its IC50 
values did not differ between the liver cancer cell lines and the 
non-transformed AML-12 cells (Table I).

Using the iCELLigence real-time cell viability and prolif-
eration analysis system, the kinetic profile and onset of the 
inhibition of proliferation mediated by broxbam were deter-
mined. In case of the HepG2 and Huh7 cell lines, a distinct 
reduction in cell proliferation was observed at as early as 12 h 
after the application of broxbam in a dose-dependent manner 
(Fig.  2A  and  B). In CCC cell lines, this dose-dependent 
inhibitory effect was also detected, but instead becoming 
more pronounced 24 h after treatment (Fig. 2C and D). To 
exclude the contribution of unspecific cytotoxicity to these 
antiproliferative effects exerted by broxbam, the release of 
lactate dehydrogenase (LDH) from the cytosol into the cell 
culture supernatant of HepG2, Huh7 and AML12 cells was 
measured (Fig.  3). Increased LDH release would indicate 
the presence of nonspecific and necrotic cell death due to 
treatment-induced damage of cell membranes (36). However, 
treatment of HepG2 or Huh7 cells with rising concentrations 
of broxbam (0.1-10 µM) did not lead to significant increases 
in LDH release after 24 h (Fig. 3). The same effects were 
also observed in non-transformed hepatocytes (AML12) after 
broxbam treatment (Fig. 3). This suggests that broxbam does 
not compromise cell membrane integrity and that it exerted no 

immediate cytotoxic effects even at concentrations as high as 
10 µM.

In  vivo tumour growth reduction. The potential antineo-
plastic effects of broxbam in liver cancer tumours was next 
tested using in vivo chick embryo experiments, specifically 
by applying the modified chorioallantoic membrane (CAM) 
assay. HepG2-derived microtumours from an initial volume of 
20 µl were grown on the CAM of fertilised chicken eggs for 
24 h. Subsequently, the microtumours were treated for 72 h 
with either PBS (control) or rising concentrations of broxbam 
(1.2-5.0 µM). At the end of the experiment, tumour masses 
were excised and weighed. Compared to PBS-treated controls, 
broxbam (3 and 5 µM) induced a significant reduction in liver 
cancer microtumour growth (Fig. 4).

To further characterise the underlying signalling and 
metabolic events underlying these antitumor effects of 
broxbam observed in the present study, its potential effects 
on glucose metabolism were next assessed. Cancer cells 
preferentially use glycolysis to consume glucose as the 
substrate for energy metabolism, in a process known as the 
Warburg effect (43). Therefore, the impact of broxbam on the 
expression of GLUT2, which is crucial for hepatic glucose 
uptake  (44), was investigated. In addition, the glycolytic 
activity of HepG2 and Huh7 cells was also assessed by 
measuring the consumption of glucose, production of lactate 
and its release into the supernatant of the cell culture medium. 
Protein expression levels of GLUT2 were not affected by 
broxbam, though the HDACi vorinostat markedly reduced the 
expression of GLUT2 compared to broxbam treated group in 
both HepG2 and Huh7 cells (Fig. S1). This finding suggests 
that vorinostat, but not broxbam, can inhibit cellular glucose 
uptake by downregulating GLUT2 expression. By contrast, 
the glycolytic activity of broxbam-treated liver cancer cells 
was found to be decreased significantly. Compared with that 
in the untreated controls, the remaining glucose in the cell 
culture supernatant of broxbam-treated HepG2 cells was 
markedly higher whereas the production and release of lactate 
was decreased (Fig. S1). This lower glucose consumption 
and reduced lactate production indicate reduced glycolytic 
activity in broxbam-treated cells. In addition, no such reduc-
tion in glycolytic activity could be observed in HepG2 cells 

Table I. Growth inhibitory concentrations (IC50) of compounds applied to liver cancer cell lines HepG2 and Huh7, CCC cell lines 
TFK-1 and EGI-1 and mouse hepatocytes (AML12)a.

Origin	 Cell line	 Broxbam (µM)	 Vorinostat (µM)

Liver cancer	 HepG2	 0.6±0.2	 2.1±0.4
	 Huh7	 0.6±0.1	 1.8±0.5
CCC	 TFK-1	 0.6±0.1	 1.4±0.1
	 EGI-1	 0.6±0.2	 3.2±0.1
Non-transformed	 AML12	 1.9±0.2	 1.7±0.2
mouse hepatocytes

aValues are derived from dose-response curves obtained by measuring the percentage of vital cells relative to untreated controls 48 h after 
incubation using crystal violet staining. Results are shown as mean ± SD from n ≥3 independent experiments. CCC, human cholangiocellular 
carcinoma.
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following vorinostat treatment, suggesting no effects were 
mediated by vorinostat on glucose uptake or lactate produc-
tion and release.

Proapoptotic mode of action. To further elucidate the mecha-
nisms by which broxbam exerted antitumour effects on the 
liver cancer cells the extent of apoptosis induction was next 
measured. Apoptosis induction considered to be one of the 
primary objectives of targeted cancer therapy since it results in 
the specific and inflammation-free elimination of cancer cells. 
Apoptosis induction occurs through two distinct mechanisms, 
either by the activation of cellular death receptors or through 
the mitochondria-driven activation of caspase-3 (45). Broxbam 
was found to induce mitochondria-driven apoptosis in liver 
cancer cells, as evidenced by fluorometric changes in the 

MMP of broxbam treated cells (Fig. 5A). An increase in the 
green/red ratio indicates a reduction in the MMP and therefore 
mitochondrial damage, which may have served as a trigger for 
the activation of the apoptosis-associated tumour suppressor 
protein p53. A significant increase in the green/red ratio 
following treatment with the IC50 concentration of broxbam at 
0.6 µM was observed after 3 and 6 h (Fig. 5A).

Figure 3. LDH release by liver cancer cell lines HepG2 and Huh7 and the 
non-transformed hepatocyte cell line AML12 into the media after 24 h treat-
ment with broxbam in different concentrations. Data are presented as the 
LDH release relative to those in untreated controls, where basal LDH release 
was set to 0%. Values are presented as the mean ± SEM. n=4. LDH, lactate 
dehydrogenase; ctrl, control. 

Figure 2. Real-time measurements of liver cancer and cholangiocellular carcinoma cell proliferation. Dose- and time-dependent effects of bb on (A) HepG2, 
(B) Huh7, (C) TFK1 and (D) EGI1 cell proliferation as assessed by the iCELLigence real-time monitoring system. Data show the cell viability index measured 
over 48 h after the application of broxbam. Representative graphs out of three independent experiments were shown for each cell line. Bb, broxbam. 

Figure 4. Measurement of tumour size grown on the chorioallantoic 
membranes of fertilised chicken eggs. (A) Tumour mass of HepG2 tumours 
after treatment with different concentrations of bb and PBS as control for 
72 h. Data are presented as the mean ± SEM from seven independent experi-
ments. *P<0.05. (B) Representative images of control and bb-treated HepG2 
tumours after excision. Scale bar 800 µm. bb, broxbam; Ctrl, control. 
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Figure 5. Detection of proapoptotic events in liver cancer cells. (A) Influence of bb and vs on the loss of mitochondrial membrane potential of liver cancer cell 
lines HepG2 and Huh7. Indicated values were measured by fluorometric measurement of JC-1-stained cells. The effect of IC50 concentrations of bb and vs was 
monitored after 3, 6 and 18 h. Mitochondrial accumulation of JC-1 results in red fluorescence whereas loss of MMP results in monomeric JC-1, which emits 
green fluorescence. Data are presented as the ratio of green/red fluorescence of cells. Data are presented as the mean ± SEM from three experiments. One-way 
ANOVA with Tukey's post hoc test was used to test for significance. *P<0.05, ***P<0.001 and ****P<0.0001 vs. Ctrl. (B) Caspase-3 activity in HepG2and Huh7 
cells upon treatment with bb for 24 h. Data are presented as the mean ± SEM percentage of untreated controls from four experiments. One-way ANOVA with 
Tukey's post hoc test was used to test for significance. *P<0.05, **P<0.01 and ***P<0.001 vs. ctrl. (C-H) HepG2 and Huh7 cells were treated either with solvent 
(Ctrl), bb at IC50 (0.6 µM), bb at two-fold IC50 (1.2 µM) or vs. at two-fold IC50 (4.0 µM). Western blotting results of (C) p53 expression and (D) phosphorylation 
levels in HepG2 cells. (E) p-p53/p53 ratio was also quantified in HepG2 cells. Western blotting results of (F) p53 expression and (G) phosphorylation levels in 
Huh7 cells. (H) p-p53/p53 ratio was also quantified in Huh7 cells. Corresponding representative western blotting images are shown in Fig. S2. n=3 per group. 
One-way ANOVA with Tukey's post hoc test was used to test for significance. Bb, broxbam; vs, vorinostat; Ctrl, control; Cas 3, caspase 3; p-, phosphorylated. 
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By contrast, treatment with vorinostat at its IC50 concentra-
tion of 2 µM, did not lead to an apoptosis-indicating increase 
in the green/red ratio. Instead, a significant reduction was 
observed, suggesting that vorinostat was not likely to induce 
mitochondria-driven apoptosis (Fig. 5A).

In following experiments broxbam treatment was shown 
to induce a dose-dependent increase in the phosphorylation 
of p53 of HepG2 and Huh7 cells (Fig. 5C-H), consistent with 
the aforementioned data on the broxbam-induced changes 
in MMP for the initiation of mitochondria-driven apoptosis 
(Fig. 5A). In addition, no increase in p53 phosphorylation in 
HepG2 (Fig. 5D) or Huh7 (Fig. 5G) cells could be observed 
after vorinostat treatment, which is in accordance with the 
failure of vorinostat to decrease the MMP (Fig. 5A).

Mitochondria serve a pivotal role in the regulation of 
apoptotic caspase activation. The caspase cascade lies down-
stream of the loss of MMP and activation of p53 (46-48). This 
cascade eventually leads to the activation of the executioner 
caspase-3 (49). Therefore, Caspase-3 activity was next assessed 
using a fluorogenic caspase-3 assay, which functions by the 
specific recognition of the enzymatic activity of phosphory-
lated caspase-3 (15). After broxbam treatment, HepG2 and 
Huh7 cells exhibited a dose-dependent increase in apoptotic 
caspase-3 activity compared with that in the control group 
(Fig. 5B). Of note, maximal capsase-3 activity could already 
be observed at the concentration of 0.6 µM broxbam (Fig. 5B), 
which corresponded to the IC50 values of broxbam in these 
cells (Table I).

HDAC expression and activity. To clarify if HDAC inhibi-
tion forms part of the antitumour mechanism of broxbam, its 
effects on HDAC expression and activity were investigated. 
RT-qPCR was used to measure the expression levels of the 11 
subtypes of HDACs (HDACs 1-11) in the HepG2 and Huh7 
cells. Although the mRNA expression levels of HDAC1 and 
HDAC2 were considerably lower compared with those of the 
other HDAC subtypes, all 11 HDACs tested were found to be 
expressed in both cell lines (Fig. 6).

Subsequently, the potential treatment-induced changes in 
the protein expression levels of HDAC1, -2, -4 and -6 were 
assessed by western blotting and densitometric analysis. 
HDAC1 and HDAC2 belongs to class I HDACs and are local-
ized in the nucleus of the cell (50). HDAC4 and HDAC6 are 
class II HDACs and both can be found in the cytoplasm as well 
as in the nucleus of a cell (50). These HDACs were previously 
found to be overexpressed in human pancreatic adenocar-
cinoma and hepatocellular carcinoma  (50,51). Exposure 
of HepG2 and Huh7 cells to 0.6 µM and 1.2 µM broxbam, 
concentrations corresponding to their respective IC50 and two-
fold IC50 values, did not lead to significant changes in any of 
the HDAC subtypes (Fig. 7). An exception was the significant 
increase in HDAC4 expression in Huh7 cells treated with 
1.2 µM broxbam compared with that in the control group 
(Fig. 7C). This finding suggests that broxbam functions as 
an inhibitor of HDAC activity instead of being a regulator of 
HDAC expression (Fig. 7).

The activities of HDACs -1, -2, -4 and -6 following treat-
ment with IC50 and two-fold IC50 concentrations of broxbam 
and vorinostat were assessed using a cell-free enzymatic assay 
system. HDAC subtype-specific inhibition of the cleavage of 

fluorogenic peptide substrates (Fig. 8A) was next detected and 
compared with the untreated control group, which was set to 
100%. Broxbam exerted an attenuating effect on the activity 
of HDAC1 and -6, but did not affect the activities of HDACs 
-2 and -4. Vorinostat mediated potent inhibitory effects on the 
HDACs -1 and -2, which exceeded that of broxbam. Therefore, 
broxbam and vorinostat inhibited the individual HDAC 
isoforms with distinct profiles. However, both compounds 
were concluded inhibit HDAC1, with broxbam showing 
specificity towards HDAC6 whereas vorinostat showed speci-
ficity towards HDAC2. Due to this potent inhibitory effect of 
broxbam against HDAC6, the present study next examined 
its potential dose dependency over the concentration range 
from 0.6 to 10 µM, which revealed 90% inhibition of HDAC6 
activity at 10 µM, the highest broxbam concentration tested 
(Fig. 8B).

To investigate the contribution of HDAC6 inhibition 
towards the antiproliferative effects of broxbam in liver cancer 
cells (Fig. 2), HDAC6 knockdown was performed using siRNA. 
After 48 h of transfection with HDAC6-specific siRNA, the 
expression of HDAC6 protein in Huh7 cells was significantly 
decreased compared with that in cells transfected with the 
si-mock (Fig. 8C and D). Furthermore, the expression of typical 
markers of cell proliferation Ki-67 and E2F3 (52,53), were 
also found to be decreased significantly compared with that in 
cells transfected with the si-mock (Fig. 8E and F) suggesting 
a distinct contribution of HDAC6 inhibition towards the antip-
roliferative (Figs. 1 and 2) and antineoplastic (Fig. 4) effects of 
broxbam in liver cancer.

Dynamics of the cytoskeleton and cellular migration. Since 
broxbam contains the trimethoxystilbene motif of the vascular 
disrupting natural product CA-4 within its structure (23,25,26), 
it was next examined for its possible effects on the tubulin 
cytoskeleton and associated processes. Its inhibitory effects 
on the polymerisation of purified tubulin in vitro have already 
been previously reported (20). As HDAC6 has been found to 
function as a tubulin deacetylase to interfere with microtu-
bule-dependent cell motility (54), the effects of broxbam on 
the microtubule and F-actin cytoskeleton of HepG2 cells were 
investigated using immunofluorescence staining. The forma-
tion of F-actin stress fibres and focal adhesions was observed 

Figure 6. mRNA expression levels of HDACs 1-11 in untreated liver cancer 
cell lines HepG2 and Huh7. mRNA expression levels of HDACs 1-11 in liver 
cancer cell lines were measured using reverse transcription-quantitative 
PCR, which were then normalised to those of GAPDH, the housekeeping 
gene. Data are presented as the means ± SEM from three independent experi-
ments. HDAC, histone deacetylase; Ctrl, control. 
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Figure 7. Continued.
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Figure 7. Quantification of the expression of selected HDAC proteins. HepG2 and Huh7 cells were treated for 24 h with either solvent (Ctrl), bb at IC50 
(0.6 µM), bb at two-fold IC50 (1.2 µM) or vs. at two-fold IC50 (4.0 µM). Western blotting was used to measure protein expression, using tubulin as loading 
control. (A) HDAC1 expression in Hep2G and Huh7 cells. (B) HDAC2 expression in Hep2G and Huh7 cells. (C) HDAC4 expression in Hep2G and Huh7 cells. 
**P<0.01 vs. ctrl. (D) HDAC6 expression in Hep2G and Huh7 cells. Corresponding representative western blotting images are provided in Fig. S2. n=3 per 
group. One-way ANOVA with Tukey's post hoc test was used to test for significance. HDAC, histone deacetylase; Ctrl,. control; bb, broxbam; vs, vorinostat. 
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following treatment with broxbam at its IC50 concentration 
(Fig. 9). Furthermore, the microtubule cytoskeleton appeared 
to be markedly altered compared with that in the control 
group. In general, broxbam-treated cells were considerably 
enlarged, especially their nuclei (Fig. 9). These effects were 
more prominent compared with those mediated by vorinostat, 
even after treatment with vorinostat at a concentration of two-
fold IC50 (Fig. 9).

Cytoskeletal components, such as microtubules and actin 
fibres, are critical for cell migration (55,56). To investigate the 
effect of broxbam on cell migration, a scratch wound healing 
assay was performed. An observation period of 24 h was 
chosen to minimise the possibility of the migratory process 
being distorted by cell proliferation. The average doubling 
time of HepG2 cells is ~48 h, suggesting that HepG2 cell 
proliferation is unlikely to contribute significantly to wound 
closing (57). Broxbam treatment led to a significant reduction 
in gap closing by the HepG2 cell monolayer compared with that 
in the untreated control group (Fig. 10). In addition, broxbam 
exerted a potent antimigratory effect even when applied at its 
IC50 concentration of 0.6 µM (Fig. 10B).

Antiangiogenic effects in vivo. A previous study validated 
the properties of the two structural motifs on broxbam, which 
are HDAC-inhibition mediated by the hydroxamic acid 
pharmacophore and interference with cytoskeletal dynamics 
by its trimethoxystilbene motif (20). There is a possibility 
that inhibition of tubulin polymerisation and HDAC activity 
by broxbam may also translate into an antiangiogenic 
effect. Due to the previously known antiangiogenic effects 
of CA-4 (23) and the well-established association between 
HDACs as modulators of hypoxia-induced factor-1α and 
vascular endothelial growth factor (VEGF) expression (58), 
it was hypothesised that broxbam may also exert antiangio-
genic properties. Therefore, in vivo zebrafish angiogenesis 
assays were performed  (42). Broxbam mediated a dose-
dependent antiangiogenic effect in reducing the area of the 
sub-intestinal veins (SIV) in developing zebrafish embryos, 
which became visible at concentrations equating to its IC50 
value (Figs. 11 and 12). Signs of cardiotoxicity, such as dila-
tion of the pericardial sac, which is a known unwanted side 
effect of antiangiogenic substances, such as CA-4 (59), could 
not be observed (Figs. 11 and 12).

Figure 8. Effects of inhibiting the selective HDACs of broxbam in Huh-7 cells. (A) Activities of HDAC1, -2, -4 and -6 after treatment with bb or vs at concen-
trations corresponding to their respective IC50 and two-fold IC50. Data are presented as the means ± SEM percentage of untreated control, which was set to 
100%, from three experiments. *P<0.05, **P<0.01 vs. Ctrl. One-way ANOVA with Tukey's post hoc test was used to test for significance (B) Dose-dependent 
inhibitory effect of bb on the activity of HDAC6 relative to control, represented as the means ± SEM from three independent experiments. ****P<0.0001 vs. Ctrl. 
One-way ANOVA with Tukey's post hoc test was used to test for significance. (C) Western blot analysis and (D) quantification of siRNA-mediated knockdown 
of HDAC6 protein expression in Huh7 cells transfected with control (si-mock) or HDAC6-specific (si-HDAC6) siRNAs for 48 h. Each set of si-mock and 
si-HDAC6 lanes represents one transfection experiment. Tubulin was used as the loading control. Analysis of (E) Ki-67 and (F) E2F3 mRNA expression by 
reverse transcription-quantitative PCR. The mRNA expression levels were normalised to that of 18S rRNA. Data was presented as the mean ± SEM from 
six independent experiments. One-way ANOVA with Tukey's post hoc test was used to test for significance. HDAC, histone deacetylase; bb, broxbam; vs, 
vorinostat; si, small interfering. 
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Discussion

Broxbam was recently reported to be a potent anticancer 
agent against various non-liver cancer cell models (20). In the 

present study, it was shown to exert antiproliferative properties 
in HCC and CCC liver cancer cell models. This novel chimeric 
compound, which consists of a HDAC-inhibitory hydroxamic 
acid pharmacophore and a cytoskeleton-interfering 

Figure 9. Responses of the cytoskeleton in HepG2 cells to bb treatment. Confocal immunofluorescence images 24 h after incubation with bb (0.6 µM) or vs. 
(4 µM). α-Tubulin (red), f-actin (green) and DAPI-stained nuclei (blue) staining are shown. Scale bar, 30 µm. Ctrl, control; bb, broxbam; vs, vorinostat. Images 
are representative of n=3 independent experiments. 

Figure 10. Effects of different concentrations of bb on the migration of HepG2 cells. HepG2 cell migration was measured using wound healing assays 24 h 
after treatment. (A) Representative images from five independent experiments, where the cells were treated with at IC50 two-fold IC50 of bb. (B) Cell migration 
was presented as the mean ± SEM percentage of control from three experiments. One-way ANOVA with Tukey's post hoc test was used to test for significance. 
*P<0.05 and **P<0.01 vs. ctrl. ctrl, control; bb, broxbam. 
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trimethoxystilbene motif, inhibited the proliferation of liver 
cancer cells at near-nanomolar concentrations (IC50, ~0.6 µM). 
This exceeded the antiproliferative potency of the clinically 
established HDACi vorinostat (IC50, 1.4-3.2  µM). Unlike 

vorinostat, broxbam exerted preferential specificity for cancer 
cells over non-transformed murine hepatocytes. Real-time 
kinetic investigation of the antiproliferative effects of broxbam 
revealed an early onset of this effect, at 12-24 h, after drug 

Figure 11. Morphology of the blood vessel system of transgenic Tg(fli1:EGFP)y1 mutant Casper zebrafish embryos 72 h post-fertilisation. Embryos were 
treated for 48 h with either a corresponding amount of DMSO, with bb concentrations of 1 µM, 750 or 500 nM. Brightfield and green fluorescent images, 
denoted as fli:GFP, are shown. The pericardial region was marked with asterisks whereas SIVs are marked with arrows. Fluorescent SIV areas are marked 
with yellow boxes, which were then magnified two-fold magnification. Individuals shown are representative for ≥20 embryos per concentration. bb, broxbam; 
GFP, green fluorescent protein; SIV, sub-intestinal veins. 
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application. The prohibitive effects of broxbam on liver cancer 
cells was found not likely to be due to unspecific cytotoxicity, 
but instead likely to be due to the targeted and orchestrated 
modulation of cancer cell-specific signalling pathways. This in 
turn lead to antiproliferative, anti-angiogenic, anti-migratory 
and apoptotic effects, in addition to the breakdown of cellular 
energy metabolism. The decrease in the glycolytic activity of 
liver cancer cells after broxbam treatment may be of thera-
peutic importance in terms of the glucose addiction of cancer 
cells, which is required for the maintenance of metabolism 
(the Warburg effect) (43).

Broxbam was found to induce the apoptosis of liver cancer 
cells through the mitochondrial-driven apoptosis pathway. A 
protein of importance for mitochondrial apoptosis is the p53 
tumour suppressor protein, the phosphorylation of which is 
associated with the disruption of mitochondrial function and 
subsequent cell death (48). Phosphorylation of p53 induces the 
expression of p53 regulated apoptosis inducing protein 1, which 
is localised in the mitochondria and leads to the disruption of 
MMP en route to triggering apoptosis (60,61). Consistent with 
this mechanism, the present study found that broxbam induced 
p53 phosphorylation, reduced MMP and subsequently acti-
vated the apoptosis-specific effector caspase‑3. The activation 
of caspase‑3 directly contributes to core apoptotic processes, 
such as the dismantling of cell components and formation of 
apoptotic bodies therefore, it represents a direct marker for 
the activation of apoptosis (62). The extent of apoptosis medi-
ated by broxbam was studied in the present study in two liver 
cancer cell lines with distinct p53 statuses. HepG2 cells repre-
sents a p53-wild-type cell line whereas Huh7 cells harbour a 
mutated codon in the p53 gene leading to the overexpression 
of the functionally-repressed p53 (63). Caspase‑3 activation by 
broxbam was more pronounced in the p53-native HepG2 cells 
compared with that in the p53-mutated Huh7 cells. However, 

broxbam promoted p53 phosphorylation in both cell models 
without altering the expression of the total p53 protein. By 
contrast, vorinostat did not alter p53 phosphorylation in 
either of the cell models, whilst significantly downregulating 
p53 expression in Huh7 cells. It is tempting to speculate that 
this may be the result of differences in the HDAC subtype 
specificity between broxbam and vorinostat, especially in 
their inhibitory activities towards HDAC6 activity. However, 
further research is required to clarify this putative association. 
It is noteworthy that broxbam can induce p53 phosphorylation 
both in cells with wild-type and mutant p53, whilst vorinostat 
could not induce p53 phosphorylation.

Evaluation of the effects of broxbam and vorinostat on 
HDAC revealed that neither of the compounds significantly 
influenced the protein expression of the HDAC subtypes -1, 
-2, -4 and -6, instead inhibiting their HDAC enzyme activity. 
Subtype-specific profiling revealed pronounced differences 
in the ability of broxbam and vorinostat to inhibit HDAC6. 
Whilst broxbam potently inhibited HDAC6 activity (>90%) 
at a concentration of 10 µM, vorinostat could only mediate a 
comparatively weak inhibition of 20%.

HDAC6 is a unique member of the HDAC family not only 
for its role in histone acetylation and deacetylation, but also in 
targeting several non-histone substrates, such as cortactin and 
heat shock protein 90, thereby regulating cell proliferation, 
metastasis, invasion, and mitosis in tumours of SKOV3 human 
ovarian cancer cells (64). Accordingly, it has been previously 
demonstrated that HDAC6 inhibition can lead to the inhibi-
tion of cell proliferation, apoptosis, reduction in migration 
and motility of fibroblasts, SKOV3 ovarian cancer, SKBR3 
breast carcinoma, and MCF7 breast cancer cell lines (65). 
This is consistent with observations in the present study with 
regards to the broxbam-mediated HDAC6 inhibition of liver 
cancer cells. HDAC6-specific siRNA silencing in Huh7 cells, 

Figure 12. Effects of bb on developing zebrafish embryos at 3 days post fertilisation. (A) Area of SIVs after bb treatment with concentrations of 1 µM, 750 and 
500 nM for 48 h. Values were normalised to the negative control, DMSO. (B) Percentage pericardial diameter relative to the negative control, DMSO. Data are 
presented as the percentage means ± SEM of control from ≥20 experiments. Significance levels were determined using one-way ANOVA and Tukey's post hoc 
test. *P<0.05 and ****P<0.0001 vs. ctrl. bb, broxbam; SIV, sub-intestinal veins. 
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which mimicked the effects of HDAC6 inhibition exerted by 
broxbam, led to a significant downregulation of proliferation 
markers Ki67 and E2F3. α-Tubulin is another non-histone 
substrate that can be deacetylated by HDAC6  (54,56,66). 
HDAC6-dependent deacetylation of tubulin has been reported 
to result in potent effects on cytoskeletal dynamics and cell 
migration (54,66,67). HDAC6 has also been previously associ-
ated with the function of microtubule dynamics and regulation 
of microtubule-dependent cell migration (54). In the present 
study, broxbam-treated liver cancer cells displayed profound 
alterations in their cytoskeleton components F-actin and 
microtubules. After microtubules become disrupted, f-actin 
stress fibres and focal adhesions are formed in response (68,69). 
The cytoskeletal effects of broxbam exceeded those mediated 
by vorinostat, which corresponded with the weaker inhibitory 
effects of vorinostat on HDAC6 activity.

Broxbam was also found to exert antiangiogenic effects 
in vivo, as shown by the suppression of SIV growth in the 
zebrafish embryos. This effect was visible already at nM 
concentrations, resembling the antiproliferative IC50 values 
of broxbam in liver cancer cells. Notably, the antiangio-
genic effects of broxbam were not accompanied by signs of 
cardiotoxicity or impairments in the development of zebrafish 
embryos, which are known to be highly sensitive to toxic 
stress (70). The antiangiogenic effects of broxbam were likely 
to be due to a combination of mechanisms, with contributions 
from both pharmacophores contained within the structure of 
this chimeric compound. In this respect, HDACis are known 
to inhibit VEGF-induced angiogenesis in  vitro as well as 
in vivo (71), such that CA-4-driven anti-angiogenesis has also 
been linked to the inhibition of VEGF (72). However, tumour 
vasculature disrupting agents, especially those derived from 

CA4, have been shown to confer a high toxicity risk  (59). 
Therefore, although broxbam contains a CA4-derived phar-
macophore, it did not mediate toxic effects. This suggests 
that the effects of this novel chimeric compound may instead 
arise from its inhibitory effects on HDACs. The present study 
revealed that HDAC6-specific knockdown resulted in the 
downregulation of E2F3 expression in Huh7 cells. E2F3 is 
regarded to be a key factor for endothelial cell proliferation 
and angiogenesis (73). Therefore, it is conceivable that the 
pronounced HDAC6 inhibition of broxbam substantially 
contributed to its antiangiogenic effects due to the suppression 
of endothelial E2F3 expression. Further study is warranted to 
verify this hypothesis. The effects of broxbam on liver cancer 
cells revealed in the present study are summarized in Fig. 13.

Currently available treatment options for advanced and 
inoperable liver cancer are restricted to multi-kinase inhibitors, 
such as sorafenib or regorafenib (74). Although the therapeutic 
concentration of sorafenib is ~8 µM (75), lower concentrations 
of broxbam was able to induce pronounced antitumor effects 
in the in vivo experiments with liver cancer xenografts on the 
CAM of fertilised chicken eggs. In addition to the therapeutic 
effects mediated by this low dosage of broxbam, which prob-
ably does not induce pronounced side effects, it also exhibited 
pronounced antineoplastic effects. This renders broxbam to 
be the experimental compound for alternative approaches for 
clinical liver cancer treatment.

The combination of HDACis and sorafenib has previously 
been demonstrated to exert enhanced anticancer activity and 
may therefore be an advantageous approach compared with 
sorafenib monotherapy  (51,76,77). Freese  et  al previously 
reported that HDACi sensitised HCC cells to sorafenib treat-
ment (78), which may be due to the overexpression of HDACs 

Figure 13. Pleiotropic effects of broxbam. According to the present study, broxbam exerted anti-angiogenic functions, inhibited HDAC activity, disrupted 
cytoskeletal dynamics and induced apoptosis. HDAC, histone deacetylase. 
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in HCCs. In a recent review, Garmpis et al (51) highlighted 
the potential suitability of HDACis as anticancer agents and 
their application in combinatorial therapies for the enhanced 
treatment of HCC. Although the preclinical data of HDACi-
based combination therapies are promising, these authors 
also reported results from a critical phase 1 clinical trial in 
which sorafenib was tested in combination with vorinostat 
in patients with liver cancer. Although some patients showed 
good tolerability and stable disease, this treatment also led 
to adverse toxicities in the majority of patients, which neces-
sitated dose modifications and prevented progression towards 
phase 2 clinical trial (79). In the present study, results from the 
preclinical in vitro and in vivo studies suggest the suitability 
and tolerability of this chimeric hydroxamate-trimethoxystil-
bene conjugate for liver cancer treatment. The fact that signs of 
toxicity were observed in neither zebrafish embryos nor in the 
CAM, couple with the findings that the chicken embryos devel-
oped and survived, suggest that broxbam may exert fewer toxic 
effects compared with other HDACis, including vorinostat. 
Future studies involving the effects of combination therapies 
with broxbam and sorafenib should clarify this important 
issue. In addition, to address the suitability of broxbam for 
personalised therapeutic approaches, investigation of patient-
derived primary liver cancer cells should be executed.

To conclude, the present study evaluated the recently-
introduced chimeric inhibitor broxbam (20) for its potential 
anticancer activity in liver cancer cells and the underlying 
molecular mechanism. Additionally, its possible antitumoral 
and antiangiogenic effects were examined in in vivo settings 
by performing in chick embryo and zebrafish experiments. On 
the basis of the presented data, broxbam is implicated to be a 
promising chimeric HDACi that should be evaluated further 
as a potential compound for liver cancer treatment, either as a 
monotherapy or in combination with other clinically-relevant 
HCC therapeutics, such as sorafenib.
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