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G R A P H I C A L A B S T R A C T
� Hepatocellular carcinoma is a solid
tumor with high BRD4 and c-Myc
overexpression.

� ARV is a novel PROTAC for target BRD4
degradation and c-Myc downregulation
in HCC.

� ASGPR-targeted GALARV demonstrated
higher cellular uptake in hepatic cancer
cells.

� GALARV demonstrated potent anti-
cancer activity in 2D and 3D hepatic
cancer models.

� GALARV is a unique PROTAC-based
nanotherapy to target ‘undruggable’ c-
Myc in HCC.
A R T I C L E I N F O
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A B S T R A C T

This research deals with the development of asialoglycoprotein receptors (ASGPR) directed nanoliposomes
incorporating a novel BRD4 (Bromodomain-containing protein 4) protein-targeted PROTAC (Proteolysis Tar-
geting Chimera), ARV-825 (ARV) (GALARV), and to investigate the anticancer efficacy of GALARV for specific
delivery in hepatocellular carcinoma. GALARV were prepared using the modified hydration method and char-
acterized for their physicochemical properties as well as anticancer activity using 2D and 3D cell culture models.
ARV and GALARV (93.83 � 10.05 nm) showed significant in vitro cytotoxicity and apoptosis in hepatocellular
carcinoma cells. GALARV also demonstrated a substantially higher intracellular concentration of ARV compared
to non-targeted nanoliposomes (~3 fold) and ARV alone (~4.5 fold), showed good physical stability and negli-
gible hemolysis. Immunoblotting results depicted substantial downregulation of target BRD4 protein, oncogenic c-
Myc, apoptotic Bcl-2, and survivin proteins. Notably, GALARV treatment resulted in significant apoptosis and
subsequent inhibition of the cell viability of 3D tumor spheroids of hepatocellular carcinoma. These results
suggest that GALARV is a novel actively targeted PROTAC-based nanotherapeutic approach for hepatocellular
carcinoma.
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1. Introduction

Hepatocellular carcinoma (HCC) is a common solid tumor and the
fourth most common cause contributing to cancer-related deaths
worldwide (Yang et al., 2019). In the past three decades, the incidence of
liver cancer has increased by 75% globally and it has been estimated by
the American Cancer Society that 42,810 new cases will be diagnosed
and 30,160 deaths will occur due to liver cancer by 2020 in the United
States (Singal et al., 2020). Earlier stages of liver cancer can be treated by
local excision, surgery, or liver transplantation. However, HCC is usually
detected at a very late stage in most cases. In that scenario, most patients
require chemotherapy. Treatment strategy generally depends on various
factors like tumor characteristics, liver dysfunction severity, and other
underlying medical comorbidities (Yang et al., 2019). Sorafenib, Len-
vatinib, Cabozantinib, and Regorafenib are United States Food and Drug
Administration (USFDA) approved multiple kinase inhibitors used as the
standard first- and second-line treatments for advanced HCC. Although
these drugs improve the survival rate of HCC patients, sorafenib gener-
ally results in poor tumor response; while Lenvatinib and Regorafenib
may potentially lead to drug resistance and intratumor hypoxia-related
issues (Yin et al., 2019). Therefore, it is essential to device a novel tar-
geted approach for HCC therapy.

It has been previously reported that c-Myc overexpression is
commonly present in up to 70% of HCC, which is associated with liver
carcinogenesis. Certain studies have shown that aberrantly high expres-
sion levels of oncogenic c-Myc play a key role in tumorigenesis and
advancement of HCC. Researchers have indicated that c-Myc inactivation
in cells with intact Rb, p16, p53, and Rb signaling leads to their senes-
cence (Lin et al., 2010). Blocking c-Myc-mediated transactivation via
small-molecule inhibitors has also developed as a c-Myc targeted thera-
peutic strategy. However, owing to their rapid metabolism, the applica-
tion of these small molecule c-Myc inhibitors in vivo has been less
promising (Guo et al., 2009). Bromodomain and extra-terminal (BET)
proteins play an important role in the transcription of genes, such as
c-Myc, BCL2, and BCL6, and their epigenetic deregulation has been found
to be a critical factor for the development and metastasis of HCC.
Bromodomain-containing protein 4 (BRD4), a BET family protein mem-
ber, is found to be specifically involved in the transcription of these
regulatory genes (Li et al., 2016). Accordingly, researchers have made
efforts to target BRD4 for c-Myc inhibition via various small molecule
inhibitors such as JQ1 and I-BET151, due to their encouraging anticancer
activity in various preclinical cancer models. Nevertheless, they have
limited efficacy in advanced solid tumors, and do not substantially inhibit
cancer progression in most preclinical tumor models. Also, targeting
BRD4 inhibition generally leads to weak anticancer activity in solid
tumor cells due to feedback elevation of BRD4 protein (Fu et al., 2015).

One step ahead, we employed a BRD4 PROTAC (Proteolysis Tar-
geting Chimera), ARV-825 (ARV), for selective degradation of BRD4
protein rather than its mere inhibition. PROTAC molecules comprise of
two high-affinity binding ligands; one ligand binding to the target
protein that is connected via a linker to another ligand binding to E3
ubiquitin ligase to eventually form a ternary complex for target protein
degradation (Sun et al., 2019). ARV is a novel PROTAC composed of
thienodiazepine moiety to target BRD4 protein and phthalimide moiety
binding to E3 ubiquitin ligase cereblon (CRBN), linked via an ethoxy
spacer. These two ligands upon binding to their respective receptors
facilitate the recruitment of BRD4 protein to the E3 ubiquitin ligase
cereblon, for its effective and prolonged degradation (Saraswat et al.,
2020). Numerous researchers have demonstrated that ARV possesses
significantly higher anticancer efficacy in in vitro and in vivo tumor
models of pancreatic cancer, melanoma, Acute Myeloid Leukemia,
prostate cancer, and Burkitt's Lymphoma as compared to small mole-
cule BET inhibitors (Lu et al., 2015; Raina et al., 2016; Saenz et al.,
2016; Saraswat et al., 2020). Therefore, instead of using a BRD4 in-
hibitor, we have identified the anticancer potential of a BRD4-targeted
PROTAC, ARV, in HCC.
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ARV is a weakly basic and a poorly water-soluble molecule that poses
great difficulty for developing a clinically successful parenteral formu-
lation (Rathod et al., 2019). Considering the potential of ARV in the
treatment of HCC, there is a great need for its formulation development
to facilitate its in vivo delivery. As it is widely known, nanoparticulate
systems such as liposomes, lipid nanoparticles, and micelles tend to
improve the bioavailability of therapeutic cargos and reduce their sys-
temic toxicity. Among these, liposomes are spherical vesicles mainly
composed of natural phospholipids. They serve as versatile drug delivery
systems due to their biocompatibility, non-immunogenic nature and their
biodegradability. Liposomes also have several advantages in terms of
contributing to drug delivery; including enhancing drug solubility,
enhancing circulation half-life of drugs, and serving as a sustained release
system, while reducing their toxic effects of drugs and providing pro-
tection against drug degradation (Olusanya et al., 2018).

Various researchers have demonstrated that anticancer drug delivery
in solid tumors is due to the enhanced permeability and retention (EPR)
effect because of leaky tumor vasculature and poor lymphatic drainage
system, resulting in passive targeting of chemotherapeutics. Further-
more, PEGylation of nanocarriers extends their systemic circulation by
avoiding recognition and subsequent clearance by the reticuloendothe-
lial system (RES) (Greish, 2010). To improve the selectivity towards liver
cancer cells and reduce any off-target effects of the active moieties, some
liver-targeted carriers have been established via their surface modifica-
tion with galactose, cholic acid, glycyrrhetinic acid, etc. Among these,
galactose can specifically recognize the asialoglycoprotein receptors
(ASGPR) primarily expressed on the surfaces of hepatocytes for efficient
liver-targeted delivery (Ding et al., 2019). In the present study, galactosyl
ceramide would be utilized as an ASGPR targeting ligand to develop
galactosylated nanoliposomes incorporating ARV (GALARV). There are
no previous reports suggesting the potential use of ARV as a selective
BRD4 protein degrader via an active targeting approach for the treatment
of HCC. Furthermore, long circulation of nanoliposomes by PEGylation
would facilitate their accumulation in the liver tumor matrix, and
liver-specific delivery of ARV would minimize its off-target side effects.
Therefore, specific objective of this research was the development and
characterization of GALARV for its parenteral delivery. Targeted delivery
of ARV as a novel PROTAC molecule has a great potential in exploiting
the degradation of BRD4 protein to target the ‘undruggable’ c-Myc
oncogene as an innovative approach towards HCC therapy.

2. Materials and methods

2.1. Materials

ARV-825 was purchased from MuseChem (NJ, USA). DMEM was
purchased from Thermo Fisher Scientific Inc. (MA, USA), and fetal
bovine serum (FBS) was obtained from Atlanta Biologicals (GA, USA).
β-D-galactosylceramide (GC), 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[amino (polyethylene glycol)-2000] (DSPE-PEG2000) and
1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-
glycero-3 phosphocholine (NBD-PC) were procured from Avanti
(Alabaster, AL, USA). 1,2-Dioleoyl-sn-glycero-3 phosphocholine (DOPC)
was procured from Cordenpharma (Liestal, Switzerland). Cholesterol,
dimethyl sulfoxide (DMSO), sodium lauryl sulfate (SLS), and crystal vi-
olet were purchased from Sigma-Aldrich (MO, USA). Acetonitrile (ACN),
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide),
citric acid, phosphate-buffered saline (PBS), and HPLC grade water were
acquired from Thermo Fisher Scientific (NH, USA).
2.2. Cell culture

HepG2 and Hep3B human liver cancer cells were attained from
American Type Culture Collection (VA, USA). The cell line was grown in
high glucose DMEM media supplemented with 10% FBS, 1 mM sodium
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pyruvate, 2 mM L-glutamine, and antibiotics mixture at 37 �C in presence
of 5% CO2.

2.3. HPLC analysis

The chromatographic detection of ARV was performed by using the
Waters alliance system (Waters Corporation, MA, USA) (Rathod et al.,
2019; Saraswat et al., 2020). The HPLC system consisted of a photodiode
array (PDA) detector and InertSustain™ ODS C18 column with the di-
mensions of 150 mm � 4.6 mm and pore size of 5 μm (maintained at 25
�C). The mobile phase used was acetonitrile: potassium dihydrogen
phosphate buffer (5 mM) pH 3.5 (70:30) with a flow rate of 0.7 mL/min
and an injection volume of 10 μL. The retention time of ARVwas found to
be 5.6 � 0.16 min, detected at 247 nm. Empower 3 software was used to
detect the output signal.

2.4. Preparation and stability of galactose anchored ARV-loaded
nanoliposomes (GALARV)

Modified hydration method was used to prepare galactose anchored
nanoliposomes (GALARV). Briefly, ARV:DOPC:cholesterol:DSPE-PEG
2000:GC in a 1:51.1:16.2:1:0.4 M ratio were dissolved in chloroform.
To prepare fluorescence-labeled liposomes, NBD-PC lipid (0.2 mol%) was
added to the lipid mixture dissolved in chloroform. The lipid and drug
solution was then added dropwise to parenteral-grade mannitol (200 μm)
(maintained at 45 �C) with constant stirring followed by evaporation of
chloroform. Resultant powder was dispersed in water with 0.05% w/v
citric acid at 55 �C followed by probe sonication (30% amplitude) for 2
min. Similarly, non-targeted ARV-loaded liposomes (LARV) were pre-
pared as per the aforementioned method without the incorporation of GC
lipid.

Freshly prepared GALARV were then investigated for their physical
stability in terms of particle size, zeta-potential as well as encapsulation
efficiency (%) at different time points for a period of 6 months. During
this period of 6 months, GALARV were stored at 4 �C.

2.5. Physicochemical characterization of ARV-loaded nanoliposomes

Average particle size, polydispersity index, and zeta potential of
prepared liposomes were measured using a dynamic light scattering
(DLS) particle size analyzer (Malvern Zetasizer Nano ZS, Royston, UK).
Samples were diluted with deionized water and analyzed using folded
capillary cells. HPLC analysis was performed to determine the encapsu-
lation efficiency of ARV-loaded liposomes and was calculated using the
following formula:

Encapsulation efficiency (%) ¼ (Amount of ARV in liposomes)/(Amount
of ARV added) � 100% (1)

2.6. Microsomal enzyme assay

Human liver microsomal metabolism study of free ARV and GAR-
LARV was performed as described previously (Patel et al., 2015; Rathod
et al., 2019; Saraswat et al., 2020). ARV and GALARV stock solutions
were prepared in Hank's balanced salt solution. Reaction samples were
prepared by adding 2.5 μl of human liver microsomes (20 mg/ml) to
512.5 μl of prepared ARV and GALARV solution to achieve a final ARV
concentration of 10 μM. Five microliter NADPH (50 mM) was then added
to initiate the reaction which was carried out at 37 �C. Samples were
withdrawn at specific time points and diluted with cold acetonitrile
(ACN) to terminate the reaction. Following this, samples were centri-
fuged at 8400�g for 10 min after which HPLC analysis of the supernatant
was performed to determine the ARV concentration. The percentage of
ARV in the solution was plotted against time.
3

2.7. In vitro cytotoxicity assay

ARV, LARV, and GALARVwere evaluated for their in vitro cytotoxicity
in HepG2 and Hep3B human liver cancer cells. Briefly, 104 cells per well
were seeded in 96-well plates and allowed to attach overnight. Cells were
treated with various concentrations of ARV (in DMSO), LARV, and
GALARV for a period of 72 h. Following this incubation, cell viability was
analyzed by performing MTT colorimetric assay, and the drug concen-
tration required to inhibit 50% growth (IC50) was calculated.

2.8. Cellular uptake and galactose competition assay

HepG2 cells were plated at a density of 1 � 104 cells/well in a 96-
well plate and incubated overnight before treatment. For the galac-
tose competition group, the cells were preincubated with 250 mM
galactose as a competitive inhibitor of ASGPR for 30 min at 37 �C.
Fluorescence-labeled non-targeted (LARV) and galactose anchored
(GALARV) liposomes were incubated with cells for 2 h at 37 �C. Af-
terward, cells were washed with PBS and fixed with 4% v/v glutaral-
dehyde. The cellular uptake of LARV, GALARV in the absence and
presence of galactose was observed for their fluorescence intensity
using the EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific).
Quantitative analysis of fluorescence intensity was performed by using
ImageJ software.

For determining the cellular uptake of ARV, 4 � 105 HepG2 cells per
well were seeded in a 6-well plate and then treated with ARV, LARV, and
GALARV (40 μM) for 2 h at 37 �C. Afterward, the cells were washed twice
with PBS and lysed by adding 0.5% sodium lauryl sulfate (SLS) to release
the intracellular ARV. Samples were then diluted with acetonitrile,
centrifuged at 13,300�g for 10 min and the supernatant was analyzed by
HPLC to analyze the intracellular ARV concentration.

2.9. Flow cytometry for apoptosis analysis

Briefly, 2 � 105 HepG2 cells were seeded per well in a 12-well plate
and were allowed to adhere overnight. Cells were treated with ARV,
LARV, and GALARV (250 nM) for 48 h, and apoptosis was performed by
using Muse Annexin V and Dead Cell Assay by following the manufac-
turer's protocol (MilliporeSigma, MA, USA). Following treatment, the
cells were trypsinized and diluted to a concentration of 1 � 106 cells/ml
with media containing 1% FBS and 1% bovine serum albumin (BSA). The
cell suspension was diluted twice with MUSE Annexin V and dead cell
reagent and incubated for 20 min, followed by its analysis using Muse®
Cell Analyzer (MilliporeSigma).

2.10. In vitro hemolysis study

Mice red blood cells (RBCs) were used to carry out the in vitro he-
molysis study of LARV and GALARV as described previously (Patel
et al., 2016; Saraswat et al., 2020). C57BL/6 mice (5–6 weeks old) were
received from Jackson laboratories (CT, USA). Briefly, mice were
anesthetized by 2.5% isoflurane followed by a one-time blood collec-
tion using the cardiac puncture technique. Then, the animals were
immediately euthanized by carbon dioxide. The experimental protocol
was approved by the St. John's University Institutional Animal Care and
Use Committee for the collection of blood from mice for laboratory use.
Initially, centrifugation was performed at 450 x g for 10 min to separate
the red blood cells from plasma and the cell pellet obtained was washed
with and redispersed into a suitable volume of PBS to achieve the same
hematocrit. LARV and GALARV were added to the RBC dispersion to
achieve a 10 μg/ml ARV concentration. Following this, the samples
were incubated for 30 min at 37 �C, after which they were centrifuged
at 450�g for 10 min. The supernatant was diluted with PBS and
analyzed for hemoglobin release using a UV spectrophotometer at 550
nm. Controls used for this experiment were PBS (negative control) and
sodium lauryl sulfate (SLS) solution (positive control). Percentage
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hemolysis by the liposomal formulations was determined by the
following formula:

% Hemolysis ¼ (absorbance of liposomal sample � absorbance of
negative control)/(absorbance of positive control � absorbance of
negative control) � 100% (2)

2.11. Formation and treatment of 3D multicellular liver tumor spheroids

For spheroid formation, HepG2 cells were seeded at a density of 1.5�
103 cells/well in an ultra-low attachment 96-well plate (Corning Life
Sciences, MA, USA), followed by centrifugation at 130�g for 10 min.
Spheroid microplates were then cultured at 37 �C and 5% CO2 for a
period of 72 h to form liver tumor spheroids of considerable integrity.
Following this, they were treated with ARV, LARV, and GALARV (day 0)
andwere replacedwith fresh treatmentmedia every 48 h for up to 5 days.
During the incubation with all the treatment groups, spheroids’ growth
was observed in terms of their surface area and brightfield images were
taken using an Evos imaging system (Thermo Fisher Scientific).

2.12. Cell viability within 3D multicellular liver tumor spheroids

Liver tumor spheroids were treated with ARV, LARV, and GALARV
every alternate day for a period of 5 days, and on the 6th day of treat-
ment, spheroids were stained with calcein-AM (μM) and Ethidium
homodimer-1 (3 μM) using a Viability/Cytotoxicity Assay Kit (Biotium).
Nuclei of cells were stained with DAPI (4 μM) (Thermo Fisher Scientific).
All the three dyes were prepared in sterile PBS and added to the treated
spheroids followed by a 3 h incubation at 37 �C for complete dye pene-
tration before capturing fluorescent images using an Evos fluorescence
microscope (Thermo Fisher Scientific).

2.13. Immunoblotting

HepG2 cells were treated with 0.5 μM ARV for 48 h and cells were
lysed in modified RIPA buffer (50 mM Tris pH 8.0, 150 mMNaCl, 1% v/v
NP40, 0.5% w/v deoxycholate, 0.1% w/v SDS, 10% v/v glycerol, 10 mM
NaF, 0.4 mM EDTA) with protease inhibitors. Cell lysates were centri-
fuged at 4 �C for 10 min at 10,000 g. The supernatant was collected to
which Laemmli sample buffer containing SDS and β-mercaptoethanol
was added. Samples were denatured by heating at 95 �C for 10 min.
Subsequently, samples were separated on polyacrylamide gels and
transferred to PVDF membrane, and probed with primary antibodies
Figure 1. Physicochemical characterization ARV-loaded nanoliposomes. Dynamic l
potential of (a) LARV and (b) GALARV.

4

BRD4 (13440), c-Myc (5605), Bcl-2 (3498), Survivin (2808) from Cell
Signaling Technology, and β-actin antibody (66009) from Proteintech.
HRP-conjugated secondary antibodies were used along with enhanced
chemiluminescence substrate. Images were obtained with the Azure
C500 imaging system and quantified using ImageJ 1.8.0 software.
2.14. Statistical analysis

Each experiment has been performed in triplicate and the data shown
are reported as the mean � standard deviation (SD). Student's t-test or
one-way ANOVA followed by Bonferroni's or Tukey's multiple compari-
son test were used to perform all statistical analyses using GraphPad
Prism7 (GraphPad Software, La Jolla, CA, USA) and Microsoft Excel. A p-
value < 0.05 indicated a statistically significant difference between
treatment groups.

3. Results

3.1. Physicochemical characterization and stability of ARV-loaded
nanoliposomes

LARV and GALARV nanoliposomes were prepared by the modified
hydration method. The physicochemical characterization of the non-
targeted and targeted liposomes is presented in Figure 1. The particle
size of both the nanoformulations was below 100 nm and they exhibited
narrow particle size distributions, indicating the formation of uniform
nano-sized particles. The non-targeted and targeted liposomal formula-
tions were both negatively charged (�35.2 � 3.41 mV, -27.30 � 4.12
mV; respectively), suggesting that surface modification of liposomes with
galactose did not alter their electrical potential. In addition, the encap-
sulation efficiency of these liposomes was similar and found to be >99%,
indicating complete encapsulation of ARV within the lipid bilayers of the
nanoliposomes formed.

GALARV were subjected to their stability study in liquid form for a
period of 6 months. As depicted in Table 1, GALARV were found to be
stable in terms of its physicochemical characterization and encapsulation
efficiency. There was no statistically significant difference observed in
the particle size, polydispersity index, zeta potential, and encapsulation
efficiency of GALARV after 6 months in comparison to freshly prepared
nanoliposomes. A narrow PDI and uniform particle size indicated that
GALARV were stable, and that ARV was completely encapsulated within
the liposomal lipid bilayer, preventing its precipitation or
ight scattering graphs illustrating unimodal particle size distribution and zeta



Table 1. Physicochemical characterization of GALARV indicating their stability
for 6 months.

Time Particle size (nm) Polydispersity index Zeta potential (mV)

0 days 93.83 � 10.05 0.118 � 0.054 -27.30 � 4.12

7 days 90.07 � 15.42 0.106 � 0.027 -28.54 � 6.27

14 days 92.05 � 12.68 0.112 � 0.012 -26.40 � 3.41

21 days 89.86 � 9.28 0.109 � 0.025 -25.85 � 6.98

1 month 90.54 � 15.44 0.115 � 0.026 -27.69 � 5.79

3 months 94.78 � 9.72 0.119 � 0.047 -28.42 � 4.99

6 months 92.66 � 8.74 0.118 � 0.034 -26.86 � 4.58

Table 2. IC50 (μM) of ARV, LARV, and GALARV in HepG2 and Hep3B liver cancer
cells.

Cell line IC50 (μM) of various treatment groups

ARV LARV GALARV

HepG2 0.82 � 0.11 0.76 � 0.08 0.52 � 0.05

Hep3B 0.65 � 0.24 0.40 � 0.15 0.38 � 0.18
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physicochemical degradation. The encapsulation efficiency was also
found to be ~100% in GALARV at the end of 6 months.

3.2. Microsomal enzyme assay

In Figure 2, a sharp decrease in ARV concentration with time was
observed. Due to rapid metabolism by human liver microsomal enzyme,
the half-life of ARV was around 17 min. While ARV-loaded nano-
liposomes (GALARV) showed negligible ARV enzymatic metabolism
compared with ARV alone at 60 min of the incubation period. This led to
a ~100-fold increase in the half-life of ARV encapsulated in the targeted
nanoliposomes to about 1732 min, ascertaining the preclusion of its
microsomal metabolism.

3.3. In vitro cytotoxicity assay

In vitro cytotoxicity of ARV, LARV and GALARV was evaluated in
HepG2 and Hep3B cells. Table 2 summarizes the IC50 values of each
treatment group. ARV and LARV showed comparable cytotoxicity with
IC50 values of 0.82 μM and 0.76 μM in HepG2 cells while that of 0.65 μM
and 0.40 μM in Hep3B cells, respectively. On the other hand, GALARV
resulted in a reduced IC50 value of nearly 0.52 μM in HepG2 cells while
that of 0.38 μM in Hep3B cells indicating higher cytotoxicity as compared
to ARV alone. As shown in Figure 3, the order of cytotoxicity for the
treatment groups in both the human hepatic cancer cell lines was as
follows: ARV < LARV < GALARV.

3.4. Cellular uptake and galactose competition assay

The ligand-conjugated drug delivery system is one of the most
explored approaches for achieving liver-specific drug delivery. To
Figure 2. Human liver microsomal assay results of ARV and GALARV. GALARV
demonstrated a significant reduction in microsomal metabolism of ARV by
nearly 80% in comparison to free ARV. *p < 0.05; **p < 0.01; ****p < 0.0001.
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achieve a highly effective liver-targeted delivery system, GALARV was
developed as mentioned before, and evaluated for their targeted delivery
efficiency in HepG2 human liver cancer cells. As depicted by the fluo-
rescence images and quantitative analysis of fluorescence intensity
(Figure 4 a and b), cellular uptake of GALARV was found to be signifi-
cantly higher in HepG2 cells than that of LARV (fluorescence intensity
ratio of 4.5:1), indicating that surface modification of liposomes with
galactose could promote their recognition by hepatic cancer cells via
ligand-receptor based interaction. The fluorescence intensity of GALARV
in HepG2 was about 4.5 times higher than that of LARV, indicating the
improvement in hepatoma cell-specific targeting ability of galactosyl-
modified liposomes. This is due to the reason that the galactosyl group
of GC present in GALARV can specifically recognize ASGPR overex-
pressed on the surface of liver cancer cells (Yousef et al., 2018). More-
over, the fluorescence intensity of cells treated with GALARV
significantly reduced (~2 times) when preincubated with galactose,
further justifying their liver-targeted cellular uptake via ASGPR overex-
pressed on the surface of HepG2 cells. These results revealed the
ASGPR-selective uptake of GALARV in liver cancer cells.

To confirm the targeting efficiency of GALARV, intracellular drug
uptake was also analyzed in HepG2 cells. As seen in Figure 4c, the
intracellular amount of ARV was significantly higher in cells treated with
both the nanoliposomes, LARV (~1.6 fold) and GALARV (~4.3 fold), in
comparison to ARV alone (<1500 ng/106 cells). Moreover, the cellular
uptake of ARV was much higher in GALARV (~2.6 fold) as compared to
LARV. This could be due to the high targeting efficiency of GALARV via
modification with galactose, which acts as a targeting ligand for the
overexpressed ASGPR on the surface of liver cancer cells. Hence, our
results obtained from the cellular uptake study and galactose competition
assay corroborated that developed GALARV were ASGPR-selective,
which accounted for their enhanced uptake in liver cancer cells.

3.5. In vitro apoptosis assay

Annexin V apoptosis assay is a well-established technique for the
identification and quantitative analysis of apoptotic population (Rathod
et al., 2019; Saraswat et al., 2020; Wlodkowic et al., 2009). Hence, it was
used to calculate the percentage of the apoptotic and dead population in
HepG2 cells on exposure to ARV, LARV, and GALARV. As shown in
Figure 5, ARV resulted in 38.25%, 44.50%, and 46.70% cell apoptosis for
ARV, LARV, and GALARV, respectively. However, there was no signifi-
cant difference observed between the LARV and GALARV induced
apoptotic population. Overall, the in vitro apoptosis assay results signified
that the anti-proliferative activity of ARV in liver cancer cells was exerted
through induction of apoptosis.

3.6. In vitro hemolysis study

Numerous factors are responsible for the hemocompatibility of
nanoformulations including their size, shape, surface modification as
well as the charge on the surface of the nanocarrier (Mukhopadhyay
et al., 2019; Sharma et al., 2012). It is therefore very imperative to
analyze that the surface of developed nanoliposomes is not toxic to the
membrane of RBCs on systemic administration. For this purpose, the
effect of LARV and GALARV on mice red blood cells was evaluated by
performing the in vitro hemolysis study. As shown in Figure 6, LARV and
GALARV, both exhibited negligible hemolysis (<5%) even at a 10 μg/ml



Figure 3. In vitro cytotoxicity assay of ARV, LARV and GALARV treatment in (a) HepG2 and (b) Hep3B cells (**p < 0.01, ***p < 0.001).

Figure 4. Qualitive cellular uptake and galactose competition assay results. (a) Fluorescence microscopy images of HepG2 cells incubated with LARV and GALARV in
presence and absence of galactose for 2 h at 37 �C. (b) Fluorescence intensity quantification of each GFP image as calculated by Image J software. Scale bar: 200 μm
(*p < 0.05, **p < 0.01). (c) Quantitative analysis of intracellular amount of ARV in HepG2cells incubated with ARV, LARV and GALARV in for 2 h at 37 �C. ((*p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Figure 5. Quantification of apoptosis in HepG2 cells by flow cytometry for various treatment groups: (a) Control, (b) ARV, (c) LARV, and (d) GALARV. Significant
apoptotic effect of ARV and ARV-loaded liposomes resulting in >35% and >40% apoptotic cell population, respectively following their treatment.
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concentration of ARV, in comparison to the positive control (sodium
lauryl sulfate) which showed complete hemolysis. Notably, rapid and
complete redispersion of RBCs following centrifugation implied that the
nanoliposomes did not change the surface characteristics of RBCs.

3.7. Cell viability within 3D multicellular liver tumor spheroids

Three-dimensional cell culture models are widely used in in-
vestigations of cancer cells, intracellular interactions and for evaluation
of toxicity and efficacy of potential chemotherapeutic and tumor
6

microenvironment modulating drugs, and therefore show promise in
filling the gap between 2D culturing and experiments with animals. To
our comprehension, this is the very first report demonstrating the anti-
cancer efficacy of a novel BRD4 PROTAC molecule – ARV, in 3D multi-
cellular liver tumor spheroids. As indicated in Figure 7a, spheroids
treated with ARV, LARV, and GALARV showed a gradual reduction in the
diameter and area of the tumor spheroids, while a continued growth was
observed in the control spheroids for up to 5 days. Moreover, the
morphology of ARV and liposomal formulations treated spheroids was
also different from the control group. The control spheroids showed a



Figure 6. In vitro hemolysis study results of LARV and GALARV. Both the nanoformulations demonstrated negligible hemolysis even at 10 μg/mL ARV concentration.

Figure 7. Results for cell viability within 3D multicellular liver tumor spheroids. (a) Representative images of spheroids treated with control, ARV, LARV, and
GALARV on days 0–5 of treatment. (b) Evaluation of the area of spheroids treated with various treatment groups in comparison to control during the 5 days of
treatment. Significant difference depicted in the graph is in comparison to control group (c) Area of spheroids treated with all treatment groups as compared to control
on the 5th day of treatment. (d) Fluorescence images depicting apoptosis of spheroids treated with various treatment groups. Composite images of DAPI (blue), calcein-
AM (green) and the-1 (red) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Scale bars, 400 μm.
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dark and dense core with a small number of apoptotic cells on the pe-
riphery. The treatment groups, on the other hand, showed only the dense
core and irregular surface of the periphery due to the presence of a higher
population of apoptotic cells as a result of significant cell killing.
Amongst the treatment groups, liposomes treated groups showed a
smaller and more dense spheroids when compared to ARV treated
spheroids. This could be due to the significantly higher killing of cancer
cells on the periphery while inhibiting the growth of spheroids during the
treatment.

Figure 7b represents the area of spheroids treated with ARV, LARV,
and GALARV as a function of time. It can be observed that all treatment
groups inhibited the growth of spheroids during the 5 days of treatment,
7

resulting in a significant reduction in the area of spheroids treated with
ARV, LARV, and GALARV when compared to control on the 5th day of
treatment. Moreover, treatment with liposomes led to significantly
higher inhibition in the growth of spheroids compared to ARV alone. As
depicted in Figure 7c, treatment with liposomal formulations revealed
even smaller spheroids in terms of their area as compared to ARV
treatment alone. This could be due to the higher penetration of liposomes
within the spheroids because of their high lipophilicity. Moreover, the
galactose modification in GALARV would cause a higher penetration
across the spheroids by recognizing the overexpressed ASGPR on the
surface of HepG2 cells. Therefore, we believe that similar hepatoma-
targeted cytotoxicity and efficacy would be achieved for GALARV in vivo.
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The Live/Dead Cell Assay Kit was used to determine cell viability
within the liver spheroids, which was further analyzed by fluorescence
microscopy. Calcein AM stain emitted green fluorescence indicative of
metabolically viable cells, while red fluorescence of ethidium
homodimer-1 stain indicated dead cells with a compromised cell mem-
brane that binds to intracellular nucleic acids. Blue fluorescence observed
in the fluorescence images was due to DAPI staining of the cell nuclei. As
seen in Figure 7d, spheroids treated with ARV as well as LARV and
GALARV comprised of a higher number of dead cells (high red fluores-
cence) as compared to the control (high green fluorescence). The lipo-
somal formulations, especially GALARV treated spheroids exhibited even
a higher red fluorescence indicative of a higher cytotoxic effect by
apoptosis as compared with ARV alone.

3.8. Western blot analysis

Expression of ARV target protein BRD4 and its regulated protein c-
Myc was significantly reduced in ARV-treated cells by 2-fold and 3-fold,
respectively (Figure 8, Figure S3). In addition, levels of an apoptosis in-
hibitor protein, survivin, and Bcl-2, an antiapoptotic protein, were
significantly decreased by 4-fold and 5-fold, respectively, in the ARV-
treatment group compared with control. The results show that ARV
treatment induces apoptosis in human liver cancer HepG2 cells.

4. Discussion

c-Myc oncogene overexpression is often responsible for cancer cell
proliferation, differentiation, and apoptosis in various types of cancers
(Dang et al., 2006). HCC frequently overexpresses c-Myc, moreover, its
amplification heralds a more advanced and aggressive form of HCC (C.-P.
Lin et al., 2010). Given the significance of c-Myc in HCC tumorigenesis, it
is a well-known target for developing novel therapeutic approaches for
HCC. Shachaf et al. (2004), provided the very first evidence that
down-regulation of c-Myc inhibited the growth of liver tumors and
caused rapid loss of expression of the tumor markers; yet could not
eradicate the tumor completely. Moreover, c-Myc reactivation immedi-
ately restored the neoplastic features of HCC. These results show how
oncogenic c-Myc inactivation may reverse tumorigenesis in HCC (Sha-
chaf et al., 2004). Simile et al. (2004), also showed that downregulation
of c-Myc via antisense oligonucleotide inhibits HCC growth in vitro
(Simile et al., 2004). Hence, the c-Myc oncogene is a well-validated but
currently ‘undruggable’ driver in HCC. Therefore, there is a need to
recognize novel molecules that target the ‘undruggable’ c-Myc for its
effective inhibition and successive treatment of HCC.
Figure 8. ARV treatment induces apoptosis in HepG2 cells. (a) ARV was treated at
protein expression of BRD-4, c-Myc, Bcl-2, and Survivin are shown (Supplementary m
the Western blot images.
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BRD4, a BET family protein, is a key driver of oncogenesis that acti-
vates c-Myc transcription. It has previously been investigated as a ther-
apeutic target in Myc-driven cancers (Devaiah et al., 2020). As suggested
by Lin et al. (2007), a small molecule c-Myc inhibitor, 10058-F4,
inhibited the proliferation of HCC cells in vitro to further sensitize the
chemotherapeutic agents against HCC (Lin et al., 2007). Various re-
searchers have also targeted the transcription and expression of c-Myc via
inhibition of BET proteins. For instance, Li et al. (2016), demonstrated
that siRNA or JQ1 mediated suppression of BRD4 protein could reduce
tumor cell proliferation and induce apoptosis in hepatic cancer cell lines
in vitro and also retarded the growth of HCC tumor xenograft in vivo
(G.-Q. Li et al., 2016). Yin et al. (2019), proved that c-Myc is upregulated
in liver cancer cells and JQ1 treatment resulted in a more potent anti-
cancer activity as compared to sorafenib in c-Myc-positive HCC cells (Yin
et al., 2019). Zhang et al. (2018), demonstrated that a cyclin-dependent
kinase inhibitor, flavopiridol, when combined with JQ-1, downregulated
Mcl-1 to induce apoptosis in multiple HCC cell lines (Zhang et al., 2018).
However, BET inhibitors lack the selectivity for individual BET proteins,
thereby limiting their scope in selectively targeting the physiologically
relevant BRD4 protein to efficiently inhibit c-Myc expression (Zengerle
et al., 2015). In this research work, we propose the use of a novel class of
anticancer molecule, ARV, which selectively degrades the target BRD4
protein for sustained inhibition of c-Myc expression in HCC. Further, we
have developed and characterized a galactosylated nanoformulation
(GALARV) for targeted delivery of ARV and explored its anticancer ac-
tivity in 2D and 3D in vitro cell culture models of human liver cancer. To
our knowledge, this is the first study signifying the application of tar-
geted nanoformulation of a novel class of BRD4 – PROTAC molecule as a
treatment strategy for HCC.

As depicted by the preformulation studies of ARV performed by
Rathod et al. (2019), it is a highly lipophilic and a high molecular weight
compound with very poor aqueous solubility (Rathod et al., 2019).
Therefore, there is a need to develop a stable formulation for its paren-
teral delivery. For this purpose, we formulated galactosyl anchored
ARV-loaded nanoliposomes (GALARV) by modified hydration method,
which is previously reported to produce liposomes with better physical
stability and higher entrapment efficiency in comparison to conventional
methods (Fu et al., 2019; Patel et al., 2016). GALARV was developed as a
liver tumor-specific nanocarrier to improve the therapeutic potential of
ARV in HCC by targeting ASGPR overexpressed on human hepatocellular
carcinoma cells. To evaluate the efficacy of targeted nanocarriers in vitro,
we developed galactose anchored nanoliposomes (GALARV) as well as
non-targeted nanoliposomes (LARV) to encapsulate ARV. Both the for-
mulations resulted in average particle size of about 100 nm, a negative
0.5 μM concentration in HepG2 cells for 48 h. Representative Western blots for
aterial Figure S3). β-actin was used as an internal control. (b) Quantification of
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surface charge, and uniform particle size distribution. Generally, the
particle size of <200 nm is suitable for exploiting the passive targeting
approach for nanocarriers in solid tumors via the EPR effect (Blanco
et al., 2015). Also, the addition of PEG chains to the surface of our
nanoliposomes will help bypass the reticuloendothelial system (RES),
thereby reducing their clearance on systemic administration (Saraswat
and Maher, 2020). This leads to the establishment of a steric barrier
surrounding the liposomes to improve the efficacy of encapsulated ARV
by harnessing its in vivo opsonization; prolonging blood circulation and
providing accumulation at the target site while also attenuating possible
side effects (Sercombe et al., 2015). We also found that GALARV were
physically and chemically stable in liquid form for a period of 6 months at
4 �C. Our human liver microsomal enzyme study indicated that the
half-life of ARV was prolonged by ~100-fold after its encapsulation in
nanoliposomal carrier GALARV, which reduced its enzymatic meta-
bolism by approximately 80%. This suggests that the protection of ARV
via its incorporation in the lipophilic phospholipid bilayers of liposomes
would prevent its degradation in vivo. In vitro, drug release studies were
also performed to predict the in vivo behavior of GALARV. ARV release
from GALARV followed zero-order kinetics and exhibited a sustained
release behavior without showing any burst release of ARV from the li-
posomes for up to 24 h (Figure S1). Therefore, we predict that ARV will
be restricted within the liposomal bilayers of GALARV on systemic
administration and will subsequently release the drug upon internaliza-
tion by the hepatic cancer cells further contributing to its in vivo cyto-
toxicity. Also, our in vitro hemolysis study results suggested negligible
hemolysis by GALARV even at a higher concentration of ARV, indicating
its blood compatibility for intravenous administration. Similar results
were also obtained for LARV, confirming the systemic safety of our
developed nanoformulation. Furthermore, our in vitro biosafety results
depicted that both GALARV and ARV were not toxic to Human embry-
onic kidney 293 (HEK 293) cells at any tested concentrations, implying
its safety and specificity towards hepatic cancer cells (Figure S2).

The fluorescence images obtained from the cellular uptake study
indicated significantly higher fluorescence intensity of GALARV (~4.5
fold) as compared to LARV; obviously indicating their higher uptake in
HepG2 cells. Moreover, the fluorescence intensity produced by GALARV
significantly reduced (~2 fold) when preincubated with galactose. On
preincubation, galactose is identified and taken up by the ASGPR present
on the surface of HepG2 cells to further inhibit the ASGPR-selective
cellular uptake of GALARV. This confirms the competitive and liver-
targeted cellular uptake of GALARV via ASGPR-mediated endocytosis.
Consecutively, the drug uptake of GALARV was also found to be signif-
icantly higher than LARV (~2.6 fold) and ARV (~4.3 fold) alone,
advocating the higher cellular uptake of actively targeted nano-
formulation. Asialoglycoprotein is a receptor present on the surface of
hepatocytes capable of specifically recognizing the terminals of β-d-
galactose (Wu et al., 2002). One of the human hepatocellular carcinoma
cell lines, HepG2, displays approximately 225,000 ASGPR per cell,
leading to a high binding affinity for the galactosyl-modified nano-
carriers (Singh and Ariatti, 2003). Therefore, ASGPR-targeted delivery is
being actively explored for drug and gene targeting into liver cancer cells.
This leads to higher cellular uptake of galactose conjugated nanocarriers
and subsequent drug delivery of encapsulated cargos in hepatocellular
carcinoma. Zhang et al. (2021), demonstrated the successful uptake of
lupeol-loaded galactosylated liposomes by HepG2 cells, followed by
efficacious in vitro and in vivo antitumor effects in the HCC xenograft
model (Zhang et al., 2021). As previously shown by Nair et al. (2019),
gemcitabine-loaded galactosylated chitosan nanoparticles resulted in
liver tumor-specific delivery and enhanced the anti-HCC efficacy of
gemcitabine in vivo (Nair et al., 2019). Similarly, Abd-Rabou et al., 2020,
showed that viramidine-encapsulated galactosyl-terminating solid lipid
nanoparticles exhibited higher cytotoxicity, apoptotic effect, and
anti-angiogenic activity compared to the free drug; with confirmed
specificity against liver cancer HepG2 cells (Abd-Rabou et al., 2020). Wei
et al. (2015), also demonstrated that lactoferrin-modified doxorubicin
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nanoparticles exhibited higher anti-HCC efficacy in tumor xenograft
model as compared to non-targeted nanoparticles and free doxorubicin
(Wei et al., 2015). Our results are in accordance with previous studies
where researchers demonstrated that higher fluorescence intensity ob-
tained with targeted formulations could be an advantageous feature in
attaining tumor cell-specific cytotoxic effect. Hence, our qualitative and
quantitative cellular uptake study results showed that the targeted
nanoliposomes (GALARV) were ideal for successful targeting of ARV
specifically to the liver. Additionally, we have added DSPE-PEG 2000 (1
mol%) for steric stabilization of GALARV to prevent their
macrophage-mediated uptake and RES clearance from the systemic cir-
culation. Some researchers have indicated reduced uptake of galactosy-
lated sterically stabilized liposomes by Kupffer cells, thus supporting our
hypothesis that GALARV would achieve hepatocyte-specific delivery of
ARV to exert its therapeutic effect in vivo (Nag and Ghosh, 1999;
Samuelsson et al., 2017; Zhang et al., 2016). The enhanced permeability
and retention (EPR) effect is a renowned passive targeting approach for
tumor accumulation of nanoparticles with an average size beyond the
renal clearance threshold, to extravasate from leaky tumor vessels (Shi
et al., 2020). Therefore, we used a liver tumor-specific active targeting
strategy to complement EPR based passive targeting of ARV-loaded
nanoliposomes for their enhanced tumor accumulation and retention.

The results of in vitro cytotoxic activity of ARV in human liver cancer
cells were very encouraging, indicating that ARV could be a potential
candidate for HCC therapy. The IC50 values of GALARV were found to be
significantly lower than ARV and LARV in both HepG2 and Hep3B cells.
We expect that the in vivo behavior of GALARVmight be more prominent
considering the preferential distribution of actively targeted nano-
liposomes in liver tumors and their extended systemic circulation due to
PEGylation. Apoptosis assay was also performed to further evaluate the
anticancer activity of ARV and developed nanoformulations in liver
cancer. On exposure to ARV, LARV, and GALARV, a large population of
cells exhibited early/late apoptosis in HepG2 cells. Also, the liposomal
nanoformulations showed a higher percentage of apoptotic cells
compared with free ARV; while the total apoptotic population resulted by
GALARV was still higher than LARV. This could be justified by our
Western blot results illustrating that ARV treatment significantly reduces
the levels of anti-apoptotic proteins including Bcl-2 and survivin, signi-
fying its anti-proliferative activity in HepG2 cells via apoptosis. Hence,
the results obtained from in vitro cytotoxicity and apoptosis studies sug-
gest that ARV is efficient in inhibiting the proliferation of liver cancer
cells and its encapsulation in GALARV further enhanced its anti-hepatic
cancer potential.

Promising anticancer activity of ARV in liver cancer is attributed to
the target BRD4 protein degradation. Previously, investigators have re-
ported that BRD4 is overexpressed in most HCC tumor tissues and in-
duces epithelial-mesenchymal transition (EMT) phenotypes to cause
proliferation and progression of HCC (Li et al., 2016; Zhang et al., 2015).
This suggests that BRD4 protein could be a promising target-directed
towards the treatment and management of HCC. Accordingly, BRD4
protein has been frequently targeted using small molecule BET inhibitors
like JQ1 and I-BET151; which demonstrated potential anti-cancer ac-
tivity in solid tumors, largely through the suppression of c-Myc oncogene
(Filippakopoulos et al., 2010; Klingbeil et al., 2016). However, a short
half-life and higher drug concentrations required to ensure sufficient
inhibitory activity of such small molecule inhibitors can lead to toxicity
and development of resistance (French, 2016). Hence, we used a direct
protein degradation strategy by using a novel BRD4-PROTAC molecule,
ARV, to recruit targeted BRD4 proteins to the E3 ubiquitin ligase for its
complete degradation rather than its mere inhibition. From our Western
blot results, we confirmed that the anticancer activity of ARV in HCC cells
was via downregulation of target BRD4 protein and c-Myc oncogene. It
has previously been demonstrated that c-Myc plays a critical role in the
transcriptional regulation of survivin in different types of cancers
including breast cancer, liver cancer, and leukemia (Fang et al., 2009;
Galuppo et al., 2014; Papanikolaou et al., 2011; Warrier et al., 2020).
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Hence, c-Myc is a crucial transcription factor that activates survivin, a
downstream target oncogene, to prevent apoptosis. This is in accordance
with ourWestern blot results where treatment of human liver cancer cells
with ARV significantly reduced the levels of oncogenic c-Myc via target
BRD4 protein degradation to further downregulate the expression of
anti-apoptotic protein survivin.

Three-dimensional (3D) growth of immortalized established cell lines
is considered as a more illustrative model for screening anticancer drugs
in vitro (Thoma et al., 2014). Kimlin et al. (2013), suggested that 3D cell
culture models possess several in vivo tumor features like intracellular
interaction, penetration, and resistance of therapeutic cargos, as well as
tumor extracellular matrix production (Kimlin et al., 2013). Therefore,
3D in vitro models could fill the gap between conventional 2D in vitro
studies and tumor xenograft models to study cancer cell dynamics and
better investigate the efficacy of anticancer therapeutics (Zanoni et al.,
2016). We developed 3D multicellular liver tumor spheroids and
analyzed the cell viability within the spheroids using Viability/Cyto-
toxicity Assay Kit by fluorescent microscopy. Our results suggested that
ARV as well as its liposomal formulations, LARV and GALARV, induced
significant apoptosis in the HepG2 spheroids based on the high red
fluorescence produced by apoptotic/dead cells in comparison to the
green fluorescence of live cells produced by the control spheroids. Also,
reduction in the spheroid size after treatment with ARV and both lipo-
somal formulations suggested that permeation of lipophilic ARV in
spheroids led to the substantial killing of the cells. While ARV and its
liposomal formulations, both kill liver cancer cells in 2D cell culture
models, their cytotoxic effect will highly depend on their permeability
through the developed 3D liver tumor spheroids. On the 5th day of
treatment, we observed that GALARV led to the highest reduction in
spheroid size compared to other treatment groups while the control
showed continued growth. It could be postulated that the galactose
groups present on the surface of GALARV allowed their higher uptake via
overexpressed ASGPR in HCC cells in addition to the highly lipophilic
phospholipid bilayers of nanoliposomes which could cross the cell
membrane to cause release and diffusion of encapsulated ARV through
the tightly bound cells in 3D spheroids for effective cell killing. Thus, we
think that the targeted nanoliposomes of ARV (GALARV) would be a
promising anticancer therapy for the treatment of HCC, with exceptional
apoptotic activity in the in the vivo tumor microenvironment.

5. Conclusion

Our study confirms the anticancer activity of galactosylated nano-
liposomes incorporating BRD4-targeted PROTAC, ARV, against liver
cancer. GALARV were developed as a combination of active and passive
targeting approach for parenteral delivery of lipophilic ARV. It demon-
strated higher hepatic uptake via ASGPR and showed encouraging
apoptosis and significant cytotoxicity in 2D cell culture models as well as
in the 3D multicellular tumor spheroids model of liver cancer cells.
Target protein BRD4 degradation and suppression of oncogenic c-Myc
expression by ARVwas also confirmed byWestern blot analysis. The very
first liver-specific delivery of ARV via its incorporation in a stable
galactose anchored nanoliposomal system makes it a strong anticancer
candidate for HCC therapy. Hence, our research work elicits robust anti-
HCC activity of GALARV and strongly suggests that BRD4 degradation
using PROTAC technology and its delivery via targeted nanoformulation
could be a unique therapeutic approach for treatment and management
of HCC.
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