International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Self-Assembly Of Retinoid Nanoparticles For
Melanoma Therapy

Han Liao®'?2

Shan Zhao'?
Huihui Wang'*
Yang Liu'

Ying Zhang'
Guangwei Sun'

'Scientific Research Center for
Translational Medicine, Dalian Institute of
Chemical Physics, Chinese Academy of
Sciences, Dalian 116023, People’s
Republic of China; 2University of Chinese
Academy of Sciences, Beijing 100049,
People’s Republic of China

Correspondence: Guangwei Sun
Scientific Research Center for
Translational Medicine, Dalian Institute of
Chemical Physics, Chinese Academy of
Sciences, 457 Zhongshan Road, Dalian
116023, People’s Republic of China
Tel/Fax +86-411-82463027

Email sungw@dicp.ac.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Amphiphilic fusion drugs are covalent conjugates of a lipophilic drug and a
hydrophilic drug or their active fragments. These carrier-free self-assembly nanomaterials are
helpful to co-deliver two synergic drugs to the same site regardless of pharmacokinetic
properties of individual drugs. Retinoic hydroxamic acid (RHA) is a “fusion drug” of all-
trans retinoic acid (ATRA) and vorinostat, a histone deacetylase (HDAC) inhibitor showing
synergic effect with ATRA on cancer therapy. Although RHA was synthesized in 2005, its
nanoscale self-assembly property, anticancer activity, and possible related mechanism are
still unclear.

Methods: RHA nanoparticles were observed under transmission electron microscope
(TEM). Both in vitro cell viability, colony formation assay, and in vivo xenograft mouse
tumor model were employed here to study anticancer activity of RHA nanoparticles. The
putative synergic anticancer mechanism of activating retinoic acid receptor (RAR) and
inhibiting HDAC were investigated via receptor inhibitor rescue assay and in vitro enzyme
activity assay, respectively.

Results: RHA could form nanoparticle formation by self-assembly and abrogates growth of
several solid tumor cell lines even after RHA nanoparticles' washout. However, opposite to
our initial hypothesis, pre-treating the melanoma cells with RAR antagonists showed no
impact on inhibitory effect of RHA nanoparticles, which suggested that the target of the
molecule on melanoma cells is not RAR and retinoid X receptor (RXR). Importantly, RHA
nanoparticles inhibited the growth of xenograft tumors without obvious impact on haemato-
logical indexes and hepatorenal function of these tumor-bearing mice.

Conclusion: Our findings demonstrate the promise of RHA nanoparticles in treating
malignant melanoma tumors with high efficacy and low toxicity.
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Introduction
Since the 1980s, the medical drug all-frans retinoic acid (ATRA) has been clinically
utilised for the treatment of acute promyelocytic leukemia.! Unlike traditional
chemotherapeutic agents, ATRA results in high complete remission rates, but
without adverse effects, such as bone marrow hypoplasia.” Previous in vitro studies
demonstrated that ATRA can inhibit proliferation and induce differentiation of
some solid tumor cell lines.>* However, the results of in vivo studies and clinical
trials were not as compelling.> Hence, there is significant scope to investigate
methods to enhance the anticancer efficiency of ATRA on solid tumor cell lines.
It is known that nanoparticles tended to accumulate in solid tumors due to
enhanced permeability and retention (EPR) effects.”* This effect has been
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exploited to enhance anticancer drug potency when the
drugs are prepared as nanoparticles. Previous investiga-
tions have reported that ATRA-loaded nanoparticles can
reverse ATRA resistance, including inhibiting cell pro-
liferation and inducing cell differentiation.”'® On the
other hand, many drugs, such as histone deacetylase
inhibitor vorinostat, showed substantial synergistic
effect with ATRA on cancer therapy.'""'? Previous
study presented a successful fusion drug strategy of
structurally combining two synergistic drugs together
to assemble nanoparticles for delivery.'> Here, we
attempted to use this strategy on ATRA and vorinostat
for providing a possible way for treating ATRA-resistant
solid tumors. Because structurally modifying carboxylic
acid group of ATRA to amide showed increased cyto-

%15 and hydroxamic

toxicity against solid tumor cells,
group is the active centre of vorinostat, retinoic hydro-
xamic acid (RHA), a hydroxamic derivative of ATRA,
was selected for this study.

RHA comprised of a lipophilic ATRA hydrocarbon
backbone and a hydrophilic hydroxamic group. These
functional groups may provide a potential synthetic ave-
nue for the formation of nanoparticles by self-assembly.
Although RHA was synthesized a couple of years ago,
there is no previous investigation into the nanoscale char-
acteristics and anticancer activity of RHA.'®™'7 In this
report, we investigated whether RHA can form stable
nanoparticles by self-assembly and thereafter investigate
their anticancer effect on solid tumors.

Materials And Methods

Materials

ATRA was purchased from Meilunbio (Dalian, China).
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tet-
razolium bromide), DCC (dicyclohexylcarbodiimide),
NHS (N-hydroxylsuccinimide), DMAP (4-dimethylamino-
pyridine), DIPEA (N, N-diisopropylethylamine),
hydroxylamine hydrochloride purchased from
Sigma-Aldrich (Darmstadt, Germany). All the cell lines
were obtained from Shanghai Institutes for Biological

and
were

Science, CAS (Shanghai, China). Cell apoptosis and cell
cycle detection kits were from Gefan Biotechnology
(Shanghai, China). Poloxamer 184 and poloxamer 188
were purchased from Haian petrochemical technology
(Nantong, China) and further purified by dialysis before
use. AGN193109 and UVI3003 were purchased from
Santa Cruz (California, USA). Histone deacetylase activity

kit was purchased from Haling Biotechnology (Shanghai,
China). Balb-c/nu mice were purchased from Beijing Vital
River Laboratory Animal Technology (Beijing, China). -
actin and B-catenin antibody solutions were purchased
from Proteintech (Rosemont, USA). SH-SY5Y and LN-
229 cell lines were purchased from the American Type
Culture Collection, while the rest of cell lines, U-118 MG,
A-375, HL-60 and L-929 were purchased from Type
Culture Collection of Chinese Academy of Science
(Shanghai, China). Balb-c/nu mice used in this study
were purchased from Vitalriver (Beijing, China) and raised
in SPF centre of Dalian Medical University. All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Dalian Medical University
Laboratory Animal Center (China) and conformed to
Chinese Ministry of Public Health (CMPH) and US
National Institute of Health (NIH) guidelines.

Synthesis Of RHA

A mixture of 300 mg ATRA, 24.4 mg DMAP, 230 mg
NHS, 247 mg DCC, and 150 ul DIPEA was dissolved in 3
mL tetrahydrofuran and then stirred at room temperature
for 10 hrs. A filtered mixture of 20 mL 0.5 M hydroxyla-
mine hydrochloride (ethanol solution) and 9 mL 1.0 M
fresh sodium ethoxide (ethanol solution) was added, and
then stirred at room temperature for 16 hrs. After solvent
evaporated, the product was purified by D101 macropor-

ous resin.

Preparation Of RHA And ATRA

Nanoparticles

RHA and ATRA nanoparticle solutions were prepared
using solvent diffusion methods: 100 pL of RHA or
ATRA (ethanol solution) was injected into 900 pL of
vigorously stirring water or PBS. Poloxamer-coated RHA
nanoparticles solution were prepared by adding poloxamer
184 and poloxamer 188 in 10 mM RHA nanoparticles
solution to a final concentration of 189 mg L' and
94.5 mg L', respectively.

Characterization

Mass spectrum of RHA was analyzed by a high-resolution
mass spectrometer (6540 QTOF, Agilent) with negative
charged mode. '"HNMR and "*CNMR of RHA were ana-
lyzed by a 700 MHz NMR spectrometer (Avance III HD,
Bruker) using CDCI; as solvent. Microscopic images of
RHA nanoparticles were obtained from a high-resolution
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transmission electron microscopy (JEM-2100, JEOL). Size
and polydispersity index (PDI) of RHA and ATRA nano-
particles were measured by dynamic light scattering assay
with a Zetasizer (ZS90, Malvern).

Proliferation Analysis

A modified MTT colorimetric assay was employed here
to determine the proliferation of the cells.'® Briefly, cells
were seeded in 96-well plates with a density of 6000
cells per well. After attachment for 24 hrs, cells were
treated with RHA nanoparticles or ATRA and incubated
for 48 hrs (non-treated cells were used as control). A
solution containing 100 g L' SDS, 50 g L' isobutanol,
and 0.04 M HCI was utilized to dissolve formazan. ICs
values were calculated using regression probit assay
with SPSS V19.0 (Chicago, USA), according to the
results of proliferation analysis.

Flow Cytometry Analysis

Cells were seeded in 10-cm dishes with a density of 2 x 10°
cells per dish. After attachment for 24 hrs, the cells were
treated with variant concentrations of RHA nanoparticles
for 48 hrs (non-treated cells as control). Apoptosis and cell
cycle of these treated cells were analyzed using flow cyto-
metry (Moflow XDP, Beckman Coulter) with the protocol
provided by the manufacturer of the kits.

Long-Term Cytotoxicity

Cells were seeded in 6-well plates with a density of 2 x 10°
cells per well. After attachment for 24 hrs, the cells were
treated with 25.0 uM of RHA nanoparticles for 48 hrs and
then maintained in RHA-free medium. Viable cell numbers
and viability of the cells were analyzed daily thereafter using
a cell counter (Vi-cell XR, Beckman Coulter) based on
trypan blue staining assay.

Soft Agar Colony Forming Assay

Cells were treated with 25.0 pM of RHA nanoparticles for
0 (as control), 2, 3, and 4 days, and then seeded in 6-well
plates with a density of 2500 cells per well as previously
described."” Liquid media was renewed every other day.
After two weeks, the colonies were stained with

0.5 mg/mL MTT.

In Vivo Distribution Experiment

All the in vivo studies were permitted by local animal
ethics committee. Distribution of the nanoparticles was
determined consulting a fluorescent-dye-labelled assay

described previously.® Hexadecylamine-modified Cy7
dye (HA-Cy7), a near-infrared probe, was incorporated
into RHA nanoparticles during preparation with a
molar ratio of 0.5% in order to trace the RHA nano-
particles. HA-Cy7 was synthesized as we described
previously.”® A single dose of HA-Cy7 or HA-Cy7
labelled nanoparticles was injected into tumor-bearing
Balb-c/nu mice intravenously. Anesthetized by isoflur-
ane, the mice were scanned using a fluorescence ima-
ging system (Maestro EX, CRI) at scheduled time
intervals. The excitation and filter wavelength were
605 nm and 675 nm,
obtained with an emission wavelength range from 680

respectively. Images were

to 850 nm and an exposure time of 1 s.

In Vivo Antitumor Experiment

A subcutaneous xenografted A-375 tumor model was built
using Balb-c/nu mice. A-375 melanoma cells were inocu-
lated subcutaneously into 12 Balb-c/nu mice with a dose
of 4 x 10° cells per mouse. Fourteen days later, when the
average tumor size reached approximately 0.6 cm’, the
mice were randomly divided into 2 groups. A solution
consisting of 10% (v/v) ethanol with 189 mg L™ polox-
amer 184 and 94.5 mg L™ poloxamer 188 was used as
vehicle control, and 10 mM poloxamer-coated RHA nano-
particles were used for treatment. These 2 solutions were
injected into the mice intravenously with a dose of 10 mL
kg ! every other day for 6 times. Body weight and tumor
sizes of the mice were measured weekly. The tumor
volume was calculated using a formula described
previously:*' volume = 0.5x length x width®>. Two days
after treatment was completed, blood samples from the
mice were obtained and then analyzed using a haematol-
ogy analyzer (BC5300, Mindray) or a biochemical para-
meter (BS380, Mindray).

Anticancer Effect Of RHA Nanoparticles
After RAR Or RXR Inhibition

Cells were seeded in 96-well plates with a density of 6000
cells per well and incubated for 24 hrs. A375 cells were
treated with 6.25 pM of RHA nanoparticles alone, or
together with either 25 pM of AGN193109 (pan-RAR
antagonist) or 25 uM of UVI3003 (pan-RXR antagonist).
HL-60 cells were also treated in the similar way with
reduced final concentration of all compounds to half.
Proliferation of the cells was determined using MTT
assay after 48 hrs of treatment.
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Determining Histone Deacetylase Activity
Activity of histone deacetylase was determined using a kit
based on colorimetric assay. Briefly, histone deacetylase
was extracted from 5 x 10° A375 cells and mixed with
substance provided by the manufacturer. After aliquot,
RHA, vorinostat, or vehicle was added and the mixtures
were incubated at 37°C for 2 hrs. Absorbance of the
samples was read after pre-treatment as described in the
manufacturer’s instruction.

Statistics

ICs values were calculated from the data of proliferation
study (n = 4) by Probit regression with SPSS V19.0
(Chicago, USA). An average proliferation value, instead
of individual ones of each treatment, was used for ICs
calculation to get better fitted curve. All other measure-
ment data were shown as mean with SD error bars.
Statistical analysis was carried out using independent sam-
ple #-test (2 groups) or LSD one-way ANOVA test (over 2
groups) with SPSS V19.0 (Chicago, USA). Statistical sig-
nificant were marked as * (P < 0.05), ** (P < 0.01), and
**% (P <0.001).

Results

Preparing RHA And RHA Nanoparticles

RHA has previously been synthesized via an phospho-
ric anhydride intermediate, with a total yield of 45%.'°
After purification by a D101 macroporous resin, this
alternative method (Scheme 1) produced an increased
total yield of 53% + 6.6%. The successful synthesis of
RHA was confirmed by high-resolution mass spectro-
scopy and NMR spectroscopy (Figures SI1-S3,
Tables S1 and S2).

After RHA synthesized, we moved on to investigating
RHA nanoparticle formation by self-assembly. RHA could
form stable nanoparticles using solvent diffusion assay while
ATRA nanoparticles made in the same way aggregated 10
mins after preparation (Figure S4A). No obvious aggregation
was detected while RHA nanoparticles were in serum
(Figure S4) and PBS (Figure S5). The average size of RHA
nanoparticles measured using dynamic light scattering assay
was found to be 78.5 nm, which was significantly smaller
than that of ATRA (Figure 1A, P<0.001). Moreover, the
greater standard error of the polydispersity index (PDI) indi-
cated poor reproductivity of ATRA nanoparticle formation
(Figure 1B). Microscopic structure of RHA nanoparticles
was observed using transmission electron microscopy,

revealing solid spheres with smooth edges (Figure 1C).
Overall, these features are similar to previously reported
self-assembled nano-drugs,'® indicating that RHA forms
nanoparticles by self-assembly.

Anti-Tumor Proliferative Activity Of RHA

Nanoparticles

Several high-malignancy solid tumor cell lines* were
selected for this study. We found that ICso values of RHA
nanoparticles against all tested cell lines were under 100 pM
(Figure 2A), while the ICs, values of ATRA for most tested
cells were greater than 100 uM (Figure S6), the maximum
soluble concentration of ATRA in media. These findings
indicated that ATRA-resistant solid tumor cell lines were
still sensitive to RHA nanoparticles treatment. Among these
tested cell lines, melanoma (A-375) cells were the most sen-
sitive to RHA nanoparticles with an ICsy value of 7.5 uM
(Figure 2A). Importantly, proliferation of A-375 cells was not
inhibited when these cells were treated with 100 uM of
ATRA. This finding indicated that A-375 is completely resis-
tant to ATRA (Figure S6). To further compare anticancer
potency of RHA nanoparticles and ATRA against A-375 cell
line, the cells were treated with RHA nanoparticles or ATRA
at the same final concentration. The result showed more sig-
nificant proliferative inhibition activity of RHA nanoparticles
than that of ATRA on A-375 cells (Figure 2B, P < 0.001).
These data strongly suggest that RHA nanoparticles should be
a more effective drug than ATRA for melanoma therapy. In
order to learn the cytotoxicity of RHA nanoparticles against
non-cancer cells, we used a normal cell line L-929 as refer-
ence in this cytotoxicity study. The ICs, value of RHA nano-
particles against mouse fibroblast L-929 cells was 36.9 uM
which is 4.9 times higher than that of A-375 cells (Figure S7).

Apoptosis And Cell Cycle Arrest Induced
By RHA Nanoparticles

In general, decreased proliferation is usually considered as
a result of cell cycle arrest and/or cell death. In order to
clarify the mechanism of RHA nanoparticles-induced pro-
liferative inhibition on A-375 cells, cell cycle alteration
and apoptosis of RHA nanoparticles treated A-375 cells
were determined. RHA nanoparticles demonstrate a dose-
dependent cell cycle arrest (Figure 3A). Treated with 12.5
pM of RHA nanoparticles, A-375 cells were arrested in S
phase; while treatment with 25.0 uM of RHA nanoparti-
cles results in cell arrest in G¢/G; phase (Figure 3A).
Therefore, we assume that RHA nanoparticles slow down

submit your manuscript

7966

Dove

International Journal of Nanomedicine 2019:14


https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
https://www.dovepress.com/get_supplementary_file.php?f=196974.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove Liao et al

A 400 Fkk

ATRA RHA

— 0.15+
o i
o

0.10

0.054

0.00+

ATRA RHA

Figure | (A) Size and (B) polydispersity index of RHA nanoparticles analyzed by dynamic light scattering. Data are shown as mean with SD error bars (n = 3). Significance
difference: *** (P < 0.001). (C) Transmission electron microscopy image of RHA nanoparticles.
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Figure 2 (A) IC50 values of RHA nanoparticles against 4 cancer cell lines. (B) Proliferation of A-375 cells after treatment with 12.5 pM and 25.0 pM of RHA nanoparticles
or ATRA, respectively, for 48 hrs. Data are shown as mean with SD error bars (n = 4). Significance difference: *** (P < 0.001).

DNA replication at lower concentrations and completely the same time. While non-treated (RHA-) A-375 cells
stop DNA replication at a higher concentration. To further  entered S and G2/M phase 6 hrs after release, the cells
verify whether RHA was DNA replication inhibitor, we  with treatment (RHA+) failed to do so (Figure S8). This
treated thymidine double blocking synchronized A-375  result confirmed that RHA nanoparticles were efficient
cells with RHA nanoparticles (25 uM) and released at DNA replication inhibitors. Besides cell cycle arrest,
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Figure 3 (A) Cell cycle analysis and (B) apoptotic cell proportion of A-375 cells treated with various concentrations of RHA nanoparticles for 48 hrs.

RHA nanoparticles also induced apoptosis of A-375 cells
in a dose-dependent manner. The proportion of intact cells
was decreased from 91.75% to 61.31% when the concen-
tration of RHA nanoparticles increased from 6.25 pM to
25.0 uM (Figure 3B). Early apoptotic cells (AV+, PI-)
increased after RHA nanoparticle treatment (Figure 3),
specifically indicating that RHA nanoparticles could
induce apoptotic cell death. These results suggested that
both cell cycle arrest and apoptosis contributed to RHA
nanoparticles-induced proliferative inhibition of A-375
cells.

Long-Lasting Anticancer Effect Of RHA

Nanoparticles

To explore whether RHA nanoparticles have long-last-
ing anticancer effects after RHA withdrawal, A-375
cells were treated with 25.0 uM RHA nanoparticles for
2 days and then cultured in RHA-free media. At that
time, 18.5% of the A-375 cells were killed (Figure 4A),

which aligns well with that found in apoptotic cell
analysis (Figure 3B). During the following 4 days, the
of A-375
(Figure 4A) and the total counts of viable cells also

viability cells decreased continuously
reduced accordingly (Figure 4B). These data suggested
that the cytotoxicity of RHA nanoparticles on A-375
cells was long lasting and there was no sign of “relapse”

in this in vitro cell culture model.

Anti-Tumorigenicity Of RHA

Nanoparticles

Long-term proliferative inhibition is closely related to redu-
cing tumorigenicity which could be indirectly determined
using cell colony formation assay.>**** RHA nanoparticles
significantly prevented colony formation of A-375 cells in a
time-dependent manner (Figure 4C and D), which meant
that A-375 cells would lose their tumorigenicity with RHA

nanoparticles treatment.
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Figure 4 (A) Viability and (B) viable cells of A-375 cells after RHA withdrawal. Cells were pre-treated with 25 pM of RHA nanoparticles for 48 hrs. (C) Image and (D) foci
counts of colony formation of A-375 cells pre-treated with 25 pM of RHA nanoparticles for various days. Data were shown as mean with SD error bars (n=3). Significance
difference: ** (comparing with 0 hrs, P < 0.01) and *** (comparing with 0 hrs, P < 0.001).

In Vivo Distribution And Optimization Of
RHA Nanoparticles

Before in vivo RHA nanoparticles therapy, dynamic bio-
distribution of RHA nanoparticles was confirmed via near-
infrared imaging. We find that the naked RHA nanoparticles
were mainly accumulated in the liver after administration
(Figure 5). This undesired accumulation might be attributa-
ble to a nonspecific uptake by mononuclear phagocyte sys-
tems in liver, which is highly correlated with recognition and
elimination of colloidal carriers.>> To remedy this defect, a
mixture of poloxamer 188 and 184 was used as stealth
material to coat RHA nanoparticles. While the poloxamer
coating slightly enlarged the size of RHA nanoparticles, the
impact on PDI and cytotoxicity of RHA nanoparticles was
insignificant (Figure S9). In particular, as expected, poloxa-
mer-coated RHA nanoparticles accumulate more in tumor

and less in liver than the naked ones (Figures 5, S10).
Therefore, poloxamer-coated RHA nanoparticles were used
for in vivo administration thereafter.

In Vivo Cancer Therapy With RHA

Nanoparticles

While the volume of tumors on vehicle control (10% ethanol
with poloxamer) mice increased rapidly (Figure 6A and B),
the volume of tumors on RHA-nanoparticles-treated mice
almost sustained in their initial sizes (Figure 6A and B). In
addition, the volume of tumors on RHA-nanoparticles-trea-
ted mice was significantly smaller than that of control mice
(Figure 6B, P < 0.01), which clearly illustrated those RHA
nanoparticles effectively inhibited growth of xenograft
melanoma.
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Figure 5 Dynamic in vivo distribution of RHA nanoparticles and poloxamer-coated RHA nanoparticles observed using 0.5% (mol/mol) hexadecylamine-modified Cy7 (HA-
Cy7) as tracer. A single dose of nanoparticles or HA-Cy7 was administered intravenously. Yellow circle indicated the location of tumors, while red one indicated the location

of livers.
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Figure 6 (A) Appearance and (B) size of Balb/c-nu mice tumors treated with vehicle or RHA nanoparticles. Vehicle or 10 mmol/kg RHA nanoparticles were administrated
intravenously every 2 days from the 14th day to 24th day of A-375 cell presentation. Data are shown as mean with SD error bars (n = 6). Significance difference: ** (P < 0.01)

and (P < 0,001).

Net body weight is a general indicator for nutritional status
and physical condition and chemotherapy-induced body
weight loss is frequently attributed to toxicity. Our results
show that RHA nanoparticles have no obvious effect on
net body weight of the tumor-bearing mice during treatment
(Figure S11A). Frequently reported adverse reactions of che-
motherapeutic agents included haematopoietic,”® hepatic,”’

and renal toxicity.”® No significant difference in red blood
cell (P =0.72), white blood cell (P = 0.30), and platelet counts
(P = 0.57) between RHA nanoparticles treated and control
mice indicated that RHA nanoparticles have negligible influ-
ence on the haematopoietic system (Figure S11B). RHA nano-
particles did not increase serum urea (P = 0.17) or uric acid,
demonstrating its low toxicity to kidneys (Figure S11C). On
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the contrary, serum uric acid level decreased (P < 0.05) after
RHA nanoparticles treatment (Figure S11C). As a metabolite
of purine, high serum uric acid levels suggest poor prognosis in
many malignant diseases.?’~*° Therefore, the significant down-
regulated serum uric acid observed here by RHA nanoparticles
indicates a favourable prognosis. Moreover, as albumin (P =
0.76), serum aspartate aminotransferase (P = 0.24) and serum
alkaline phosphatase (P = 0.98) levels were unaffected by
RHA nanoparticles (Figure S11D), RHA nanoparticles may
also be a drug without obvious hepatic toxicity. Only one
mouse treated with RHA nanoparticles showed a higher
serum alanine aminotransferase (ALT) level, but the overall
ALT levels of RHA-nanoparticles-treated mice and control
mice had no statistical significance (Figure S11D, P = 0.16).
Since RHA nanoparticles were initially dissolved in alcohol,
the abnormal increase of ALT might be caused by individual
sensibility to alcohol.>' Overall, the toxicology data above
demonstrate that RHA nanoparticles are safe with no obvious
physiological adverse reactions detected.

Mechanism Study Of RHA

RHA contains the hydrocarbon backbone of ATRA, which
is the key structural fragment for biological effects.’
Therefore, we investigated whether anticancer effect of
RHA depended on RAR and RXR receptor like other
retinoids. Interestingly, although RHA showed RAR- and
RXR-receptor-dependent cytotoxicity against HL-60 cells
(Figure S12A), its cytotoxicity against A-375 cells was
independent to RAR and RXR receptor (Figure S12B).
Furthermore, even though the structure of RHA is similar
to vorinostat, in vitro studies demonstrate that histone
deacetylase inhibition activity of RHA was only approxi-
mately 1% compared to that of vorinostat (Figure S13).

Discussion

RHA nanoparticles demonstrated several outstanding proper-
ties as a promising drug for cancer therapy. The first one is
their long-lasting proliferative inhibition. Previous studies
have shown that the high efficacy of ATRA on treating acute
promyelocytic leukemia is related to its irreversible differen-
tiation activity.” Patients could benefit from this long-lasting
cytotoxicity against cancer cells because that means lower
possibility of recurrence and shorter treatment period. The
second property is low systemic toxicity of RHA nanoparti-
cles. One of the possible reason of this selective toxicity
should be tumor-specific accumulation of poloxamer-coated
RHA nanoparticles via EPR effect. Poloxamer is a type of
inert amphiphilic block polymer with high biocompatibility.**

It is widely used for coating hydrophobic nanoparticles by
adsorbing onto their surface, thus decreasing mononuclear
phagocyte nanoparticle uptake.”>> Another possible reason
might be the selective toxicity of RHA nanoparticles them-
selves. Tumor cell lines from various origins demonstrated
different sensitivity to RHA nanoparticles (Figure 2A). This
difference indicated that the target of RHA nanoparticles
should not be general cytobiological processes which are
essential for the majority of cells.

This work also indicated that the anticancer mechanism
of RHA nanoparticles is totally different from that of ATRA.
First, anticancer effect of RHA nanoparticles against A-375
cells is fully independent on RAR and RXR, which are the
major targets for ATRA and other retinoids. Second, ATRA
only induced G; phase arrest to both melanoma and other
malignant cells without S phase arrest,***”** while RHA
nanoparticles clearly induced S phase arrest to A-375 cells.
Although RHA nanoparticles can induce proliferative inhibi-
tion to ATRA sensitive HL-60 cells via RAR/RXR-depen-
dent pathways, the RAR/RXR-independent cytotoxicity of
RHA nanoparticles played a key role in anticancer effect
against ATRA-resistant cell lines.

In this study, we first found that RHA could self-assemble
into nanoparticles with a high anticancer efficacy. Coating
RHA nanoparticles with poloxamer could obviously enhance
their tumor-targeting efficiency. This investigation also
revealed that RHA nanoparticles have potent and persistent
proliferative inhibition effect against A-375 melanoma cells,
leading to cell cycle arrest and apoptosis. Moreover, RHA
nanoparticles were found to suppress the growth of xenograft
tumors but importantly, without obvious adverse in vivo
reaction. Even though RHA nanoparticle showed RAR/
RXR-independent cytotoxicity and low histone deacetylase
inhibition activity which is opposite to our initial expectation,
their potent and long-lasting anticancer effect plus their low
systemic toxicity made RHA nanoparticles a promising drug
for melanoma therapy.
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