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a b s t r a c t

In this study we investigated the antitumor activity of the novel dual dithiocarbamatic acid ester LRD-22
in vitro and in vivo. Several cancer cell lines were employed to determine the effect of LRD-22 on cell
growth, and the MTT assay showed there was a significant decrease in viable tumor cell numbers in the
presence of LRD-22, especially in the HepG2 cell line. Colony formation assay also showed LRD-22
strongly inhibits HepG2 cell growth. Evaluation of the mechanism involved showed that inhibitory ef-
fects of LRD-22 on cell growth are due to induction of apoptosis and G2/M arrest. LRD-22 inhibited
Aurora-A phosphorylation at Thr288 and subsequently impaired p53 phosphorylation at Ser315 which was
associated with the proteasome degradation pathway. Tumor suppressor protein p53 is stabilized by this
mechanism and accumulates through inhibition of Aurora-A kinase activity via treatment with LRD-22.
In vivo study of HepG2 xenograft in nude mice also shows LRD-22 suppresses tumor growth at a con-
centration of 5 mg/kg without animals suffering loss of body weight. In conclusion, our results
demonstrate LRD-22 acts as an Aurora-A kinase inhibitor to induce apoptosis and inhibit proliferation in
HepG2 cells, and should be considered as a promising targeting agent for HCC therapy.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Liver cancer is the sixth most commonly diagnosed cancer, and
the third leading cause of cancer related death in 2008 globally [1].
Among primary liver cancers, hepatocellular carcinoma (HCC)
represents the major histologic subtype, accounting for 70%e85% of
total primary liver cancers [2]. In most cases, HCC is diagnosed
predominantly at a more advanced stage in the majority of patients
[3]. In late stages cases, the prognosis is generally poor and no
effective treatment is available except the molecular targeting
agent Sorafenib [3e5]. Identification of novel compounds for HCC
therapy is therefore critical.

Dithiocarbamates exhibit important properties in many areas,
such as antibacterial or antifungal activity [6, 7], chelation of heavy
metals [8], and nitrogen monoxide scavenging [9,10]. Our group
tural and Biomimetic Drugs,
d, Peking University, Beijing,
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developed a simple and convenient one-pot method for synthesis
of dithiocarbamates [11]. Several of these compounds were found
to have potent antitumor activities [12,13]. The dual dithiocarba-
matic acid ester LRD-22, (E)-2-(3-([d][1,3] dioxol-5-yl) acryloyl)
propane-1, 3-diyl bis(dimethylcarbamodithioate), is a novel com-
pound with a dual dithiocarbamatic structure.

Aurora-A is a member of a new family of serine/threonine ki-
nases which are essential for controlling normal chromosome
segregation and centrosome functions [14]. Activation of AURKA
requires binding to specific cofactors including Ajuba, Bora and
TPX2, leading to the autophosphorylation of a residue in its T-loop
(Thr288) [15]. Its kinase activity increases from late G2-phase
onwards and peaks in prometaphase. It is well known that p53
tumor suppressor is a key transcription factor regulating cellular
pathways such as cell cycle, apoptosis, DNA repair, angiogenesis
and senescence [16]. In response to stress signaling, p53 levels
increase to protect cells from tumorigenesis by activating the
transcription of downstream target genes which subsequently
induce cell G1 or G2/M phase arrest and apoptosis [17]. About 50%
of human cancers possess a mutated form of p53 [16,18]. p53 and
Aurora-A kinase have therefore been important targets of cancer
therapy.
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In this study, we investigated the in vitro and in vivo anti-cancer
activity of LRD-22, and found LRD-22 significantly inhibits phos-
phorylation of Aurora-A kinase T288 and resulting in subsequent
induction of G2/M cell cycle arrest and apoptosis by inhibition of
p53 degradation. LRD-22 is therefore an Aurora-A inhibitor with
promising potential anti-cancer activity, especially against hepa-
tocellular carcinoma.

2. Materials and methods

2.1. Chemicals

The dual dithiocarbamatic acid ester LRD-22 was synthesized in
our laboratory. Its structure (Fig. 1A) was confirmed by 1H NMR, 13C
NMR (Sup. 1A and 1B). The purity of LRD-22 as measured by high
performance liquid chromatography (HPLC) was >99%.

2.2. Reagents and antibodies

DMSO, PBS, polyethylene glycol 400, Tween 80, RNase A were
purchased from the Sigma Chemical Company Ltd., MO, USA. PARP,
cleaved Caspase-3, phosphoAurora-A and a-Tubulin antibodies
were purchased from Cell Signaling Technology Inc., MA,USA.
Caspase-3, p53 and b-actin antibodies were purchased from Santa
Cruz Biotechnology, Inc., CA, USA. Cyclin B1 and phospho p53 an-
tibodies were purchased from Bioworld Technology, Inc., Shanghai,
China. Aurora-A antibody was purchased from Abcam Inc., MA,
USA.

2.3. Cell culture

All cell lines were maintained at 37 �C under a 5% CO2 atmo-
sphere in DMEM medium (Gibco, Life technologies, NY, USA)
Fig. 1. Inhibitory effects of LRD-22 on cancer cell growth. A. Chemical structure of LRD-22. B
Inhibitory effects of LRD-22 on growth in HepG2 cells after treatment with indicated conce
concentrations of LRD-22. E. Statistical results of colony formation assay. Only colonies large
independent experiments (*P < 0.05, **P < 0.01, difference from control group, as determin
supplemented with 10% (v/v) FBS (Hyclone laboratories Inc., Vic-
toria, Australia).

2.4. Cell viability assay

Cells were seeded in 96-well plates and incubated for 24 h. After
experimental treatment, cells were incubated with 0.5 mg/ml MTT
(Sigma Chemical Company Ltd., MO, USA) for 4 h at 37 �C. After
discarding supernatant and adding 150 ml DMSO in each well, the
492 nm absorbance was measured using a Sunrise absorbance
reader (Tecan Austria GmbH., Salzburg, Austria).

2.5. Colony formation assay

Cells were seeded in 6 cm dishes at a density of 1000 cells/dish
and incubated for 24 h. After treatment with indicated concentra-
tions of LRD-22 or DMSO for 48 h, cells were further incubated 2
weeks to allow colony formation. Colonies were then fixed with
methanol and stained with Giemsa stain (Sigma Chemical Com-
pany Ltd., MO, USA), and colonies with a diameter of more than
1 mm were observed and counted.

2.6. Apoptosis analysis with Hoechst 33342 staining

HepG2 cells were seeded on 24-well culture plates to allow cells
to grow as a monolayer. At 40% confluence, cells were treated with
1, 2, 4 or 8 mM of LRD-22 dissolved in DMSO, or DMSO alone for
48 h. After treatment, cells were fixed with ice-cold methanol and
acetic acid (v/v: 3/1) at 4 �C for 30min after washing twicewith ice-
cold PBS. Cells were later re-washed with ice-cold PBS buffer twice
and then stained with 10 mg/ml Hoechst 33342 (Solarbio Science &
Technology Company Ltd., Beijing, China) for 3 min. Hoechst 33342
was washed away and changes in cell nuclei were observed and
. Cell viability after treatment with 2 mM LRD-22 for 48 h in various cancer cell lines. C.
ntrations for 12, 24 or 48 h. D. Colony formation of each group treated with indicated
r than 1 mm in diameter were counted. Data represent mean ± SD from at least three
ed by Student's t-test analysis).
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captured with fluorescent microscopy (Leica DM500 and Leica
AF6000 Modular Systems, Leica Microsystems CMS. GmbH., Wet-
zlar, Germany).

2.7. Annexin V-FITC/PI staining

After treatment with indicated concentrations of LRD-22 for 24
or 48 h, HepG2 cells were harvested using trypsin without EDTA,
and washed with PBS. Cell pellets were then stained with 200 ml
binding buffer containing FITC-labeled Annexin V (Invitrogen, Life
technologies, NY, USA) for 15 min and PI (Sigma Chemical Company
Ltd., MO, USA) for 5 min at room temperature. The samples were
then kept on ice and immediately subjected to flow cytometry (BD
FACS Calibur, Becton Dickinson, Immunocytometry Systems, CA,
USA). Data were collected and analyzed with CellQuest software.

2.8. Cell cycle analysis

Cells were incubated in DMEM containing 0.5% FBS overnight
for synchronization, and then treated with indicated concentra-
tions of LRD-22 for 24 h at 37 �C. Cells were collected and fixed in
1 ml of cold 70% ethanol at �20 �C overnight. Cell pellets were then
collected by centrifugation, followed by PBS washes. Finally, 0.5 ml
of propidium iodide (PI) staining solution (50 mg/ml of PI and 8 mg/
ml of DNase-free RNase) was added to the samples, and incubated
for 30 min at room temperature. After staining, samples were
immediately analyzed using flow cytometry (BD FACS Calibur,
Becton Dickinson, Immunocytometry Systems, CA, USA). Data were
collected and analyzed with CellQuest software.

2.9. Western blot analysis

After 24 h incubation in 6 cm plates, HepG2 cells were treated
with indicated concentrations of LRD-22 for 48 h, then harvested
and washed with PBS. Protein was extracted using SDS lysis buffer
containing 1% phosphatase inhibitor and 1% protease inhibitor
cocktail (Sigma Chemical Company Ltd., MO, USA). Total protein
concentrations were determined using the BCA™ Protein Assay kit
(Novagen, EMD Chemicals Inc., CA, USA) according to the manu-
facture's instructions. Equal amounts of protein were subjected to
SDSePAGE, and then electrically transferred onto nitrocellulose
membranes. Membranes were subsequently blocked for 1 h with
5% fat free dry milk in TBS-0.1% Tween 20 (TBST), and then incu-
bated with primary antibody overnight at 4 �C. The membrane was
then incubated with horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories Inc., USA) for
1 h at room temperature. After repeatedwasheswith TBST, proteins
were visualized using an ECL advanced Western blotting detection
kit (PekinElmer, Inc., MA, USA) and Kodak film. Densitometric
measurements of band intensity in these Western blots were per-
formed using Image J Software (NIH, USA).

2.10. In vivo study

Female BALB/c nude mice (CAnN.Cg-Foxn1nu/CrlVr, 4 weeks of
age) were purchased from Vital River Laboratories, Beijing, China,
and group housed under conditions with a constant photoperiod
(12-h light/12-h dark) and ad libitum access to sterilized food and
water. All experimental procedures using mice were carried out in
accordance with protocols approved by The Medical Animal Care
and Welfare Committee of Peking University. Ectopic tumors were
established in nude mice by subcutaneous injection of 1 � 106

HepG2 cells in a total volume of 0.1 ml of physiological saline for
each mouse. Tumor establishment and growth was monitored
twice weekly by measurement with calipers (tumor
volume ¼ width2 � length � 0.5). Mice with established tumors
(mean initial tumor volume 30 mm3) were randomized into three
groups (n ¼ 8) that received every other day intraperitoneal in-
jections of LRD-22 at 5 mg/kg, 10 mg/kg or vehicle (physiologic
saline/polyethylene glycol400/DMSO/Tween 80; 70:10:10:10 by
volume) for 2 weeks. Body weight and tumor volume were
measured twice per week. At the study endpoint, mice were
euthanized and tumors were excised, fixed in paraformaldehyde or
snap frozen and stored at �80 �C.

2.11. Statistical analysis

All experiments were performed at least three times. Data is
expressed as mean ± standard deviation (SD). Significant differ-
ences from the controls for each experimental condition were
assessed using the Student's t-test, and P values <0.05 were
regarded as statistically significant.

3. Results

3.1. LRD-22 inhibits survival and proliferation of HepG2 cells

Based on the one-pot method for the synthesis of di-
thiocarbamates developed by our laboratory group, we synthesized
the compound (E)-2-(3-([d][1, 3] dioxol-5-yl) acryloyl) propane-1,
3-diyl bis (dimethylcarbamodithioate), and designated it LRD-22
(Fig. 1A). The effects of LRD-22 were tested in variant cancer cell
lines, including breast cancer cell lines MB-MDA-231 and MCF-7,
the lung cancer cell A549, HeLa cervical cancer cells, hepatocellu-
lar carcinoma HepG2 cells, and U2OS osteosarcoma cells. To eval-
uate the inhibitory effects of LRD-22 in these cancer cells, MTT
assays were performed. As shown in Fig. 1B, LRD-22 exhibited
broad tumor inhibitory activity at a concentration of 2 mM, espe-
cially in the HepG2 cell line.

We therefore focused on the anti-cancer activity of LRD-22 in
HepG2 cells, and measured its dose- and time-dependent anti-
cancer properties. As shown in Fig. 1C, LRD-22 exhibited obvious
inhibitory effects on HepG2 cells in both a dose- and time-
dependent manner, with IC50 values of about 1 mM in 24 h and
0.5 mM in 48 h.

To further confirm the inhibitory effects of LRD-22 on cell
growth, colony formation assays were performed. HepG2 cell col-
onies treated with LRD-22 were smaller and fewer in number than
those of the untreated group (Fig. 1D). As shown in Fig. 1E, HepG2
cells treated with 50 nM LRD-22 formed only 61% of the total
number of control group colonies, and cells treated with 250 nM
LRD-22 formed only 1% of the number of colonies formed by the
control group.

3.2. LRD-22 induces HepG2 cell apoptosis

LRD-22 exhibited obvious tumor inhibitory effect in HepG2
cells, but the specific molecular mechanism involved was unclear. It
is well known that apoptosis is important in tumor chemotherapy,
and cell apoptosis was therefore evaluated. Morphologic observa-
tion of HepG2 cells stained with blue fluorescent DNA dye Hoechst
33342 was performed. As shown in Fig. 2A, cells in the control
group had normal cell nuclei morphology whereas cells in LRD-22
treatment groups exhibited typical apoptotic characteristics,
including nuclei shrinkage, chromatin condensation and nuclear
fragmentation.

Annexin V-FITC/PI stained apoptotic assays were also per-
formed. Flow cytometric assay showed that after incubation with
LRD-22 at indicated concentrations for 24 h, the percentage of
apoptotic HepG2 cells increased from 6.71% in the control group to



Fig. 2. LRD-22 induced apoptosis in HepG2 cells. A. Cells were stained with Hoechst 33342 after treatment with LRD-22 at indicated concentrations for 48 h and observed under a
fluorescence microscope. Morphological changes were observed. B. Representative flow cytometry histograms show percentages of cells in early and late stages of apoptosis. Data
represent mean ± SD from at least three independent experiments (*P < 0.05, **P < 0.01, difference from the control groups, as determined by Student's t-test analysis). C. Western
blot analysis of Caspase-3 and PARP from protein extracts of HepG2 cells treated with 0 (DMSO control), 1, 2, 4 or 8 mM LRD-22 for 24 h. D. Image J analysis of band densities of PARP
and cleaved PARP, as compared with b-Actin. The band density of control groups was considered to be 1.
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15.11% in the group treated with 8 mM LRD-22 (Fig. S2). As shown in
Fig. 2B, more than 65% cells showed apoptosis after treatment with
8 mM LRD-22 for 48 h. These results demonstrated that LRD-22
induces apoptosis in HepG2 cells in a time- and dose-dependent
manner.

Moreover, we examined the involvement of Caspase-3 and
PARP in LRD-22 treated cells to investigate the mechanism of the
observed apoptotic phenomena. Caspase-3 is considered to be one
of the central effectors in the caspase-dependent apoptotic
pathway, and it is activated by proteolytic cleavage by zymogen
into small subunits [19]. We analyzed the protein level of
ProCaspase-3 and cleaved Caspase-3 in HepG2 cells with or
without LRD-22 treatment by Western blot analysis. As shown in
Fig. 2C, LRD-22 induced a dose-dependent decrease of the
caspase-3 35 kDa precursor associated with an increase in 17 kDa
cleaved caspase-3. As poly (ADP-ribose) polymerase (PARP) is one
of the main cleavage targets of caspase-3 [20], we further inves-
tigated the protein levels of PARP and cleaved PARP, and a dose-
dependent decrease of 116 kDa PARP with a corresponding in-
crease in 89 kDa cleaved PARP were observed (Fig. 2D). Identifi-
cation of caspase-3 and PARP cleavage as compared to the control
group argue LRD-22 induced HepG2 cell apoptosis is caspase
pathway dependent.
3.3. LRD-22 blocks the cell cycle at G2/M

To further explore the effect of LRD-22 on cell proliferation, we
evaluated cell cycle arrest to determine whether it contributes to
cell growth inhibition by LRD-22. For cell cycle analysis, HepG2 cells
were treated with LRD-22 for 24 h and then stained with PI to
evaluate their DNA content by FACS. The results showed that the
percentage of cells in G2/M phase increased when HepG2 cells
were treated with indicated concentrations of LRD-22 (Fig. 3A). As
shown in Fig. 3B, cells in G2/M phase increased from 16% in the
control group to 35% in the 8 mM treatment group. Moreover, LRD-
22 brought about arrest of cells in G2/M phase in a dose-dependent
manner.

It is well recognized that Cyclin B is a key regulator which
controls G2/M transition and mitosis in all eukaryotes, and
destruction of Cyclin B1 is necessary for mitotic exit [21,22]. To
further validate G2/M arrest is brought about by LRD-22, we
therefore investigated the expression of Cyclin B1in LRD-22 treated
HepG2 cells by Western blot analysis. As shown in Fig. 3C and D,
expression of Cyclin B1 was increased almost 4 fold in the 8 mM
LRD-22 treatment group as compared with the control group.
Taken together, our results argue LRD-22 inhibits proliferation of
HepG2 cells by G2/M cell cycle arrest.
3.4. LRD-22 induces apoptosis and cell cycle arrest in G2/M through
inhibition of aurora-A/p53 pathway

p53 tumor suppressor protein is a multifunctional transcription
factor involved in regulation of cell proliferation and apoptosis
[23], and p53 levels can be regulated by inhibition of degradation
via phosphorylation of p53 at Ser315 [24]. To further explore the
molecular mechanisms by which LRD-22 induces HepG2 cell
apoptosis and G2/M cell cycle arrest, we investigated the effects of
LRD-22 on protein level and the p53 phosphorylation. Upon
treatment with LRD-22 at variant concentrations, p53 levels
increased in a dose-dependent manner as shown in Fig. 4A and 4B.
This change in p53 levels corresponded to decreases in phos-
phorylated p53 at Ser315 when LRD-22 was applied. These results



Fig. 3. LRD-22 blocked the cell cycle at G2/M. A. Flow cytometry cell cycle analysis after treatment with LRD-22 at indicated concentrations for 24 h. B. Statistic analysis of the
percentages of cells in G2/M phase after treatment with the indicated concentrations of LRD-22 for 24 h. Data represent mean ± SD from at least three independent experiments
(*P < 0.05, **P < 0.01, difference from the control group, as determined by Student's t-test analysis). C. Western blot analysis of protein extracts obtained from HepG2 cells treated
with 0 (DMSO control) 1, 2, 4 and 8 mM LRD-22 for 24 h. Cyclin B1 was tested and b-actin was used as an internal control. D. Image J analysis of band density for Cyclin B1, as
compared to the b-actin group.
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demonstrate LRD-22 induces apoptosis and G2/M cell cycle arrest
by stabilization of p53 through inhibition of phosphorylation at
Ser315.

The mitotic kinase Aurora-A phosphorylates p53 at Ser315 in M
phase and promotes protein degradation in a MDM2 mediated
ubiquitin-proteasome pathway dependent manner resulting in
regulation of p53 protein levels [24]. Inhibition of Aurora-A can
Fig. 4. LRD-22 inhibits Aurora-A phosphorylation in vitro and suppresses HepG2 xenograf
treated with 0 (DMSO control), 1, 2, 4 and 8 mM LRD-22 for 24 h p53 and phosphorylated p53
band density of p53 and phosphorylated p53 at Ser315, as compared to a-Tubulin. C. Weste
control), 1, 2, 4 and 8 mM LRD-22 for 24 h. Aurora-A and phosphorylated Aurora-A at Thr288
density of Aurora-A and phosphorylated Aurora-A at Thr288, as compared to b-actin. E. LR
mean ± SD (n ¼ 8 mice, **P < 0.01, difference from control group, as determined by Stude
promote accumulation and activation of p53. Expression of Aurora-
Awas therefore evaluated byWestern blot. A significant decrease in
phosphorylated Aurora-A at Thr288 was observed in the presence of
LRD-22 as shown in Fig. 4C. After treatment with LRD-22 for 24 h,
phospho-Aurora-A decreased in a concentration dependent
manner, while expression of total Aurora-A showed little change
(Fig. 4D).
t tumor growth in vivo. A. Western blot analysis of protein extracts from HepG2 cells
at Ser315 were analyzed. a-Tubulinwas used as an internal control. B. Image J analysis of
rn blot analysis of protein extracts obtained from HepG2 cells treated with 0 (DMSO
were analyzed and b-actin was used as an internal control. D. Image J analysis of band
D-22 suppressed HepG2 xenograft tumor growth in nude mice. Data was plotted as
nt's t-test analysis). F. Body weight measurements over the treatment period.
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3.5. LRD-22 suppresses HepG2 xenograft tumor growth in vivo

LRD-22 exhibited significant anti-cancer activity in vitro, espe-
cially in HepG2 cells. its in vivo capacity for retarding tumor growth
was therefore further assessed in nude mice. Mice bearing subcu-
taneous xenograft tumors generated from HepG2 cells were ran-
domized into three groups and injected with different
concentration of LRD-22 (5 mg/kg, 10 mg/kg) or vehicle every other
day. Tumor volume was measured twice a week to evaluate the
effects of LRD-22.

Tumor volume measurements revealed that treatment with
LRD-22 inhibited HepG2 tumor growth as compared with vehicle
treated controls after a treatment period of two weeks as shown in
Fig. 4E. Moreover, the inhibitory effect of LRD-22 on xenograft tu-
mor growth was dose dependent. In the 5 mg/kg treatment group,
mean tumor growth showed a 3.5 fold increase in twoweeks, while
the mean tumor volume in the control group showed an increase of
7 times the initial volume. After treatment with 10 mg/kg LRD-22
for 2 weeks, xenograft tumor showed only a two folds increase in
volume. These data show LRD-22 suppressed HepG2 xenograft
tumor growth in vivo, and this inhibitory effect was dose
dependent.

Mouse bodyweight was also determined twice aweek as a basic
measure of animal well being and LRD-22 toxicity. Mean body
weight in 10 mg/kg LRD-22 treated mice decreased slightly but not
significantly over the period of treatment (Fig. 4F), while body
weight in the 5 mg/kg LRD-22 treatment group and in the control
group was maintained.

4. Discussion

In this study, we determined that LRD22 has broad tumor
inhibitory activity at a concentration of 2 mM. LRD-22 exhibited
dose- and time-dependent inhibitory effects with an IC50 of about
0.5 mM when treated for 48 h, and this effect was particularly
evident in HepG2 cells. A HepG2 xenograft tumor model confirmed
this LRD-22 tumor inhibitory effect at a concentration of 5 mg/kg
with about 50% suppression of tumor growth. Study of the mech-
anism involved demonstrated LRD-22 significantly induces HepG2
cell apoptosis through the Aurora-A/p53 pathway.

Hiroshi Katayama et al. reported p53 may be phosphorylated
at Ser315 by Aurora-A kinase, leading to its ubiquitination by
MDM2 and proteolysis. Inhibition of Aurora-A kinase activity
promotes p53 accumulation, causing upregulation of check-
pointeresponse pathways and protecting cells from tumorigen-
esis [24]. As noted above, Aurora-A kinase phosphorylates p53 at
Ser315 and down regulates its stability, promoting cell trans-
formation. Inhibition of Aurora-A kinase may induce G2/M arrest
due to stabilization of p53 [24]. Moreover, Aurora-A kinases are
upregulated in several human cancers and are correlated with
poor prognosis [25]. These kinases are therefore believed to be
important anti-cancer drug targets. A number of small-molecule
Aurora kinase inhibitors have been developed over recent years
and several compounds are currently in various stages of clinical
trials [26].

Based on our results, we propose that LRD-22 inhibits cancer
growth by induction of cell cycle arrest and apoptosis through the
Aurora-A/p53 pathway. Aurora-A is inhibited by LRD-22, and at the
same time p53 is activated to induce cell G2/M arrest and apoptosis.
The tumor growth inhibitory activity of LRD-22 was effective not
only in vitro but also in vivo.

This is the first time LRD-22, which is a dual dithiocarbamic acid
ester, has been reported to be a novel Aurora-A kinase inhibitor
with significant anti-cancer effect. LRD-22 is a promising targeting
agent for HCC.
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