
Abstract. Hepatocellular carcinoma (HCC) shows low

response to most conventional chemotherapies. To facilitate

target identification for novel therapeutic development, we

deployed gene expression profiling on 43 paired HCC tumors

and adjacent non-tumoral liver, which is also considered as

the pre-malignant liver lesion. In conjunction with ontology

analysis, a major functional process found to play a role in the

malignant transformation of HCC was microtubule-related

cellular assembly. We further examined the potential use

of microtubule targeting taxane drugs, including paclitaxel

and docetaxel, and compared with findings to results from

doxorubicin, a common chemotherapeutic agent used in HCC.

Recent studies showed that drug delivery by nanoparticles

have enhanced efficacy with reduced side effects. In this

regard, the nanoparticle albumin-bound (nab)-paclitaxel was

also examined. In a panel of HCC cell lines studied, a high

sensitivity towards taxane drugs was generally found, although

the effect from nab-paclitaxel was most profound. The nab-

paclitaxel showed an effective IC50 dose at 15-fold lower than

paclitaxel alone or the derivative analogue docetaxel, and

~450-fold less compared to doxorubicin. Flow cytometric

analysis confirmed a cell cycle blockade at the G2/M phase

and increased apoptosis following nab-paclitaxel treatment.

In vivo animal studies also showed that nab-paclitaxel readily

inhibited xenograft growth with less toxicity to host cells

compared to other anti-microtubule drugs and doxorubicin.

Gene silencing of the microtubule regulatory gene STMN1

by RNAi suggested a distinct synergistic effect in the combined

treatment with nab-paclitaxel. Our findings in this study highly

suggest that the microtubule assembly represents a promising

therapeutic target development in HCC. 

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common

cancer worldwide and the third most common cause of cancer-

related deaths annually (1). The dismal outcome of individuals

diagnosed with HCC is largely attributed to the disease being

often diagnosed late in the course of clinical manifestation.

As a result, only 10-15% of patients are candidates for curative

surgery. For the majority of HCC patients, systemic chemo-

therapies or supportive therapies are the mainstay treatment

options. Nevertheless, most chemotherapeutic agents show

limited effectiveness and have not been able to improve patient

survival (2-5). Recent Phase III randomized trial of Sorafenib,

an oral multi-kinase inhibitor of the VEGF receptor, PDGF

receptor, and Raf, on hepatitis B-related HCC patients showed

for the first time to prolong survival of advanced stage patients

(6). However, the median overall survival barely increased

from 4.2 months in the placebo group to 6.5 months in the

treatment group (6). Moreover, HCC are inherently chemo-

therapy-resistant tumors and are known to over-express multi-

drug resistance genes, such as MDR1 (P-gp) and the multi-

drug resistance proteins (MRPs) (7-9). The adverse clinical

course of most HCC patients underscores the need for more
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efficacious chemotherapies and development of targeting

strategies.

Gene expression profiling has led to the discovery of vital

signaling paths in human oncogenesis, and aided identifications

of molecular targets for therapeutic developments. Using this

approach, a number of potential targets such as extra-cellular

matrix (ECM) related genes, osteopontin, fatty acid-binding

protein 7 (FABP7), serine/threonine kinase 31 (STK31) have

been previously suggested in breast cancer, colorectal cancer,

melanoma, glioblastoma and gastrointestinal cancer (10-14).

In this study, we carried out gene expression profiling in

conjunction with ontology analysis to decipher functional

changes that underlie the malignant transformation of HCC.

A number of aberrant pathways were suggested, amongst

which deregulations of microtubule-related cellular assembly

ranked the most significant. 

Based on the annotation results obtained from Gene

Ontology, we explored the potential use of microtubule

targeting drugs for their therapeutic utility in HCC cells.

Microtubule-binding agents (taxanes) are a class of diterpenoid

drugs (15) that have anti-tumor activity against a wide range of

human cancers (16-18). Paclitaxel is the most commonly used

taxane, while docetaxel is a synthetic taxoid structurally similar

to paclitaxel. However, both have low aqueous solubility

requiring solubilization with surfactants and solvents and

show treatment associated severe toxicity in patients (19,20).

Nanoparticle albumin-bound (nab)-paclitaxel is a 130-nm

particle formulation of paclitaxel that is devoid of any sur-

factant, solvent or ethanol carriers (21). nab-paclitaxel has been

shown to exert high anti-tumor activity, more effective intra-

tumoral accumulation and less cytotoxicity than paclitaxel in

pre-clinical animal models of multiple cancers (22,23). In this

study, we investigated the comparative anti-tumor activity of

taxane-based drugs and doxorubicin in HCC cell lines and

xenograft model. We also examined the efficacy of taxanes in

combination with silencing of Stathmin1 (STMN1), a key

regulatory protein that controls the microtubule dynamics. 

Materials and methods

Expression profiling and informatic analysis. Gene expression

profiling on 43 paired HCC tumors and adjacent non-tumoral

livers was performed according to method previously described

(24). Demographic information of cases studied is shown in

Table I. Normal liver RNA from three individuals were pooled

and used as reference control in array hybridisation (Ambion,

Austin, TX; Clontech Laboratory Inc., Palo Alto, CA; and

Strategene, La Jolla, CA). Briefly, reverse-transcribed RNA

from test sample and normal liver pool were differentially

labelled with fluorescent Cy5-dCTP or Cy3-dCTP. Labelled

cDNAs were co-hybridised onto 19K cDNA arrays (Ontario

Cancer Institute, Canada). Hybridised signals captured by

ScanArray 5000 (Packard BioScience, UK) were analysed

by GenePix Pro4.0 (Axon, CA). Results from duplicate spots

and dye swap experiments were averaged, and the normalized

intensity ratio for each transcript was subjected to informatic

analysis to determine the influential genes involved in the

malignant HCC transformation. 

A combined parametric and non-parametric analysis was

performed on the microarray profiles obtained. Statistical

significance (P-value) for each gene is calculated based on a

pair-wise permutation t-test using significant analysis for

microarray (SAM) and paired Wilcoxon signed rank test.

Correction for multiple hypotheses testing has also been carried

out using Bonferonni or false discovery rate analysis. To

establish the significance of a gene, the combined P-value

from SAM and Wilcoxon tests was averaged, and scored for

precedence by ranking. Genes that ranked top 5% percentile

(at ≥2.0-fold median up- or down-regulation) were selected and

further subjected to functional ontology analysis by Ingenuity

Pathway Analysis (IPA; http://www.ingenuity.com).

Cell culture and taxane drugs. Human liver cancer cell lines

Hep3B and SK-HEP-1 acquired from ATCC were cultured

in Dulbecco's modified Eagle's medium with Glutamax-1

(Gibco-BRL, Grand Island, NY, USA) supplemented with

10% fetal bovine serum. HKCl-9 previously established from

our group (25) was cultured in AIMV medium (Gibco-BRL)

supplemented with 1% L-glutamine and 10% fetal bovine

serum. All cells were cultured under a humidified atmosphere

of 5% CO2 at 37˚C.

Doxorubicin was purchased from EBEWE Pharma Ges

(Unterach, Austria), and stored at a concentration of 2 mg/ml

at 4˚C. Paclitaxel (Taxol®) was obtained from Bristol-Myers

Squibb (Princeton, NJ, USA), and stored at a concentration

of 6 mg/ml in 527 mg of purified Cremophor® EL and 49.7%

dehydrated alcohol at -20˚C. Docetaxel (Taxotere®) was

obtained from Aventis Pharma SA (Paris, France), and stored

at a concentration of 10 mg/ml in 13% w/w ethanol at 4˚C.

The nanoparticle albumin-bound (nab)-paclitaxel (nab-

paclitaxel, Abraxane®) was obtained from Abraxis BioScience

(Los Angeles, CA, USA). Each vial of nab-paclitaxel supplied

contains 100 mg of paclitaxel, stabilized in 900 mg of albumin.

Upon reconstitution, 20 ml of PBS was added to give a stock

concentration of 5 mg/ml nab-paclitaxel and stored at -20˚C

until use. 

Cell viability assay. Cell viability was measured by MTT

assay. Cells grown in 96-well plates at density of 3000 cells

per well were treated with drugs or siRNA transfection as

indicated. Paclitaxel, docetaxel and nab-paclitaxel were

tested at different concentrations ranging from 0 to 40 μg/ml

for 48 h, while doxorubicin tested at concentrations ranging

from 0 to 150 μg/ml for 48 h. The formazan formed was

measured at 570 nm and cell viability expressed as a percentage

of maximum absorbance from 5 replicates in 3 independent

experiments. The concentration of drug that inhibited cell

survival by 50% (IC50) was determined from cell survival

curves.

Immunofluorescence analysis. Cells plated on sterile 18x18 mm

glass cover slip was allowed to adhere for 24 h prior to treat-

ment with 5 ng/ml nab-paclitaxel or medium for another

24 h. Cells fixed in 4% paraformaldehyde were then incubated

with anti-ß-tubulin (Zymed, Invitrogen) at 1:100 dilution.

Secondary antibody Alexa-598-coupled anti-mouse immuno-

globulin (Molecular Probes, Eugene, OR, USA) was applied at

1:200 dilution. Cell nuclei counterstained in DAPI (Molecular

Probes) were examined under a fluorescence microscope

(Nikon EFD-3, Japan). Post-capture image analysis and
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processing of image stacks were performed using the analySIS

software.

Flow cytometry analysis of cell cycle. Cell cycle distribution

was measured after exposure to different concentrations of

nab-paclitaxel. After 12 h, all cells including detached cells

were harvested and fixed in 70% ethanol at 4˚C overnight.

Fixed cells were incubated with RNase A and propidium

iodide prior to flow cytometric analysis (BD FACSCalibur™,

Becton-Dickinson). The average value of G0-G1, S and G2-M

phases were calculated from 2 independent experiments. 

TUNEL assay. TUNEL assay was conducted according to

procedures of In Situ Cell Death Detection Kit (Roche Applied

Science, Mannheim, Germany). In brief, cells treated with

different concentrations of nab-paclitaxel were fixed and

incubated with TUNEL reaction mixture for 1 h at 37˚C. Cell

nuclei counterstained in DAPI were examined by fluorescence

microscope (Nikon EFD-3, Japan). Percentage apoptotic

cells were calculated based on at least four randomly fields,

which totaled ~200 cells.

siRNA transfection. siRNA sequences, empirically designed

based on recommendations of Dharmacon RNA Techno-

logies (Lafayette, CO, USA), included STMN1 siGENOME

SMARTpool (siSTMN1) and siCONTROL Non-Targeting

siRNA (siMock). All siRNAs were chemically synthesized

as double stranded RNA (Dharmacon) and introduced into

cell lines by Lipofectamine 2000 (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer's instructions. Briefly,

cells were incubated with 100 nM siRNA (siSTMN1 or

siMock). Six hours after transfection, medium was replaced

by fresh growing medium. The expression of STMN1 was

monitored by Western blotting, which indicated a repressed

expression for at least 3 days. Paclitaxel and nab-paclitaxel at

concentrations ranging from 0 to 40 μg/ml were applied at

6th hour after siRNA transfections. MTT assay for cell viability

was carried out at 48 h, and the IC50 values calculated as

described. 

Immunoblotting. Protein lysates from cells treated with nab-

paclitaxel for 48 h and untreated control cells were quantified

using the Bradford Protein Assay (Bio-Rad Laboratories,

Hercules, CA, USA). Equal amounts of protein lysates (30-

60 μg) were separated by SDS-PAGE and electrotransferred

to nitrocellulose membrane (Bio-Rad Laboratories). Primary

antibodies used included anti-STMN1 (1:1000 dilution),

anti-PARP (1:1000 dilution) (Cell Signaling Technology,

Beverly, MA, USA), anti-GAPDH (1:10,000 dilution)

(Millipore Corp., Bedford, MA, USA). After incubation with

peroxidase conjugated secondary antibody (1:10,000 dilution

for anti-GAPDH; 1:2000 for other primary antibodies) (Santa

Cruz Biotechnology, Heidelberg, Germany), protein expression

was detected using SuperSignal West Pico Chemiluminescent

Substrate (Thermo Scientific, Rockford, IL, USA).

SK-HEP-1/Luc+ xenograft model. SK-HEP-1 luciferase stable

clone was prepared by transfecting SK-HEP-1 cells with firefly

luciferase expression vector and selected with 500 μg/ml

Geneticin (Gibco-BRL) for 4 weeks. Individual colonies

were screened for bioluminescence activity using the Xenogen

IVIS® imager (Alameda, CA, USA). Clones with stable

luminescence expression were used for in vivo studies.

Male BALB/c nude mice at 6-8 weeks old with an average

body weight of ~20 g were anesthetized by intraperitoneal

injection of ketamine hydrochloride (120 mg/kg) (Fort Dodge

Animal Health, Fort Dodge, IA, USA) plus xylazine (6 mg/kg)

(Phoenix Scientific, Inc., St. Joseph, MO, USA). Anesthetized

animals then received 5x106 SK-HEP-1/Luc+ cells suspended

in 200 μl serum-free medium by subcutaneous injection

below the dorsal flank. Drug treatments started on day 14 after

tumor cells inoculation. Mice were divided into 5 groups:

PBS (n=13), nab-paclitaxel (n=14), paclitaxel (n=9), docetaxel

(n=9) and doxorubicin, (n=10). Based on the suggested dose

of 30 mg/kg (35 mmol/kg) nab-paclitaxel in a previous study

on multiple cancers, all drugs were given every two days for

five times, at a dose of 35 mmol/kg (nab-paclitaxel: 30 mg/kg,

paclitaxel: 30 mg/kg, docetaxel: 28 mg/kg, doxorubicin:

19 mg/kg) (22). Tumor growth was monitored twice weekly

by in vivo bioluminescent imaging and by external caliper

measurements using the formula of [(length x width2)/2]

for 24 days. For in vivo bioluminescent imaging, 150 mg/kg

D-luciferin were given by intraperitoneal injection and 10 min

after luciferin injection, mice were anesthetized by isoflurane

and tumor cell viability was measured by the Xenogen IVIS
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Table I. Demographic information of 43 HCC patients

studied by gene expression profiling.

–––––––––––––––––––––––––––––––––––––––––––––––––

HCC patients

(n=43)

–––––––––––––––––––––––––––––––––––––––––––––––––

Gender

Male 35 (81.4%)

Female 8 (18.6%)

Age

Median (quartiles) 58 (50-67)

HbsAg

Positive 40 (93.0%)

Negative 3   (7.0%)

Underlying liver cirrhosis

Present 37 (86.0%)

Absent 6 (14.0%)

AJCC Staging

Stage T1 6 (14.0%)

Stage T2 23 (53.5%)

Stage T3 10 (23.3%)

Stage T4 4   (9.3%)

No. of lesions at presentation

Single 27 (62.8%)

Multiple 16 (37.2%)
–––––––––––––––––––––––––––––––––––––––––––––––––



imager. Experimental protocols and procedures were approved

by the Animal Research Ethics committee of the Chinese

University of Hong Kong.

Statistical analysis. The data are presented as mean ± SD.

Student's t-test, Kaplan-Meier survival curves and One-way

ANOVA analysis were performed using Graphpad Prism 3.0

software. Differences were considered statistically significant

at P<0.05.

Results

Functional ontologies involved in HCC development. To

facilitate biological interpretation of Gene Ontologies in the

development of HCC, genes from our microarray dataset

were first ranked and selected by evidence of significant

differential expression according to statistical methods

described in the Materials and methods. Enriched differential

expressed genes obtained from SAM and Wilcoxon signed

rank test were expected to be more robust that changing

thresholds alone, and were subjected to analysis for functional

networks involved present. The heat map diagram (Fig. 1A)

illustrates the pattern of clustering across patient samples

and genes. IPA analysis of ~1,000 significant known genes

(top 5% percentile changes) suggested a few significant

gene ontologies, which included cellular assembly and

organization, cellular function and maintenance, cell death,

cell cycle, cellular composition, drug and lipid metabolism

and small molecules biochemistry (Fig. 1B). In particular, the

cellular assembly and organization category ranked the most

significant event, where over-representations of microtubule

associated genes such as STMN1 and TUBB4 were found

(Fig. 1C). 

Cytotoxic effect of taxanes on HCC cells. We first evaluated

the effect of microtubule targeting drugs, paclitaxel, docetaxel

and nab-paclitaxel, on HCC cell lines that displayed elevated

STMN1 expressions, which would infer the presence of

deregulated microtubule organization (Fig. 2B). A high

sensitivity towards the taxane-based drugs was generally found

in Hep3B, SK-HEP-1 and HKCl-9 compared to doxorubicin,

a chemotherapeutic agent that is widely used for many cancers,

including HCC (Fig. 2A). Remarkably, nab-paclitaxel showed

the highest potency with a lowest effective dosage found in
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Figure 1. (A) Gene expression patterns were identified in 43 paired HCC tumors and adjacent non-tumoral livers. The top 649 genes (fold change >2.0) are

illustrated. Relative gene expression is color coded in which red represents high relative expression and green represents low relative expression in HCC

tumors compared with adjacent non-tumoral livers. Patients are identified in the dendrogram across the top, whereas genes are represented by the dendrogram

on the left. (B) Ingenuity Pathway Analysis revealed 10 top ranked functional ontologies in HCC. The up-regulated and down-regulated genes involved in

cellular assembly and organization are shown. (C) The STMN1-tubulin axis path is illustrated. Red color represents genes that are up-regulated, while green

color denotes down-regulated genes.



all 3 cell lines tested. The IC50 obtained on nab-paclitaxel

ranged from 0.29±0.02 to 10.42±1.37 nM, which was about

44-1082-fold less than doxorubicin (IC50 value ranged from

105.95±10.58 to 455.93±35.72 nM) and 7-20 fold less than

standard paclitaxel (IC50value ranged from 3.16±0.45 nM to

74.22±10.05 nM) (Fig. 2C).

nab-paclitaxel treatment induced cell cycle blockade and

apoptosis. It is known that paclitaxel induces mitotic arrest

through stabilizing microtubule polymerization (26,27). We

observed a similar effect with nab-paclitaxel, where a higher

degree of microtubule polymerization was found in the

treated cells (Fig. 3). The effect of nab-paclitaxel on the cell

cycle was also studied. In both Hep3B and SK-HEP-1, flow

cytometric analysis indicated that an increase in the G2/M

population was found with increasing concentrations of

nab-paclitaxel applied, suggesting a dose-dependent cell

cycle arrest (P<0.05; Fig. 4B). Flow cytometry profile also

showed a sub-G1 fraction appearing after the treatment with

nab-paclitaxel (Fig. 4A). The presence of apoptotic cells

were further confirmed in SK-HEP-1 and Hep3B by TUNEL

analysis, which indicated the number of TUNEL positive

cells corresponded to the amount of nab-paclitaxel used

(P<0.001; Fig. 4C and D). The cleavage of nuclear protein

PARP was determined by monitoring the presence of 89 kDa

cleaved product. PARP cleavage became evident at 12 h after

treatment and gradually increased over 48 h (Fig. 4E). 

Effect of nab-paclitaxel on in vivo xenograft growth. We

subcutaneously injected SK-HEP-1/Luc+ cells into BALB/c

nude mice and examined the anti-tumoral effects of taxanes

and doxorubicin in vivo. Developed xenograft was measured

for tumor size on the first day of treatment and twice weekly

thereafter by IVIS imaging and caliper measurements. Fig. 5A

shows the percentage change of tumor size in each treatment

group with time. The control PBS group showed a gradual

increase in tumor size over the period of study. While each

treatment group showed a reduction in tumor size, the toxicities

from doxorubicin, paclitaxel and docetaxel were particularly

severe, which resulted in much weight loss and deaths of

many mice within 3 injections (Fig. 5B and C). Although

weight loss was also observed with nab-paclitaxel injection,

it was least severe and the mice were generally able to re-

gain body weight after the last injection on day 9. The anti-

tumoral effect of nab-paclitaxel was highly significant with

considerable inhibition on tumor sizes compared to control

group (P=0.0007). Moreover, >60% of mice survived to the

end of experiments (Fig. 5B). 

STMN1 knockdown increases sensitivity to taxane drugs.

Silencing of STMN1 has been shown to promote microtubule

polymerization (28). We hence sought to examine the possible

synergistic effect of STMN1 knockdown and microtubule

stabilizing drugs in HCC. Fig. 6A showed the STMN1 protein

level in Hep3B after siRNA knockdown on days 1 and 3.
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Figure 2. (A) Cytotoxic effects of taxanes and doxorubicin in HCC. Cell lines Hep3B, HKCl-9 and SK-HEP-1 were treated with increasing concentrations of

doxorubicin, paclitaxel, docetaxel, and nab-paclitaxel for 48 h. Effect on cell viability was investigated by MTT, and the IC50 values determined. Experiments

were repeated three times and expressed as the mean ± SD. (B) The expression of STMN1 in normal livers and HCC cell lines as detected by Western blotting.

(C) The IC50 value of drugs tested in HCC cell lines listed.



Specific STMN1 knockdown in Hep3B showed ~40% decrease

in cell viability compared to mock on day 3 post-transfection

(Fig. 6B). In the combinatory study with taxanes, Hep3B

transfected with siSTMN1 was 7.7-fold more sensitive to

nab-paclitaxel (IC50, 0.04±0.004 vs 0.31±0.04 nM) and 2.7-fold

more sensitive to paclitaxel (IC50, 1.95±0.28 vs 5.17±0.06 nM)

(Fig. 6C). In contrast, knockdown of STMN1 had no effect

on the sensitivity of doxorubicin, a drug that does not target

the microtubules. 

Discussion

In this study, we performed microarray profiling for paired

HCC tumors and adjacent non-tumoral livers in an effort to

define deregulated functional ontologies that are associated

with the development of HCC. Enriched differential expressed

genes obtained from SAM and Wilcoxon signed rank test

were subjected to pathway analysis using IPA. Using this

approach, we found that the cellular assembly and organization

through the microtubule functional networks ranked the most

significant cellular event in HCC. Our finding is consistent

with several earlier reports on expression profiling of HCC,

which also suggested the microtubule-based processes and

microtubule cytoskeletal organization to be important

biological and cellular components in HCC (29,30). In line

with our finding, other profiling studies also found the

microtubule regulatory gene STMN1 to be commonly up-

regulated in HCC (31,32). Collectively, these investigations
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Figure 3. Microtubule morphology in Hep3B and SK-HEP-1 cells treated with nab-paclitaxel. Cells treated with 5 ng/ml nab-paclitaxel for 24 h were fixed in

4% paraformaldehyde, and stained for ß-tubulin (red). Nuclei were counterstained with DAPI (blue). (a-c), Hep3B control; (d-f), nab-paclitaxel treated

Hep3B. (g-i), SK-HEP-1 control; (j-l), nab-paclitaxel treated SK-HEP-1. Inserts in figures (d-f) and (j-l) are captures from a different field from the same

slide. nab-paclitaxel treated cells showed a higher degree of microtubule polymerization (arrows). Representative images from two independent experiments

are shown.



provide a rationale for targeting the microtubules in HCC.

However, to our knowledge, only a few studies have reported

on the use of anti-microtubule agents as a therapeutic strategy

in HCC (33,34). In this study, we hence examined the

microtubule stabilizing taxanes for their effects in preclinical

models of HCC.
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Figure 4. (A) Cell cycle profile of nab-paclitaxel treated Hep3B and SK-HEP-1. Cells treated with differing concentrations of nab-paclitaxel for 12 h were

harvested, stained with PI, and analyzed by flow cytometry. (B) Ratio of G2M to G0/G1 populations in Hep3B and SK-HEP-1 in response to varying

concentrations of nab-paclitaxel. *P<0.05, **P<0.01 (One-way ANOVA). (C) TUNEL analysis in Hep3B and SK-HEP-1 cells showed increase number in

apoptotic cells (green) after treatment of nab-paclitaxel at 100 ng/ml for 48 h. Nuclei counterstained with DAPI. Images shown are representative of two

independent experiments. (D) Percentage of apoptotic cells increased with increasing concentrations of nab-paclitaxel applied. *P<0.05, **P<0.01 (One-way

ANOVA). (E) Western blotting for PARP in Hep3B and SK-HEP-1 treated with nab-paclitaxel showed increasing amount of cleaved PARP with time. 



Taxanes are known to bind microtubules polymers and

stabilize microtubule in tumor cells, thereby arrest cells in

G2/M and promote cell death by suppressing microtubule

dynamics (15,35). Paclitaxel and docetaxel have shown

significant clinical activities in various solid tumors, such

as breast, ovarian, and prostate cancers; and effectiveness in
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Figure 5. Effect of nab-paclitaxel on HCC tumor growth in vivo. SK-HEP-1/Luc+ cells (5x106) were injected subcutaneously into male BALB/c nude mice

(n=9-13 for each group). Two weeks after tumor inoculation, mice received intraperitoneal injection of drugs (35 mmol/kg) every two days, five times. (A)

Tumor growth was monitored and quantified twice weekly. A significant difference between the vehicle group and nab-paclitaxel treated group was observed

at the end of observation (paired t-test, **P<0.01 compared to PBS group). Animals on other treatment groups died within 3 injections. Arrows indicate time of

drug injection. (B) Percentage change in body weight of mice from drug treatments. (C) Survival curve was plotted according to the status of the mice during

experiments. A significant difference between the vehicle group and drug treated groups was observed (*P<0.05, **P<0.01, compared to PBS group). (D) IVIS

images of representative mice of control and nab-paclitaxel treated are shown.



pre-clinical study models of non-small cell lung cancer, head

and neck cancer, and esophageal cancer (16-18). Because

of their low aqueous solubility, organic vehicles such as

polyoxyethylated castor oil (Cremophor EL), polysorbate 80

(Tween-80) and ethanol have been used to formulate these

drugs, but these solvents are also directly associated with severe

toxicity and hypersensitivity reactions (19,20). Pre-medication

of steroid and anti-histamine is required to minimize the risk

of hypersensitivity reaction but severe or even fatal hyper-

sensitivity reaction still occurs (35,36). Such undesirable side

effects have in part rendered few clinical studies in the use of

taxanes in HCC patients. The lyophilized formulation of nab-

paclitaxel comprising of albumin and paclitaxel is

reconstituted in 0.9% NaCl and forms a colloidal suspension

during administration. Because of its formulation, which is

devoid of any solvents or ethanol (21), nab-paclitaxel has much

less treatment-related toxicity. In comparing the effects and

toxicity of paclitaxel and docetaxel with nab-paclitaxel, our

study showed that paclitaxel and docetaxel were more effective

than doxorubicin, although nab-paclitaxel exhibited the highest

efficacy in inhibiting HCC cell viability with the lowest IC50

consistently determined in HCC cell lines. nab-paclitaxel

induced G2/M arrest through microtubule polymerization that

concluded in apoptosis. In our in vivo animal study, we have

used an equivalent molar concentration of nab-paclitaxel along

with paclitaxel, docetaxel and doxorubicin. Our data suggested

that nab-paclitaxel is the most effective cytotoxic agent with

maximum tolerance in xenograft model. 

In defining the cellular assembly network in HCC, we

also found the microtubule regulatory gene STMN1 to be

significantly over-expressed. It is a microtubule-destabilizing

factor that plays an important role in controlling cellular

proliferation by promoting microtubule depolymerization

(37-40). Over-expression of STMN1 has been reported for

various types of tumor such as leukemia, breast cancer,

ovarian cancer and HCC (41-43). As STMN1 is a micro-

tubule-destabilizing factor, we examined if knockdown

STMN1 expression could provide a synergistic effect with

nab-paclitaxel treatment in HCC. Knockdown of STMN1

expression readily reduced cell viability by about 40% in

Hep3B. More significantly, suppression of STMN1 could

sensitize HCC cells to nab-paclitaxel by ~8-fold. In line with

our finding, Alli et al demonstrated that STMN1 over-

expression reduced sensitivity to paclitaxel treatment in

breast cancer cell line (44). Nevertheless, knockdown of

STMN1 did not seem to have altered sensitivity of HCC

cells to doxorubicin, which is mainly a DNA-targeting drug.

These results implied that treatment strategy targeting both

microtubule and STMN1 could enhance therapeutic effects

on HCC cells. In this context, the specific reduction of

STMN1 expression, for example, by small molecules that

inhibit STMN1 bioactivity or ribozyme-mediated knockdown
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Figure 6. Effect on drug sensitivity following silencing of STMN1 gene expression. (A) Level of STMN1 at days 1 and 3 after siRNA knockdown. STMN1

expression was determined by Western blotting. Images are representative of three independent experiments. (B) Silencing of STMN1 inhibits Hep3B

cell viability by ~40% on day 3. Data are expressed as means ± SD of three independent experiments (**P<0.01, ***P<0.001 compared to siMock group).

(C) Silencing of STMN1 expression sensitized STMN1-overexpressing cells to anti-microtubule drugs. Hep3B cells transfected with siSTMN1 were treated

with doxorubicin, paclitaxel and nab-paclitaxel for 48 h. Distinct synergistic effect was suggested with nab-paclitaxel. Results shown represent mean ± SD

from 2 or more independent experiments (*P<0.05, **P<0.01 compared to siMock group). 



approaches, may offer novel therapeutic options for HCC

patients. Recently, it was reported that STMN1 might be a

molecular target of two xanthones, gambogic acid and

gambogenic acid (45). The use of nab-paclitaxel alone or in

combination treatment using gambogic acid or gambogenic

acid may hold promises as novel treatment options in HCC

patients and warrants for further clinical investigations.
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