
OR I G I N A L A R T I C L E

Targeted paclitaxel-octreotide conjugates inhibited the growth
of paclitaxel-resistant human non-small cell lung cancer A549
cells in vitro
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Abstract
The application of chemotherapy in non-small cell lung cancer (NSCLC) is limited by the
toxicity to normal cells and the development of multi-drug resistance. Targeted chemo-
therapy using cytotoxic analogs against specific receptors on cancer cells could be a less
toxic and more efficacious approach. We identified that the expressions of somatostatin
receptor (SSTR) 2 and 5 in tumor tissues from NSCLC patients were higher than those in
the adjacent normal tissues by immunohistochemistry, and therefore, cytotoxic somato-
statin analogues might be applied for SSTRs-mediated targeted therapy against NSCLC.
Two cytotoxic analogs, paclitaxel-octreotide (PTX-OCT) and 2paclitaxel-octreotide
(2PTX-OCT), were synthesized by linking one or two molecules of paclitaxel to one mole-
cule of somatostatin analog octreotide. PTX-OCT and 2PTX-OCT significantly inhibited
the growth and induced apoptosis of SSTR2- and SSTR5-positive A549 cells, compared
with the control (p < 0.01), and had less inhibitory effect on SSTR2- and SSTR5-negative
H157 cells than paclitaxel (p < 0.01). Moreover, compared with paclitaxel, PTX-OCT con-
jugates induced lower expression of MDR-1 gene both in vitro and in vivo. Three A549
paclitaxel-resistant cell lines were established through different approaches, and the
paclitaxel-resistant cell showed higher sensitivity to PTX-OCT conjugates than to pacli-
taxel, which might be because of the differential MDR-related gene expressions and cell-
cycle distribution in paclitaxel-resistant A549 cells. Our results suggested that PTX-OCT
conjugates could be potentially used for SSTRs-mediated targeted therapy for NSCLC,
especially for those with paclitaxel resistance and induced less multidrug resistance.
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INTRODUCTION

Lung cancer is still the leading cause of cancer-related
deaths both in men and women in the world1 as well as in
China.2 There are two major types of lung cancer, non-
small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC), the former of which accounts for ~85% of all
lung cancer cases.3 Despite the advances in surveillance
and early detection, NSCLC is often diagnosed at an
advanced stage and has a poor prognosis.

Chemotherapy is one of the main treatments for advanced
NSCLC patients, and paclitaxel (PTX) is used as first-line regi-
men in combination with cisplatin or as radio-sensitizing
agents with therapeutic radiation. Unfortunately, although
PTX shows positive effect on many NSCLC patients, its effi-
cacy is often limited by the development of drug resistance.
Chemo-resistance can be intrinsic or acquired; intrinsic resis-
tance is pre-existent or inherent, whereas acquired resistance is
induced by drug exposure.4 There are a variety of mechanisms
for PTX resistance, including altered expression and mutation
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of β-tubulin, changes of apoptotic regulatory proteins, over-
expression of cytokines such as interleukin 6 (IL-6) or ATP-
binding cassette (ABC) that induces multidrug resistance
(MDR).5

Targeted chemotherapy is a modern approach in cancer
treatment, which aims to improve the therapy efficacy and
decrease the peripheral toxicity.6,7 Peptide receptors on
malignant tumors can be used as targets by linking peptide
ligands to cytotoxic agents, and several targeted cytotoxic
analogues have already been developed and applied in the
treatment of various types of cancer.8 Somatostatin recep-
tors (SSTRs) are a group of G-protein-coupled receptors
that have been characterized in different types of cancer,
including NSCLC.9 SSTRs are found to be overexpressed in
human NSCLC by radio-labeled analogues of somato-
statin10,11 and therefore, it could serve as potential targets
for treatment. Cytotoxic somatostatin analogues containing
doxorubicin or 2-pyrrolino-doxorubicin have been evaluated
for treatment of colorectal cancer,12 breast cancer,13

glioblastoma,14 etc.
Our group incorporated PTX into paclitaxel-octreotide

(PTX-OCT) or 2paclitaxel-octreotide (2PTX-OCT) conju-
gates by linking one or two molecules of PTX to one mole-
cule of somatostatin analog octreotide. We found that the
cytotoxic conjugates inhibited the growth of human NSCLC
cells both in vitro and in nude mice.15,16 In this study, we
established three A549 PTX-resistant cell lines through dif-
ferent approaches, evaluated the cytotoxic effect of targeted
analogues on PTX-resistant sublines, and investigated its
possible mechanisms. Acquired resistance can be induced by
PTX through multiple mechanisms, including MDR.17,18

MDR can be induced by increased exporting chemothera-
peutic agents from cancer cells because of overexpressed
ABC transporters, such as MDR-1, MDR-related protein 1
(MRP-1), and breast cancer resistance protein (BCRP).19

The effect of targeted conjugates on the induced expressions
of MDR-1, MRP-1, and BCRP was also investigated in this
study both in vitro and in vivo.

MATERIALS AND METHODS

Case selection

A total of 118 previously untreated patients, who had under-
gone radical surgery or biopsy in Qilu Hospital, Shandong
University and were diagnosed as NSCLC by pathology
reports from 2017 to 2018, were reviewed. The subjects
included 86 male and 32 female with a median age of
59 years old (range: 29–79). Adjacent lung tissues (>2 cm
from original tumor margins) from 15 patients (10 male and
5 female; age range: 35–72 years old) were analyzed as con-
trol. The clinic-pathologic information of all cases, including
age, sex, smoking history, histological type, primary tumor
size, nodal status, and metastases, was collected. The study
was approved by the Institutional Review Board of Qilu
Hospital of Shandong University.

Immunohistochemistry

Paraffin-embedded tumor samples were sectioned at a
thickness of 4 μm and placed on clean slides for immuno-
histochemical analysis. Polyclonal antibodies against
SSTR2 (diluted 1:100; Boster) or SSTR5 (diluted 1:2000;
Abcam) were added onto the slides after blocking with
goat sera. Immunostaining was performed using SP kit
and DAB kit (Zhongshan Goldenbridge Biotechnology)
according to the manufacturer’s instructions. Negative
control was processed with phosphate-buffered saline
(PBS) solution instead of primary antibodies. Slides were
observed under an inverted microscope (Olympus IX81)
and photographed with a digital camera.

Peptide and cytotoxic conjugates

Octreotide was synthesized by Zillion Pharmaceutical
(Shanghai, China), and the two conjugates, PTX-OCT
and 2PTX-OCT, were synthesized and purified as previ-
ously described.15,16

Cell culture and establishment of PTX-resistant
cell lines

Human NSCLC cell lines H157 and A549, as well as A549
PTX-resistant derivatives, A549-P, A549-PS, and A549-S,
were maintained in RPMI 1640 medium (Hyclone) con-
taining 10% fetal bovine serum (Gibco) at 37�C in a humidi-
fied atmosphere with 5% CO2. A549 cells were selected for
PTX resistance by different approaches as following.

High dose pulse exposure (A549-P)

A549 cells were exposed to 3000 nM PTX (Shunyuan
Chemtech) for 1 h, and then the medium was replaced.
After achieving normal growth, the cells were exposed to
3000 nM PTX for 1 h, and the pulse exposures were
repeated for a total of 10 times.

Low dose stepwise exposure (A549-S)

A549 cells were initially exposed to 2.5 nM PTX. Once nor-
mal growth was achieved, the cells were maintained at the
current concentration of PTX before gradually increasing it
to 5 nM and 10 nM.

Low dose stepwise exposure following high dose
pulse exposure (A549-PS)

A549 cells were exposed to 3000 nM PTX for 1 h, and then
maintained in medium with 2.5 nM PTX. After achieving
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normal growth, the concentration of PTX was increased to
5 nM and 10 nM.

Cell proliferation assay

H157, A549, and three A549 PTX-resistant cells were
seeded into 96-well plates at a density of 1000 cells/well,
respectively. After culturing for 24 h in the humidified
incubator at 37�C and 5% CO2, PTX or cytotoxic conju-
gates of final gradient concentrations from 1 nM to
10 μM were added to each well. After 96 h, cell viability
was assessed by 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. Briefly, 20 μL MTT
(5 mg/mL in PBS, Sigma-Aldrich, USA) was added to
each well and incubated for 4 h, then the medium was
discarded and replaced with 150 μL dimethyl sulfoxide
(DMSO, Sigma–Aldrich). The plates were shaken for
10 min for mixing and the absorbance was read at
570 nm by using a microplate reader with a reference
filter of 630 nm (Bio-Rad). Cell viability was expressed
as percentages, with that of the control setting as 100%.
The drug concentration that reduced the viability of
cells by 50% (IC50) was determined by cell inhibition
rate, and the drug resistance index (RI) was equal to
the ratio of IC50 for resistant cell line to that for
A549 cells.

Cell apoptosis assay

Approximately 2 � 105 A549 or H157 cells were plated into
6-well plates for 24 h. Cell apoptosis was induced by 10 nM
PTX or PTX-OCT conjugates. After 48 h of induction, the cells
were harvested, washed with cold PBS, and then re-suspended
in 1� binding buffer (BD Pharmingen). Approximately
1 � 105 cells in 100 μL buffer were stained with 5 μL FITC-
conjugated Annexin V (BD Pharmingen) and 5 μL propidium
iodide (PI) (BD Pharmingen, USA) at room temperature for
15 min in the dark. After staining, 400 μL of 1� binding buffer
was added for analyzing by flow cytometry (BD FACScan,
USA) within 30 min.

Cell-cycle analysis

Approximately 1 � 106 A549 or the PTX-resistant cells
were collected, re-suspended, and fixed in 70% ethanol
at �20�C overnight. The cells were stained with 0.5 mL
PI/RNase staining buffer (BD Pharmingen, USA) for
15 min at room temperature and analyzed by flow cyto-
metry (BD FACScan, USA). Histograms generated by
fluorescence-activated cell sorting (FACS) were analyzed
by ModFit software (BD, USA) to determine the per-
centage of cells in each phase (G1, S, and G2/M).

In vivo experiment

Four-to-six-week male athymic nude mice (Ncr nu/nu)
were obtained from Shanghai SLAC Laboratory Animal
Co. (Shanghai, China). The mice were housed in laminar
air-flow cabinets under special pathogen-free conditions,
and fed with autoclaved standard chow and water at 26�C
to 28�C with 40% to 60% humidity. All animal experi-
ment protocols were reviewed and approved by the Ethics
Committee of Shandong University.

Approximately 5 � 106 A549 cells were injected into the
right flanks of 20 male nude mice by subcutaneously. When
tumors had grown to an average of 60 mm3 in volume, the
mice were randomly assigned into four groups: group
1 (control, 5 mice) received vehicle solution; group 2 (5 mice)
was injected with PTX; group 3 (5 mice) was injected with
PTX-OCT; group 4 (5 mice) was given 2PTX-OCT. The
injections were conducted through tail vein on Days 1, 7,
and 21 at a dosage of 150 nmol/kg. On Day 42, the mice
were euthanized under anesthesia, followed by excising
tumors and measuring the weight. Approximately 100 mg of
the tumor tissue from each sample was used to isolate RNA
according to the TRIzol reagent protocol (BBI).

RNA extraction and synthesis of cDNA

Total RNA was isolated using TRIzol reagent (BBI and puri-
fied with RNeasy mini spin columns (Qiagen, USA). Then,
1 μg of the total RNA was subjected to reverse transcription
into cDNA using TaKaRa RNA PCR Kit (Takara Bio)
according to the manufacturer’s protocol.

Detection of mRNA for SSTRs by RT-PCR

PCR amplification was performed using target-specific
primers to detect the mRNA expression of SSTR as previ-
ously described.15 β-actin was co-amplified as an internal
control.

Real-time qPCR analysis of MDR-1, MRP-1,
and BCRP

The gene-specific PCR primers were designed for MDR-1,
MRP-1, and BCRP as previously reported.20 qPCR was per-
formed based on the LightCycler cycler system (Roche Diag-
nostics). All the procedures were conducted according to the
manufacturer’s experimental protocol. The relative expres-
sion of each gene was calculated with Lightcycler software as
the concentration of each target gene divided by the concen-
tration of housekeeping gene β-actin. Melting curve analysis
confirmed the specificity of the amplification products for
the target genes.
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Statistical analysis

The values were reported as mean � standard deviation
(SD), and significance was assessed by Student’s t test or
one-way ANOVA. Differences with p < 0.05 were consid-
ered statistically significant.

RESULTS

Immuno-histochemical analysis of SSTR2 and
SSTR5 expressions in tumor samples from
NSCLC patients

We examined the expressions of SSTR2 and SSTR5 in
118 NSCLC samples by immunohistochemistry using spe-
cific antibodies. SSTR2 expression was mainly observed in
membrane (Figure 1a, adenocarcinoma; Figure 1c, squa-
mous cell carcinoma) whereas SSTR5 was expressed in both
membrane and cytoplasm (Figure 1b, adenocarcinoma;
Figure 1d, squamous cell carcinoma). The presence of
SSTR2 and SSTR5 was 63% (74/118) and 61% (72/118) in
the tumor samples, respectively; whereas the presence was
significantly (p < 0.05) lower in adjacent normal lung tis-
sues, as 13% (2/15) (SSTR2, Figure 1e) and 20% (3/15)
(SSTR5, Figure 1f), respectively.

Expression of SSTRs in A549 and H157 cells

The mRNA of all SSTRs, except for SSTR4, was detected in
A549 cells, and the mRNA expression of SSTR2 was relatively
high (Figure 2a). SSTR2, SSTR3, or SSTR5 was not expressed
in human H157 NSCLC cells, and only weak expressions of
SSTR1 and SSTR4 were detected in H157 cells (Figure 2b).

SSTRs-mediated cytotoxicity of PTX-OCT
conjugates

PTX-OCT and 2PTX-OCT had similar inhibitory effects on
SSTR2-, SSTR3-, and SSTR5-negative H157 cells, whereas
their toxicity (0.1 nM to 10 μM) on H157 cells was signifi-
cantly (p < 0.01) lower than that of PTX (Figure 3a). We
have previously shown that PTX-OCT and 2PTX-OCT
inhibited the growth of A549 cells in time- and dose-
dependent manners (0.1 nM to 10 μM at 24, 48, and
72 h).15 In this study, we treated SSTRs-positive A549 cells
for 96 h, and found that A549 cells were less sensitive
to PTX-OCT than to PTX, which was reflected by the
significantly (p < 0.01) higher IC50 for PTX-OCT (221.35 �
10.60 nM) than for PTX (65.35 � 7.94 nM), whereas no
significant difference in IC50 values was found between
2PTX-OCT and PTX (Table 1).

F I G U R E 1 Expression of somatostatin
receptor (SSTR) 2 and 5 in specimens from non-
small cell lung cancer (NSCLC) patients.
Immuno-histochemical analyses were performed
to detect the distribution of SSTR2 and SSTR5 in
NSCLC specimens. Strong diffuse membrane
expression of SSTR2 was observed in both lung
adenocarcinoma (a) and squamous cell
carcinoma (c) (�200); SSTR5 with both
cytoplasmic and membranous distribution was
also detected in adenocarcinoma (b) and
squamous cell carcinoma (d) of lung (�200). In
the adjacent lung tissues, the expressions of
SSTR2 (e) and SSTR5 (f) were weaker (�200)
and with lower frequency in the positive cases
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It is well documented that PTX can induce apoptosis in
cancer cells including NSCLC cells.21 Apoptosis assay rev-
ealed that 10 nM PTX could induce apoptosis in an average

of 15.72% A549 cells (p < 0.01 versus control). PTX-OCT
and 2PTX-OCT also induced apoptosis in A549 cells
(p < 0.01 versus control), whereas the effect by PTX-OCT
was significantly (p < 0.05) less than that by PTX
(Figure 3b). Although apoptosis of H157 cells was also
induced by PTX-OCT or 2PTX-OCT treatment (p < 0.05,
PTX-OCT versus control; p < 0.01, 2PTX-OCT versus con-
trol), the mean percentage of induced apoptotic cells was
significantly (p < 0.05) lower than that induced by PTX
(Figure 3c).

Taken together, these results indicated that the PTX-
OCT conjugates inhibited the growth and induced apoptosis
of SSTRs-positive NSCLC cells in a SSTRs-mediated man-
ner, whereas they were less toxic to SSTRs (2, 3, and 5)-
negative cells.

MDR-1, MRP-1, and BCRP mRNA expressions
in vitro and in nude mice treated with cytotoxic
conjugates or PTX

Acquired MDR is an important mechanism for PTX resis-
tance, and herein, we addressed the effect of cytotoxic
conjugates on the expressions of MDR-1, MRP-1, and
BCRP in A549 cells both in vitro (Figure 4a) and in vivo
(Figure 4b) by qPCR. Following 50 nmol/L PTX treat-
ment for 96 h in vitro, the expression of MDR-1 was
increased by 5.2-fold and that of MRP-1 was increased by
3.3-fold. PTX-OCT induced 1.8-fold increase of MDR-1
expression, which was significantly (p < 0.01) lower than
that induced by PTX, whereas no difference was found in
MRP-1 expression. 2PTX-OCT also increased the expres-
sions of MDR-1 (2.8-fold, p < 0.01 vs. PTX) and MRP-1
(2.1-fold, P < 0.05 vs. PTX), the inductive effect of which
was significantly (p < 0.05) stronger than that of
PTX-OCT.

We have previously shown that 2PTX-OCT significantly
inhibited tumor growth in vivo with less toxicity than
PTX.16 In this study, the same regimens of PTX or PTX-
OCT conjugates (150 nmol/kg) were given to A549-bearing

F I G U R E 2 The mRNA expressions of somatostatin receptor (SSTR)
subtypes 1–5 in A549 and H157 cells. In A549 cells, the mRNA expressions
of all SSTRs except SSTR3 (a) were detected, whereas only SSTR1 and
SSTR4 mRNA expressions were detected in H157 cells (b)

F I G U R E 3 Cytotoxicity and apoptosis induced by paclitaxel (PTX) or paclitaxel-octreotide (PTX-OCT) conjugates in H157 and A549 cells. (a) H157
cells were treated with the indicated concentration of PTX or PTX-OCT conjugates for 96 h, and cell viability was assessed by MTT assay. PTX-OCT and
2PTX-OCT showed less toxicity on H157 cells, compared with PTX, from the concentration of 0.1 nmol/L to 10 μmol/L (**p < 0.01). (b) and (c) Cell
apoptosis was assessed by flow cytometry after treating A549 (b) or H157 (c) cells with 10 nmol/L PTX or PTX-OCT conjugates and staining with Annexin V
and propidium iodide for 48 h. **p < 0.01 versus control; #p < 0.05 versus PTX
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nude mice, and similar tumor growth inhibition was
observed (data not shown). Interestingly, in vivo therapy
with three administrations of PTX induced 2.7-fold
upregulation of MDR-1 mRNA and 2.1-fold upregulation of
MRP-1 mRNA, whereas PTX-OCT or 2PTX-OCT adminis-
tration in vivo induced milder upregulation of MRP-1
mRNA (1.5-fold for PTX-OCT and 1.7-fold for 2PTX-OCT,
p < 0.01 vs. PTX group), and failed to upregulate the expres-
sion of MDR-1 mRNA (p < 0.01 vs. PTX group). No alter-
ation of BCRP mRNA was observed either in vitro or
in vivo.

PTX-OCT conjugates partially reversed PTX
resistance in A549 PTX-resistant cells

PTX resistance is one of the main obstacles for the
clinical use of PTX.22 Three PTX-resistant sublines,
A549-P, A549-PS, and A549-S, were derived from
human A549 cells, which had different biological char-
acteristics including morphology and doubling time
(data not shown). The three PTX-resistant sublines
showed different degrees of drug sensitivity toward
PTX (Table 1); The RI of A549-P, A549-PS, and
A549-S was 6, 22, and 10, respectively.

We next investigated the effect of PTX-OCT conju-
gates on the growth of PTX-resistant cells (Table 1).
A549-P cells were found slightly (p < 0.05) more sensi-
tive toward PTX-OCT than PTX; compared with PTX-
OCT, 2PTX-OCT was more (p < 0.01) effective in
inhibiting the growth of A549-P cells. PTX-OCT and
2PTX-OCT both showed stronger growth inhibitory
effect on A549-PS cells following a similar manner of
A549-P, whereas the IC50 was less than that of PTX
(PTX-OCT, 2.9-fold; 2PTX-OCT, 4.6-fold). A549-S cells
were more sensitive toward both PTX-OCT and 2PTX-
OCT, which was demonstrated by the decreased IC50 by
more than 5-fold and the insignificant difference in
effectiveness observed between the two conjugates. These
cell viability assays showed that the A549 PTX-resistant
cells induced by different means were more sensitive
toward cytotoxic conjugates than toward PTX.

Cell-cycle distribution and the expressions of
MDR-1, MRP-1, and BCRP in A549 PTX-
resistant derivatives

DNA flow cytometry was performed to analyze the cell-cycle
distribution of A549 PTX-resistant subtypes. Compared
with the parental A549 cells, more A549-PS and A549-P
cells were accumulated in G1 phase, whereas less were in S
phase (p < 0.01) (Table 2). Interestingly, more A549-S cells
were in G2/M phase, and PTX is known as a cell-cycle-
specific anti-cancer agent.

Increased efflux of drugs mediated by MDR-1, MRP-1,
and BCRP is a dominant mechanism for MDR of cancer
cells. As shown in Figure 5, the mRNA expression of

T A B L E 1 IC50 (nmol/L) of PTX, PTX-OCT, and 2PTX-OCT on
growth of A549 and its paclitaxel-resistant sublines

Cell lines PTX PTX-OCT 2PTX-OCT

A549 65.35 � 7.94 221.35 � 10.60** 70.86 � 14.12##

A549-P 377.42 � 38.34 305.39 � 26.18* 206.18 � 12.94**##

A549-PS 1457.25 � 138.57 509.17 � 58.66** 318.39 � 37.35**#

A549-S 658.04 � 47.41 128.30 � 16.64** 111.21 � 15.63**

Note: IC50 values were mean � SD, n = 3/group.
*p < 0.05 versus PTX group; **p < 0.01 versus PTX group. #p < 0.05 versus PTX-OCT
group;
##p < 0.01 versus PTX-OCT group.

F I G UR E 4 Effect of paclitaxel-octreotide (PTC-OCT) conjugates and
paclitaxel (PTX) on the expression of MDR-1, MRP-1 and BCRP mRNA in
vitro and in vivo. (a) After exposure to 50 nmol/L PTX, PTX-OCT, 2PTX-
OCT, or solvent control for 96 h, total RNA was extracted from the treated
A549 cells and reversely transcribed, and the mRNA expressions of MDR-1,
MRP-1, and BCRP were measured by qPCR with β-actin as the internal
control. The results are expressed as fold changes of mRNA levels against
control A549 cells. **p < 0.01 versus PTX; #p < 0.05 versus PTX-OCT.
(b) Mice bearing A549 xenografts were given three intravenous injections of
150 nmol/kg of PTX, PTX-OCT, 2PTX-OCT, or solvent control on Days
1, 7, and 21. On Day 42, the mice were euthanized and tumors were
excised. The mRNA expressions of MDR-1, MRP-1, and BCRP in the
tumors were detected by qPCR with β-actin as the internal control. The
results are expressed as fold changes of mRNA levels against the control
group. *p < 0.05 versus PTX; **p < 0.01 versus PTX
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MDR-1 was significantly increased in A549-PS cells
(8.8-fold; p < 0.01 compared with A549 cells) and was found
the highest in A549-S cells (12.6-fold; p < 0.01 compared
with A549 cells; p < 0.01 compared with A549-PS cells).
Meanwhile, the mRNA expression of MRP-1 was signifi-
cantly (p < 0.01) higher in A549-P and A549-S cells than
that in A549 cells. No significant difference in BCRP mRNA
expression was found between A549 subtypes and the
parental cells.

DISCUSSION

To date, at least five different human SSTR subtypes
(SSTR1-5) have been characterized that are widely expressed
in various neoplastic and physiological tissues.23,24 Several
studies have shown that SSTRs are overexpressed in NSCLC
using radio-labeled analogs.25 In this study, we examined
the expressions of SSTR2 and SSTR5 in NSCLC by immu-
nohistochemistry and detected them in both cell membrane
and cytoplasm. Their expressions were significantly
increased in NSCLC samples (>60%) than in peri-tumor
normal tissues (<20%). These findings provide the possibil-
ity of developing SSTRs-mediated targeted chemotherapy
for NSCLC treatment.

Using peptides as carriers delivering cytotoxic agents to
target their specific receptors on cancer cells serves as a
strategy of targeted chemotherapy, aiming at solving the
limitations of conventional chemotherapy, including adverse
side effects, low efficacy, and drug resistance. Many cyto-
toxic analogs of luteinizing hormone-releasing hormone
(LH-RH), somatostatin, bombesin, and other peptides have
been developed, in which the peptides are linked with differ-
ent chemotherapeutic agents such as doxorubicin (DOX),
2-pyrrolino-DOX, camptothecin, methotrexate, and PTX.
Clinical trials using these analogs are still in progress.26–29

Our group synthesized two cytotoxic somatostatin analogs,
PTX-OCT and 2PTX-OCT, by coupling PTX to somato-
statin analog octreotide. The two conjugates selectively
inhibited the growth of NSCLC cells in vitro,15 and 2PTX-
OCT exerted a stronger tumor growth inhibitory effect on
nude mice with reduced toxicity compared to PTX.16 In the
current study, we further investigated the effect of the cyto-
toxic conjugates on NSCLC cell apoptosis. Octreotide is an
analog of somatostatin and preferably binds to SSTR2,
SSTR3, and SSTR5.28 H157 cells were tested as the negative

control, and no SSTR2, SSTR3, or SSTR5 mRNA expression
was detected, which was consistent with the previous
report.29 PTX-OCT conjugates showed a similar effect as
PTX on inducing apoptosis of SSTRs-positive A549 cells.
For H157 cells, apoptosis was also observed following the
treatments of the conjugates, whereas the apoptotic rate was
much lower than that induced by PTX at the same
concentration.

In addition to the toxic side effects of PTX on normal
tissues, PTX resistance, including acquired and intrinsic
resistance, is another major obstacle for treating NSCLC
patients. It has been demonstrated that PTX resistance could
be induced by the altered tubulin expression patterns,30 and
could also be mediated by MDR. MDR is a phenomenon
that in addition to the developed resistance toward a single
drug, cells become cross-resistant to other structurally and
mechanistically unrelated drugs. Overexpression of ABC
transporters is an important mechanism for MDR31 and
these transporters include P-glycoprotein (PGP), MRP-1,
and BCRP. PGP, the product of MDR-1 gene, is a major
ABC transporter for drug efflux that modulates PTX resis-
tance.19 Because of the hydrophobic nature, PTX can induce
MDR phenotype through overexpressing MDR-1.32 In the
present study, moderate induction of the mRNA expressions
of MDR-1 and MRP-1 was observed following PTX-OCT
treatment in vitro. 2PTX-OCT also exhibited moderate
induction of MDR-1 expression in vitro, whereas no signifi-
cant difference in MRP-1 induction was observed between
PTX and 2PTX-OCT. Neither PTX-OCT nor 2PTX-OCT
induced MDR-1 overexpression in vivo, whereas PTX or
cytotoxic conjugates elevated the expression of MRP-1,
although the effect of PTX-OCT or 2PTX-OCT was much
lower than that of PTX. These results indicated that targeted
somatostatin analogs might delay the development of
acquired resistance both in vitro and in vivo.

T A B L E 2 Cell-cycle distribution of A549 and its paclitaxel-resistant
sublines

A549 A549-P A549-PS A549-S

G1 (%) 72.06 � 3.14 67.12 � 1.15* 60.94 � 0.49** 57.39 � 2.00**

S (%) 20.27 � 1.80 25.18 � 0.74* 33.31 � 0.65** 29.91 � 3.79*

G2/M (%) 7.68 � 1.34 7.70 � 0.86 5.75 � 1.13 12.70 � 1.80*

Note: Percentages were mean � SD.
*p < 0.05 versus A549 group; **p < 0.01 versus A549 group.

F I G UR E 5 MDR-1, MRP-1, and BCRP expressions in A549 paclitaxel
(PTX)-resistant sublines. Total RNA from A549 cells and the three PTX-
resistant sublines was isolated and reversely transcribed. The mRNA
expressions of MDR-1, MRP-1, and BCRP were measured by qPCR with
β-actin as the internal control. The results are expressed as fold changes of
mRNA levels against the parental A549 cells (arbitrarily defined as
1). **p < 0.01
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To elucidate the potential mechanisms of PTX resis-
tance, numerous drug-resistant sublines have been
established in vitro or in vivo. In vitro establishment of
drug-resistant sublines is usually through exposure to drugs
of low concentrations in a stepwise manner, and sometimes
through pulse exposure to high-dose drugs. Herein, three
A549 PTX-resistant sublines were selected by different
approaches, including pulse exposure (A549-P), stepwise
culture (A549-S), and pulse exposure followed by stepwise
culture (A549-PS). Obvious changes in the morphology and
doubling time of the PTX-resistant derivatives were
observed, in comparison with their parental cells (data not
shown), and they also exhibited different levels of drug resis-
tance toward PTX. As expected, the A549-PS cell line was
the most resistant toward PTX, with a 22-fold higher IC50

than that of the A549 cell line. The cells seem to develop
drug resistance more easily through stepwise culture in PTX
than through pulse exposure. Meanwhile, A549-S cells were
overall significantly more resistant toward PTX than
A549-P cells.

Targeted chemotherapy can reduce toxicity to normal
cells and might be more efficacious against drug-resistant
cancer cells. Compared to PTX, the targeted conjugates
PTX-OCT and 2PTX-OCT showed higher cytotoxicity on
all the three PTX-resistant cells. Both A549-P and A549-PS
cells were more sensitive toward 2PTX-OCT than toward
PTX-OCT, whereas A549-S subline showed similar sensitiv-
ity toward the two conjugates. Moreover, A549-S cells were
the most sensitive toward PTX-OCT conjugates among the
three PTX-resistant sublines, as reflected by both the lowest
value (5-fold decrease) of IC50.

The expressions of MDR genes in the selected PTX-
resistant sublines were further analyzed. Numerical increase
of MDR-1 expression was observed in A549-P cells, whereas
9-fold upregulation of MDR-1 was observed in A549-PS
cells. MDR-1 expression was elevated the most (~13-fold) in
A549-S sublines that were selected in a stepwise manner and
under low-dose PTX. Horwitz et al.33 established two A549
PTX-resistant derivatives, A549-T12 and A549-T24, by
means of stepwise culture in increasing low-dose Taxol, and
they were 9- and 12-fold resistant toward Taxol, respec-
tively. However, they found that PGP was not expressed in
A549-T12 and only low level of PGP expression was
detected in A549-T24 by qPCR, which was inconsistent with
our findings. The inconsistency might be attributed to the
Taxol-dependency of A549-T12 and A549-T24 normal cell
growth. We identified different biological characteristics of
A549-S cells, which grew independently of PTX. Such a dis-
crepancy might be attributed to the use of different methods
for MDR-1 detection. The role of MRP-1 in PTX resistance
is not conclusive.34,35 Overexpression of MRP-1 by different
folds was detected in A549-P and A549-S cells. Interestingly,
no significant change of MRP-1 expression was observed in
A549-PS cells. As another member of ABC transporters,
BCRP did not induce any changes of the resistant cell lines.
Overall, the three PTX-resistant A549 sublines were success-
fully established with MDR-related gene expressions.

As mentioned above, overexpression of MDR-related
genes, including MDR-1 and MRP-1, was induced in
A549-S cells. Therefore, cytotoxic somatostatin analogs
might be more toxic to PTX-resistant cells with MDR phe-
notype. Another reason for the higher sensitivity of A549-S
cells toward PTX-OCT conjugates is that A549-S cells had a
distinct cell-cycle distribution revealed by FACS analysis.

The mechanism through which PTX-OCT conjugates
could overcome PTX resistance and reduce MDR gene
expressions in A549 cells has not been clearly elucidated,
which might involve several mechanisms. First, higher con-
centration of cytotoxic analogs was delivered to target tumor
cells with internalization of PTX mediated by SSTRs. Sec-
ond, internalization of PTX by SSTRs might partially evade
the effect of the efflux pump system of MDR. After linking
to octreotide, the conjugates becomes more hydrophilic,
whereas PTX itself is a hydrophobic compound. Hydrophilic
drugs are more soluble in water and can readily permeate
into tissues. Therefore, the cytotoxic conjugates are more
easily delivered into target tumor tissues and have less effect
on inducing MDR genes. This might also explain the
observed precipitation of PTX at higher concentrations
(such as 10 μmol/L), no stronger inhibitory effect was
detected by increasing the drug concentration, whereas
PTX-OCT conjugates were more cytotoxic than PTX at
higher concentrations.15

In conclusion, this study further demonstrated that
PTX-OCT conjugates could significantly inhibit the growth
and induce apoptosis of NSCLC cells, which was at least
partially mediated by SSTRs. Meanwhile, PTX linking to
somatostatin analog showed enhanced efficacy on PTX-
resistant sublines that were established through different
approaches. In addition, no or mild induction of MDR-1,
MRP-1, and BCRP gene expressions was observed both
in vitro and in vivo following treatment with cytotoxic con-
jugates as compared to PTX treatment. Our findings suggest
that PTX-OCT conjugates could be a promising treatment
for NSCLC, especially for that with PTX resistance and with
delayed MDR development.
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