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Abstract

Purpose: The targeting protein for Xklp2 (TPX2) has recently gained attention as a pu-
tative oncogene possibly amplified in several human malignancies, including pancre-
atic adenocarcinoma. In this work, we sought to evaluate the copy number and
expression of TPX2 in pancreatic cancer cell lines and tumor tissues and to further ex-
plore the potential of TPX2 as a therapeutic target.

Experimental Design: The DNA copy number and expression of the TPX2 gene were
surveyed in pancreatic cancer cell lines and tumor tissues and compared with those
of immortalized normal pancreatic ductal cells and normal pancreatic tissues. The cel-
lular effects of TPX2 knockdown using small interfering RNA oligonucleotides in pan-
creatic cancer cells, such as growth in tissue culture, in soft agar, and in nude mice;
apoptosis; and sensitivity to paclitaxel, were also investigated using various assays.
Results: Low-copy-number TPX2 amplification was found in pancreatic cancer cell lines
and low-passage pancreatic cancer tumor xenografts. TPX2 expression was upregu-
lated in pancreatic cancer cell lines at both the mRNA and protein levels relative to
the immortalized pancreatic ductal epithelial cell line HPDE6. Immunohistochemical
staining of a tissue microarray showed that TPX2 expression was higher in pancreatic
tumors compared with their normal counterparts. Treatment with TPX2 targeting small
interfering RNAs effectively reduced pancreatic cancer cell growth in tissue culture, in-
duced apoptosis, and inhibited growth in soft agar and in nude mice. Knockdown of
TPX2 also sensitized pancreatic cancer cells to paclitaxel treatment.

Conclusions: Our results suggest that TPX2 might be an attractive target for pancreatic

cancer therapy. (Clin Cancer Res 2009;15(21):6519-28)

Pancreatic ductal adenocarcinoma (PDAC), with a 5-year surviv-
al rate of ~5% for all stages combined in the United States, is
among the most lethal of human cancers. In fact, the number
of people estimated to die of pancreatic cancer (34,290 for 2008
in the United States) nearly matches the estimated number of in-
dividuals (37,680) who will be diagnosed with it (1). Currently,
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surgical resection is the only therapy that is considered to offer a
cure; however, pancreatic adenocarcinoma is typically diagnosed
as advanced inoperable disease characterized by resistance to
current therapeutics. Therefore, new treatments as well as a better
understanding of pancreatic cancer biology are urgently needed.

Genomic instability is thought to drive cancer, as regions with
gains often harbor oncogenes and regions with losses commonly
harbor tumor suppressor genes. PDAC harbors complicated
aberrations of chromosomal alleles, with numerous specific
gains and losses reported (2-5). Chromosomal gains of 20q
are found in various types of adenocarcinoma and are also prom-
inent in pancreatic cancer (6). Recently, TPX2 was identified as a
candidate oncogene from the amplicon on 20q11.2 showing
copy number-driven overexpression in non-small-cell lung can-
cer and PDAC (7, 8). However, the frequency and the level of
TPX2 amplification in PDAC have not been reported. Addition-
ally, it has been reported that the region containing TPX2 is am-
plified in more than 50% of patients afflicted with giant-cell
tumor of the bone. Additionally, high levels of TPX2 mRNA
and protein were detected in a high percentage of squamous cell
carcinoma of the lung tumor samples, with the expression corre-
lating to tumor grade, stage, and nodal status (9, 10).

TPX2 is a microtubule-associated protein downstream of
Ran-GTP that plays a central role in mitotic spindle formation
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Translational Relevance

With a 5-year survival rate of less than 5%, pancre-
atic cancer is among the most lethal types of human
cancers. Current therapies are mostly ineffective and
new therapies are desperately needed. This article
describes the validation of TPX2 as a potential ther-
apeutic target for pancreatic cancer. We present di-
rect evidence that the TPX2 gene is amplified and
overexpressed in pancreatic tumor tissues; disrup-
tion of TPX2 function induces apoptosis and causes
death of pancreatic cancer cells. This work is highly
translational because further investigation of TPX2
as a therapeutic target and subsequent development
of agents that target TPX2 may result in new and im-
proved treatment for patients with pancreatic cancer.

and therefore proper segregation of chromosomes during cell
division (11). Its expression has been associated with highly
proliferative tissues. Throughout interphase, TPX2 is seques-
tered in the cell nucleus by interaction with the nuclear pore
proteins importin a/B, but is released at the early stages of mi-
tosis in a RanGTP-dependent manner (12). During mitosis,
TPX2 is able to interact with downstream partners, which in-
cludes the Aurora A kinase resulting in the localization of Au-
rora A to the microtubules of the mitotic spindle (13).
Furthermore, TPX2 activates the kinase activity of Aurora A by
locking it in an active conformation (14). Therefore, TPX2 ex-
erts two levels of regulation on Aurora A kinase signaling (lo-
calization and enzymatic activity). Considering the potential
upregulation of TPX2 in pancreatic cancer as well as its associ-
ation with a signaling pathway involving oncogenic Aurora A,
we hypothesize that TPX2 is a co-conspirator in driving pancre-
atic tumor development. In this work, we set out to further
characterize TPX2 amplification and evaluate TPX2 expression
in pancreatic cancer cell lines and patient tumors. Furthermore,
we analyzed the biological consequences of small interfering
RNA (siRNA)-mediated knockdown of TPX2 expression in cul-
tured pancreatic cancer cells.

Materials and Methods

Cell culture. The cell line HPDEG (an immortalized but nontrans-
formed human pancreatic epithelial cell line) was obtained from Dr.
Ming-Sound Tsao (University of Toronto, Toronto, Ontario, Canada;
ref. 15) and maintained in keratinocyte serum-free medium supplemen-
ted with 0.2 ng/mL epidermal growth factor and 30 pg/mL bovine pitu-
itary extract (Invitrogen). Pancreatic cancer cell lines were purchased
from the American Type Culture Collection and the European Collection
of Cell Cultures. MUT] cells were obtained from the University of Arizona
Cancer Center. The cell lines were maintained in RPMI 1640 supplemen-
ted with 10% fetal bovine serum, penicillin (100 units/mL), and strep-
tomycin (100 pg/mL). To preserve integrity, all cell lines were expanded
and frozen down into a large number of cryogenic vials upon receipt
from the sources. Cells were passaged every 3 to 5 d and discarded after
8 to 10 passages. If additional cells were needed, a new vial from the orig-
inal cryogenic stock was then thawed and used. Cell lines were therefore
passaged less than 6 mo in culture after receipt from the original sources.
All cells were grown in a humidified incubator at 37°C and 5% CO,.
Cells were harvested with trypsin at 80% to 90% confluency. Cell count-
ing was done using trypan blue staining on a hemacytometer.
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Gene copy number analysis. Genomic DNA was isolated from cell
lines and low-passaged pancreatic tumor xenografts using the DNeasy
Tissue kit (Qiagen). Gene copy number was analyzed by quantitative
PCR using an iCycler (Bio-Rad). Reactions were carried out in 20 pL
reactions with 200 nmol/L of each primer, iQ SYBR Green Supermix
(Bio-Rad), and 10 ng gDNA. Two-step amplification (95°C for 15 s
and 56°C for 15 s) was repeated for 40 cycles. Following the PCR reac-
tion, a melting curve analysis was done to determine PCR efficiency and
purity of the amplified product. Data were provided as a threshold cycle
value (Ct) for each sample, indicating the cycle at which a statistically
significant increase in fluorescence was first detected. These data were
then normalized to B-actin, which served as a reference gene. Primer
sequences for TPX2 were forward 5-AGGGGCCCITTGAACTCITA-3’
and reverse 5-TGCTCTAAACAAGCCCCATT-3’. Primer sequences used
for B-actin were 5'-CTGGAACGGTGAAGGTGACA-3’ and 5’-AAGG-
GACITCCTGTAACAACGCA-3'.

Quantitative reverse transcriptase-PCR. Total RNA from cell pellets
was isolated using the NucleoSpin RNA II isolation kit (BD Bios-
ciences). One microgram of total RNA was used for reverse transcriptase
(RT) reactions (20 pL total volume), which was carried out using the
iScript cDNA Synthesis kit (Bio-Rad). An iCycler (Bio-Rad) was used
to perform real-time fluorescence detection PCR. Reactions were carried
out in 20 pL reactions with 200 nmol/L of each primer, iQ SYBR Green
Supermix (Bio-Rad), and 1 pL cDNA. Primer sequences for TPX2 were
5’-CGAAAGCATCCTTCATCTCC-3’ and 5'-TCCTTGGGACAGGTT-
GAAAG-3’. Primer sequences used for p-actin were 5-CTGGAACGGT-
GAAGGTGACA-3’ and 5'-AAGGGACTTCCTGTAACAACGCA-3’.
Relative expression was calculated using the A-A Ct method (16) with
B-actin serving as a reference gene for normalization.

Western blot analysis. Western blots were done as previously de-
scribed (17) using 50 pg of nuclear lysate per sample and NuPAGE
4% to 12% Bis-Tris gels (Invitrogen). Membranes were probed with a
mouse monoclonal antibody (clone18D5) against TPX2 (BioLegend) at
a 1:5,000 dilution or a rabbit monoclonal antibody against a-tubulin
(Cell Signaling) at a 1:5,000 dilution. The membrane was washed and
probed with anti-mouse or anti-rabbit horseradish peroxidase-linked
secondary antibodies (Cell Signaling) and visualized with a chemilumi-
nescence kit (Cell Signaling) and X-ray film. The film was scanned and
quantified using the ImageQuant software (GE Healthcare).

Tissue microarray construction and immunohistochemical analysis. Needle
cores of 1.0 mm in diameter were extracted from regions of interest
from de-identified pancreatic tumor tissue blocks as well as normal
pancreatic samples and arrayed in precise orientation in a composite
paraffin block. The tissue microarray (TMA) master block was serially
sectioned at 5-pm intervals and transferred onto standard charged
glass by the water floatation method. The TMA slides were dipped
in paraffin for uniform epitope preservation. Dewaxing and antigen
retrieval were carried out with a Bond-MaX autostainer (Leica Micro-
systems, Inc.) using the accompanying Bond Refine Polymer Detection
Kit. TPX2 antibody (mouse monoclonal clone 3164C6a, GenWay)
was used at a dilution of 1:50, with an incubation time of 20 min.
Staining (relative to background) received an intensity score on a 0 to
3 scale with 0 for absence of staining, 1 to indicate mild staining, 2 to
indicate moderate staining, or 3 to indicate strong staining. A preva-
lence score was recorded based on the percent of tumor cells positive
for the recorded intensity score with 1 representing <10% staining, 2
representing 10% to 40% staining, and 3 representing >40% staining.
If the tissue in a core had multiple intensity scores, the highest inten-
sity and its accompanying prevalence score was chosen. The intensity
and prevalence were scored by a board-certified pathologist (G.H.).
The overall staining scores were then computed by multiplying the
intensity and prevalence scores for a composite range immunohisto-
chemical (IHC) score of 0 to 9.

siRNA treatment. TPX2-s1 (targeting AAGAATGGAACTG-
GAGGGCIT) and TPX2-s2 (targeting ATGAAAGTTTCTAACAACAAA of
exon 6-7), the AllStars Negative Control siRNAs (nonsilencing siR-
NA), and the Ubiquitin B siRNA oligonucleotides were obtained
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through Qiagen. Cells were transiently transfected using RNAIMAX
(Invitrogen) according to the manufacturer's recommendations.

Cell proliferation assay. At 0, 24, 48, 72, and 96 h post siRNA trans-
fection, cells were fixed with 10% trichloroacetic acid for 1 h at 4°C.
Following fixation, cells were washed with water, then stained with a
0.04% sulforhodamine B (SRB) solution for 1 h. Cells were then
washed with a 1% acetic acid solution. The plates were sat at room tem-
perature until dry. Tris/HCI (50 mmol/L) was then added to each well
and incubated for 15 min. Absorbance at 570 nm was quantified using
a plate reader (BioTek). Four biological replicates (each done in tripli-
cate) were done.

Cell cycle analysis using flow cytometry.  Cells were treated with TPX2
siRNA oligonucleotides as described above for 48 h and harvested by
trypsinization. The cells were resuspended and stained with propidium
iodide (Sigma) in a modified Krishan buffer (18) for 1 h at 4°C. The
propidium iodide-stained samples were then analyzed with a FACScan
flow cytometer (BD Immunocytometry Systems). Histograms were an-
alyzed for cell cycle compartments and the percentage of cells at each
phase of the cell cycle was calculated using the CellQuest (BD Immu-
nocytometry systems) analysis software.

Apoptosis assay. Cells were treated with TPX2 siRNA oligonucleo-
tides as described above and harvested by trypsinization. Cell pellets
were washed once with PBS buffer. The caspase-3 activity analysis
was done by following the manufacturer's protocol (Clontech, BD Bios-
ciences). Briefly, cell pellets were resuspended in 100 pL of chilled cell
lysis buffer and incubated on ice for 10 min. Cell lysates were centri-
fuged in a microcentrifuge at 10,000 x g for 10 min at 4°C and then the
supernatants were transferred into new microcentrifuge tubes. The con-
centration of total protein of each sample was determined by the BCA
protein assay (Pierce). Twenty-five micrograms of total protein of each
sample were used for the analysis of caspase-3 activity.

Cell death ELISA assay. To further confirm the apoptosis-induced
TPX2 siRNA oligonucleotides, we performed a TPX2 siRNA concentra-
tion-dependent treatment of the MIA PaCa-2 cells and quantified the
induction of apoptosis using a second apoptosis assay, the Cell Death
ELISA”™® Kit (Roche Applied Science). The experimental protocol re-
commended by the kit manufacturer was followed. Briefly, cells were
treated with a serial dilution of TPX2 siRNA oligonucleotides for 48 h as
described above in a 96-well microplate. The microplate was then
centrifuged at 200 x g for 10 min and the supernatant was discarded.
The cells were incubated with lysis buffer for 30 min. After centrifuga-
tion at 200 x g for 10 min, a 20 pL aliquot of the supernatant in each
well was transferred to a streptavidin-coated microplate. Eight micro-
liters of the immunoreagents containing the biotin-conjugated anti-
histone and anti-DNA antibodies were added to each well and incubated
for 2 h at room temperature. The wells were then washed thrice with
300 pL of the incubation solution followed by the addition of 100 pL
of the ABTS substrate solution. After incubating for 15 min at room
temperature, 100 pL of ABTS stop solution were added to each well.
The photometric signal intensities of the wells were finally measured
by a microplate reader (BioTek) at 405 nmol/L.

Soft-agar colony formation assay. Cells were treated with siRNA for
24 h, trypsinized, mixed with Difco agar (final concentration 0.26%;
BD Biosciences) and RPMI medium containing 10% fetal bovine se-
rum, and overlaid onto an underlayer of 0.45% Difco agar containing
the same medium in a 35-mm gridded Petri dish. Cells (2,000 per
Petri dish) were seeded and allowed to grow for 14 d (MIA PaCa-2)
or 21 d (PANC-1) before counting the number of colonies (defined as
250 cells).

Xenograft tumor formation in nude mice. MIA PaCa-2 cells were
treated with the TPX2-targeting siRNA olionucleotides (TPX2-s1 and
TPX2-s2) for 48 h as described above and harvested by trypsinization.
Ten male athymic nude mice (CrTac:NCR-Foxn1™; Taconic) for each
treatment group were inoculated s.c. in the right flank with 0.1 mL of
a 50% RPMI/50% Matrigel (BD Biosciences) mixture containing a sus-
pension of the siRNA- or vehicle-treated MIA PaCa-2 cells (1.0 x 107/
mouse). Starting from the day after the inoculation, tumors were mea-
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sured twice weekly using calipers and tumor weights were calculated
using the following formula: tumor weight (mg) = (a x b*/2), where
b is the smallest diameter and a is the largest diameter. Body weights
were taken twice weekly thereafter in conjunction with tumor measure-
ments. When the individual tumor weight of each mouse reached an
approximate end point of 2,000 mg, mice were sacrificed with regulated
CO,. The mice were housed in microisolator cages (Lab Products) and
maintained under specific pathogen-free conditions. All procedures
were carried out under the institutional guidelines of TGen Drug Devel-
opment Services Institutional Animal Care and Use Committee (proto-
col 06001, approved January 2006). All tumor growth data were
collected using the animal study management software, Study Director
V.1.6.58 (Study Log).

Statistical analysis. The X test with Yates' correction (two-tailed)
was used to analyze the difference in TPX2 IHC staining between the
pancreatic tumors and the normal adjacent tissue. ANOVA with Tukey's
multiple comparison test was used to compare the growth curves of the
different siRNA treatment groups. Other P values indicated in the figure
legends were calculated using Student's t tests (two-tailed). A P value of
<0.05 was considered statistically significant.

Results

Amplifications at the TPX2 locus in pancreatic cancer. As pre-
viously mentioned, increased copy number of TPX2 in pancre-
atic cancer cell lines and tumor samples by array comparative
genomic hybridization (aCGH) has been reported (7, 8). To
compare and verify TPX2 amplification, we used quantitative
PCR to examine the TPX2 copy number in pancreatic cancer cell
lines and low-passage xenograft tumors derived from PDAC tis-
sues (19). Of the 17 cell lines tested, 7 did not contain extra cop-
ies of TPX2, 7 cell lines contained one extra copy, and 3 cell lines
had 2 extra copies (Table 1). This low-level amplification is in
agreement with what has previously been reported (7, 8). For
the low-passage tumor xenografts, 13 of 20 samples exhibited
at least 1 extra copy of TPX2 in our analysis (10 samples have
3 copies, 1 sample has 4 copies, and 2 samples have 6 copies).

TPX2 expression in PDAC cell lines and tumors. TPX2 mRNA
levels in pancreatic cancer cell lines relative to the immortalized
HPDEG cell line were determined by real-time RT-PCR. The av-
erage of four independent RT-PCR measurements showed that
TPX2 mRNA expression was elevated in cancer cell lines com-
pared with HPDEG but varied widely by cell line with an ~10-
fold difference in expression between MIA PaCa-2 (lowest) and
CFPAC-1 (highest; Fig. 1A). Protein expression was also evalu-
ated by Western blotting for the cell lines. Data from three in-
dependent Western blots (from three separate nuclear lysate

Table 1. TPX2 copy numbers in pancreatic cancer
cell lines
TPX2 copy humber
2 3 4

Cell lines AsPC-1 HPAC BxPC-3

Capan-1 HPAF-II Hs766T

Capan-2 Hs700T PANC-1

CFPAC-1 HUP-T4

MIA PaCa-2 MUT]J

PANC.02.03 PSN-1

PL-45 SU.86.86
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preparations) showed that TPX2 was expressed in all cell lines
tested (Fig. 1B). Protein levels were especially high in Hs766t
and PANCI1 cells. The TPX2 protein was barely detectable in
the HPDEG cell line (Fig. 1B).

To evaluate protein levels of TPX2 between pancreatic tumors
and normal pancreatic tissues, immunostaining was done on a
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pancreatic tissue microarray (Fig. 1C). As described in Materials
and Methods, for any given TMA core, a 0 to 3 score for staining
intensity was multiplied by a 0 to 3 prevalence score of tumor cell
staining to obtain an overall score that ranged from 0 to 9. As
summarized in Table 2, staining was observed primarily in the
invasive adenocarcinoma cells and not in the normal pancreatic

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on November 13, 2019. © 2009 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst November 2, 2009; DOI: 10.1158/1078-0432.CCR-09-0077

Targeting TPX2 in Pancreatic Cancer

ductal cells. Of the 40 evaluable PDAC tissue samples, 29 (88%)
stained positive (overall staining score of 2 or higher) for TPX2.
In contrast, only 4 of 31 (12%) normal samples stained positive
(Table 2). Of the PDAC cases, 22 cases had adjacent normal tis-
sue with evaluable staining. Of these, 18 exhibited negative stain-
ing for the normal counterpart. Considering just the matched
cases with negative TPX2 staining for the normal tissue, 16 of
18 (88%) tumors stained positive, similar to the overall findings
when all evaluable samples were considered.

siRNA-mediated knockdown of TPX2 inhibits pancreatic cancer
cell proliferation. Two siRNAs effective at knocking down the
expression of TPX2 were identified from four different siRNA
sequences. Real-time quantitative PCR analysis verified gene
knockdown at >95% at the mRNA level for both siRNAs up
to 96 hours posttransfection (data not shown).

We determined the effects of the TPX2 siRNAs on the viability
of a panel of 10 pancreatic cancer cell lines. The cell viability
was determined 96 hours after transfection by a SRB colorimet-
ric assay. Cell viability was decreased in all 10 cell lines, but to
varying degrees. Five of the pancreatic cancer cell lines experi-
enced a >50% decrease in cell viability. Three cell lines showed
about a 50% decrease in viability and the remaining two lines
showed only modest decreases (Supplementary Fig. S1). The
Hs766T cell line was one of the most resistant lines to decrease
in cell viability; however, this lack of activity is partially due to
an observed general toxicity of the nonsilencing siRNA on this
cell line. The nonsilencing siRNA alone caused a 32% decrease
in Hs766T cell viability relative to the untreated control. There-
fore, if the TPX2-targeting siRNAs were evaluated relative to the
untreated control, the results would indicate an ~45% decrease
in cell viability rather than the ~20% reported on Supplemen-
tary Fig. S1. In our subsequent functional studies, we chose
PANC-1 and MIA PaCa-2 cell lines because they both have a
high level of TPX2 protein but showed minimal nonspecific
toxicity to the nonsilencing siRNA treatment. Both TPX2-target-
ing siRNAs gave very similar results in all 10 cell lines, lending
support to the conclusion that the observed decreases in cell
proliferation were due to the disruption of TPX2 function and
not some off-target effect. To further investigate the effects of
TPX2 knockdown on cell viability and more specifically on cell
growth, two of the cancer cell lines (MIA PaCa-2 and PANC-1)
were treated as above, but monitored daily for 96 hours by SRB
staining. This generated growth curves for the two cell lines and
the effects of the TPX2 siRNAs on each cell line were consistent
with the single time point assay done previously (Fig. 2A). The
nonsilencing siRNA had little to no toxicity on the pancreatic
cancer cell lines. As a comparison, we also treated the immor-

talized normal pancreatic ductal cell line HPDEG6 with the TPX2
siRNAs. As shown in Supplementary Fig. S2, TPX2 had little ef-
fect on the growth of the cells. This result is consistent with the
fact that HPDEG does not express the TPX2 protein (Fig. 1B).

To better understand the effects of TPX2 inhibition on pan-
creatic cancer cell proliferation, we subjected siRNA-treated cells
to DNA content analysis by flow cytometry to observe disrup-
tions in cell cycle progression. TPX2 siRNA-treated MIA PaCa-2
and PANC-1 cells showed a dramatic increase in the G,-M
fraction, from <20% in the control samples (untreated or non-
targeting siRNA) to >50% for TPX2-s1 siRNA and >60% for
TPX2-s2 siRNA in both cell lines (Fig. 2B). Such increase in
the G,-M fraction concurs with a decrease in the G; population
compared with the nontargeting control siRNA-treated sample
(data not shown). We also observed a significant increase in the
sub-G; peak in the DNA content histograms after 48 hours in
the cells. Consistent with the known biological functions of
TPX2, TPX2 knockdown by siRNA led to the failure of pancre-
atic cancer cells to progress through mitosis, and the appearance
of the sub-G; peak suggests that apoptosis is a potential result
following TPX2 inhibition.

TPX2 knockdown induces apoptosis in pancreatic cancer cells. To
further explore the potential of TPX2 inhibition to induce
apoptosis, we evaluated the activity of caspase-3 in siRNA-
treated cells using a fluorescence-based assay. The caspase-3
activities were similar between untreated and nontargeting
siRNA-treated cells, indicating minimal to no general toxicity
from the siRNA transfections. However, there was a 7-fold
increase in caspase-3 activity following 48 hours of treat-
ment with TPX2-s1 in both PANC-1 and MIA PaCA-2 cells
(Fig. 2C). Similarly, the siRNA TPX2-s2 caused an 8-fold
(PANC-1) and 10-fold (MIA PaCa-2) increase in caspase-3
activity relative to the nonsilencing siRNA (Fig. 2C).

We also detected the apoptosis-inducing effects of TPX2
knockdown by evaluating cytoplasmic histone-DNA adducts
using a cell death ELISA assay. For these experiments, MIA Pa-
Ca-2 cells were treated with the TPX2-s1 siRNAs at various con-
centrations between 20 and 0.027 nmol/L. To evaluate the
knockdown of TPX2 expression, we also performed RT-PCR de-
tection of TPX2 mRNA in the samples treated with the serial
dilutions of TPX2 siRNAs. As shown in Fig. 2D, apoptosis as
indicated by the signal of cell death ELISA was induced in a
dose-dependent manner, which correlated well with percent
knockdown of the TPX2 gene expression. The concentration
at which 50% of the maximal apoptotic effect was reached
(ECs0) was 1.6 nmol/L for TPX2-s1, and the ECs, for TPX2
knockdown was 0.30 nmol/L for TPX2-s1.

Table 2. TPX2 expression levels in pancreatic cancer tissues detected by IHC
IHC score No. of tumor cases No. of normal cases

Negative staining 0 6 26

1 5 1
Total (negative) 11 (29%) 27 (61%)
Positive staining 2 11 2

3 5 1

4 3 0

6 6 1

9 4 0
Total (positive) 29 (88%) 4 (12%)
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Fig. 2. TPX2 targeting siRNAs influence the proliferation, cell cycle progression, and apoptosis induction of pancreatic cancer cells. A, effects of TPX2
siRNAs on the growth of PANC-1 and MIA PaCa-2 cells over a 96-h period. B, induction of G,-M arrest by TPX2 siRNAs in PANC-1 and MIA PaCa-2 cells.
C, induction of caspase-3 activity by TPX2 siRNAs in PANC-1 and MIA PaCa-2 cells. D, concentration-dependent induction of apoptosis by the TPX2-s1
siRNA as measured by the Cell Death ELISA assay and the corresponding knockdown level of TPX2 mRNA expression as measured by RT-PCR.

TPX2 is required for clonogenicity in soft agar. Additionally,
we investigated the consequences of TPX2 knockdown by
siRNA in MIA PaCa-2 and PANC-1 cells grown in soft agar.
As shown in Fig. 3A, the number of colonies was signifi-
cantly decreased in the cells treated with either TPX2 siRNA
when compared with nonsilencing siRNA-treated cells. In
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fact, colony formation was almost completely inhibited by
TPX2 siRNA treatment, suggesting that TPX2 plays important
roles in self-renewal and in the clonogenicity of pancreatic
cancer cells.

TPX2 is required for tumorigenicity of pancreatic cells in nude
mice. We also examined the effect of TPX2 knockdown by
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siRNA on the tumorigenicity of pancreatic cancer cells in nude
mice. As shown in Fig. 3B, MIA PaCa-2 cells treated with ei-
ther TPX2-s1 or TPX-s2 siRNA showed a dramatic reduction in
the tumor growth compared with those treated with vehicle
control or nonsilencing siRNA (P < 0.001). The tumor growth
between the two control groups (vehicle control and nonsilen-
cing siRNA) and between the two siRNA treatment groups
(TPX2-s1 and TPX2-s2) was not significantly different (P >
0.05). These results indicate that TPX2 overexpression is re-
quired for aggressive tumor growth of MIA PaCa-2 cells in
nude mice.

TPX2 knockdown sensitizes pancreatic cancer cells to other
mitosis-targeting agents. It is known that inhibition of some
mitotic regulators, such as Aurora A, sensitizes cancer cells to
the treatment of taxanes (20, 21). The rationale for the combi-
nation of these agents comes from the notion that due to the
action of the taxane, cells will accumulate in the phase of the
cell cycle (G,-M) where the mitotic regulator plays an essential
role. To evaluate whether this rationale expanded to TPX2,

which plays an important role in the Aurora A signaling path-
way, we observed the effects of TPX2 knockdown on the cyto-
toxicity of paclitaxel using a similar approach to the one
describing the ability of Aurora A to sensitize cells (20). We first
did a TPX2 siRNA dose-dependent treatment of the MIA PaCa-2
and PANC-1 cells and measured the cell growth using SRB as-
says. As shown in Fig. 4A, the two TPX2 siRNA oligonucleotides
showed a dose-dependent growth inhibition in both cell lines.
We found that the highest concentration at which the TPX2-tar-
geting siRNAs had no significant effect on growth and viability
of PANC-1 and MIA PaCa-2 cells was 0.1 nmol/L. Dose-depen-
dent treatment of the two cell lines with paclitaxel found that
the highest concentration at which paclitaxel does not signifi-
cantly affect the growth of the cells was 10 nmol/L (Supplemen-
tary Fig. §3). Using these low doses of siRNA and paclitaxel, we
transfected the cells with the TPX2-targeting siRNAs followed by
the addition of paclitaxel 6 hours later. Cell viability was deter-
mined using a SRB assay after 96 hours of incubation. As ex-
pected, TPX2 siRNA or paclitaxel alone had no significant
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Fig. 4. TPX2 siRNAs sensitize pancreatic cancer
cells to paclitaxel. A, concentration-dependent
inhibition of pancreatic cancer cell growth by TPX2
siRNAs. Both TPX2 siRNA oligonucleotides
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effect on cell viability at these concentrations; however, when
combined, the TPX2 siRNA and paclitaxel reduced cell viability
by ~50% (Fig. 4B). These results are further supported by ex-
periments generating dose-response curves to paclitaxel in the

presence of low-dose TPX2-targeting siRNAs or a nonsilencing
siRNA (Fig. 4). The paclitaxel-dose response curves reveal a shift
to the left when combined with the TPX2 siRNAs, indicating
that TPX2 knockdown sensitizes cells to paclitaxel treatment.
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Similar experiments with gemcitabine (a nucleoside analogue
and the standard first-line therapy for pancreatic cancer) in
combination with TPX2 siRNA did not show any significant
synergistic effect (Supplementary Fig. S4).

Discussion

TPX2 is a microtubule-associated protein that is tightly cell
cycle regulated. Abnormally expressed TPX2 has been reported
in various malignancies. TPX2 was found to be upregulated in
squamous cell carcinoma of the lung with the expression corre-
lating to tumor grade, stage, and nodal status (9). However, lit-
tle work has been done to explore TPX2 protein levels in
pancreatic cancer cell lines and tumor samples. In the present
study, we show that TPX2 is expressed at high levels in pancre-
atic cancer cell lines and that in some cases amplification of the
TPX2 locus might be responsible for the increased expression.
Immunohistochemical staining of a pancreatic cancer tissue
microarray also shows that TPX2 is highly and extensively ex-
pressed in pancreatic tumor tissues taken directly from patients
with 88% of the tumor cases expressing TPX2 compared with
12% of normal tissue found adjacent to the tumor.

About 60% of the pancreatic cancer cell lines and xenograft
tumors we tested had low-copy-number amplification of the
TPX2 gene (three to six copies). The TPX2 gene localizes to chro-
mosome 20q11. The amplification of this chromosome region
has been reported previously in pancreatic cancer (6). Using
comparative genomic hybridization (CGH) array and fluores-
cence in situ hybridization, Fukushige and colleagues found that
~80% of the pancreatic cancer cell lines and primary tumors
they evaluated had gains in 20q. The copy number increased
in this study was also not very high (four to eight copies per cell;
ref. 6). Interestingly, these gains were observed at the same fre-
quency in early and advanced stages, suggesting that genes in
this region might play an important role in the relatively early
stage of pancreatic carcinogenesis. Due to the role of TPX2 in
activating the Aurora A enzymatic activity and in promoting
the progression of mitosis, the amplification of TPX2 that we ob-
served could confer a proliferation and growth advantage to
pancreatic cancer cells compared with surrounding tissue. Fur-
thermore, because Aurora A kinase has been shown to activate
the Akt pathway (22), overexpression of TPX2 may also induce
cell survival in cancer cells (23). Using TPX2 targeting siRNAs,
we have shown that inhibition of TPX2 expression resulted in
cell cycle arrest and apoptosis in cancer cell lines. Recently, Morgan-
Lappe and coworkers identified TPX2 as one of the three genes
that significantly reduced the survival of multiple human
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