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a b s t r a c t

Gemcitabine has been a first-line chemotherapy agent for advanced pancreatic cancer, which is
associated with one of the lowest 5 years survival rates among human cancers. Due to our lack of
understanding of the genetic determinants of Gemcitabine sensitivity in pancreatic cancer, the therapeu-
tic effectiveness of Gemcitabine chemotherapy is typically unpredictable. Using a genome-wide and
piggyBac transposon-based genetic screening platform, we identified the PVT1 gene as a regulator of
Gemcitabine sensitivity and showed that functional inactivation of the PVT1 gene led to enhanced
Gemcitabine sensitivity in human pancreatic cancer ASPC-1 cells. The integration of the piggyBac trans-
poson-based vector system into intron 3 of PVT1 was within a common site of oncogenic retroviral inser-
tions and chromosomal translocations. PVT1 is a non-protein encoding gene; the genomic arrangement of
PVT1 and its co-amplification with MYC have been implicated in the tumorigenesis of a variety of cancers.
The molecular mechanism of PVT1 transcripts in gene regulation remains a puzzle. We demonstrated
that overexpression of a full length PVT1 cDNA in the antisense orientation reconstituted enhanced sen-
sitivity to Gemcitabine in naïve ASPC-1 cells, whereas overexpression of a full length PVT1 cDNA in the
sense orientation resulted in decreased sensitivity to Gemcitabine. Our results identified PVT1 as a reg-
ulator of Gemcitabine sensitivity in pancreatic cancer cells and validated the genome-wide genetic
screening approach for the identification of genetic determinants as well as potential biomarkers for
the rational design of Gemcitabine chemotherapies for pancreatic cancer.

� 2011 Published by Elsevier Inc.
1. Introduction

Pancreatic cancer is one of the major human cancers with poor
clinical prognosis, and the overall 5 years survival rate of patients
with pancreatic cancer is less than 5%. In 2010, the estimated num-
ber of new cases of pancreatic cancer in the United States was
43,140; it was estimated that 36,800 patients died from this dis-
ease. Deaths from pancreatic cancer still rank fourth among can-
cer-related deaths in the United States [1]. Chemotherapy plays
an important role in the overall management of pancreatic cancer,
but the inherent resistance of pancreatic cancer to currently avail-
able chemotherapeutic agents presents a major challenge. Gemcit-
abine remains the first line drug for the treatment of advanced
pancreatic cancer, either alone or in combination with other che-
motherapeutic agents; however, the effectiveness of chemotherapy
is highly unpredictable [2–4]. This is partially due to the lack of our
understanding of molecular pathogenesis of pancreatic cancer.
Therefore, the identification of the genetic determinants of
Elsevier Inc.
sensitivity to chemotherapeutic agents is imperative for the devel-
opment of effective treatments and biomarkers for pancreatic can-
cer [5–8].

Recent studies in cancer genomics of major human cancers,
including pancreatic cancer, have revealed complex genetic alter-
nations involved in tumor pathogenesis and progression [9,10].
Comprehensive analyses of the genetic alternations in pancreatic
cancer showed several core pathways and regulatory processes
altered in 67–100% of the tumors, including K-Ras, TGF-b, small
GTPase signaling, controls of G1/S phase transition and DNA
damage [11], but their critical roles in pancreatic tumorigenesis
and the inherent resistance to Gemcitabine are not well
understood. Earlier studies of chemoresistance in pancreatic can-
cer identified several genes involved in Gemcitabine transport
and metabolism [12,13]; recent functional genomics studies have
indicated that there are critical regulatory genes that determine
susceptibility of pancreatic cancer cells to Gemcitabine. Targeting
these regulatory genes in combination with Gemcitabine produced
synthetic lethality of pancreatic cancer cells and showed
synergistic therapeutic effect [14]. Therefore, identification of
these key regulators involved in Gemcitabine susceptibility may
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provide novel therapeutic strategies and biomarkers for pancreatic
cancer.

Random Homozygous Knockout (RHKO) technology is a gen-
ome-wide genetic approach that identifies genes based on their
biological functions [15]. The design of RHKO enables the func-
tional inactivation of both alleles of randomly addressed chromo-
somal genes within populations of mammalian cells using gene
search vector cassettes that contain a regulated antisense pro-
moter. This strategy has been used successfully to identify genes
whose functional homozygous inactivation leads to reversible
tumorigenesis or altered sensitivity to chemotherapeutic agents
[16]. We have integrated the RHKO technology with a recently
developed mammalian genetic transposon system piggyBac
[17–21], and established a piggyBac based genome-wide mutagen-
esis platform. Here, using this genetic approach, we performed
genome-wide mutagenesis screening in a human pancreatic cancer
cell line ASPC-1 and identified PVT1 as a novel regulator of
Gemcitabine sensitivity; specifically, functional inactivation of
PVT1 resulted in increased sensitivity to Gemcitabine. We further
validated the functional roles of PVT1 in naïve ASPC-1 cells.
Overexpression of antisense PVT1 resulted in increased sensitivity
to Gemcitabine, whereas overexpression of sense PVT1 resulted in
decreased sensitivity to Gemcitabine. Our results provide a
novel genetic approach for the discovery of genetic determinants
of Gemcitabine sensitivity and identify PVT1 as a potential
biomarker for the prediction of Gemcitabine sensitivity and a
candidate gene target for Gemcitabine combination therapy for
pancreatic cancer.
Fig. 1. piggyBac transposon-based genome-wide mutagenesis platform. (A) piggy-
Bac transposon-based gene search vectors (pPBGS) contain piggyBac transposon 30

terminal repeat (30TR), 50 terminal repeat (50TR), a modified tetracycline regulated
element (TRE), a Neo expression cassette and a bacterial plasmid replication origin
(Ori); pmPB is an expression vector for piggyBac transposase. An example of
genomic integration of pPBGS is depicted; antisense transcription initiated at TRE is
mediated by a tTA encoded by pCAG-tTA. (B) Tetracycline regulated gene
expression in 2D2 and control cells. Gene expression was measured by luciferase
reporter activities in the presence or absence of doxycycline (Dox). Representative
of three experiments, each assay was performed as triplicate. (C) piggyBac
transposon mediated genomic integration in 2D2 cells, pPBGS alone and co-
2. Materials and methods

2.1. Plasmid construction

The plasmid pPBGS was constructed from pSB-in-PB (Gift of Dr.
Alan Bradley, Sanger Center, UK), a modified tetracycline regulated
element, an amino glycoside 30 phosphotransferase (APH or Neo
containing a bacterial promoter) expression cassette under the
control of a b-actin promoter and plasmid replication origin (Ori,
p15A from pACYC184). The neo expression cassette and Ori were
first joined as a Nhe1 fragment and then joined with a modified
tetracycline-regulated element, which consisted of 14 tetracycline
operator binding sites and a minimum cytomegalovirus (CMV)
immediate early promoter. This formed a 3.3 kb BamH1 fragment,
which was ligated to a 3.9 Kb PCR fragment from pSB-in-PB (con-
taining piggyBac transposon 30 and 50 terminal repeats) to form
pPBGS (Fig 1A). pCAG-tTA was constructed by replacing a
BamH1-Not1 fragment of pCYLo43 (Gift of Dr. Alan Bradley, Sanger
Center, UK) with a PCR product which encodes the tetracycline
transactivator (tTA). pTet-Luciferase, a tTA mediated luciferase
report vector [22], and pLLEXP-1 were gifts of Dr. Limin Li (Peking
Union Medical College), and pmPB was a gift of Dr. Alan Bradley,
Sanger Center, UK.
transfection of pPBGS and pmPB. Stable integrations of pPBGS were selected as
G418-resistant clones. Representative of more than 20 experiments, each assay was
performed in triplicate.
2.2. Establishment of tetracycline regulated gene expression system in

pancreatic cancer cells

Human pancreatic cancer ASPC-1 cell line was cultured in
Dulbecco’s modified Eagles medium (DMEM, HyClone) supple-
mented with 10% heat-inactivated fetal bovine serum, 100 units/
ml penicillin and 0.1 mg/ml streptomycin, in a humidified 5%
CO2 incubator at 37 �C. ASPC-1 cells were transfected with
pCAG-tTA vector with Fugene 6 transfection reagent (Roche,
Germany) according to the manufacturer’s instructions, and the
transfected cells were selected with culture medium containing
1.5 lg/ml of puromycin (InvivoGen, USA). Individual puromycin
resistant clones were isolated and analyzed following 1–2 weeks
of selection.

2.3. Assays for the expression of luciferase reporter gene

ASPC-1 cells derived from individual puromycin resistant colo-
nies were plated in 96-well plates at 1 � 104 per well 12–24 h prior
to transfection; the cells were then transfected with pTet-Lucifer-
ase (50 ng/well) with Fugene 6. Transfected cells were cultured
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Fig. 2. Identification of Gemcitabine sensitive clone GS141. (A) Gemcitabine dosage
responsiveness and IC50 of parental ASPC-1 cells and tetracycline regulated 2D2
cells were determined with MTT assays in different concentrations of Gemcitabine
(Gem). (B) Identification of Gemcitabine sensitive clone GS141 with 2D2 cells with
MTT assays. Representative of three experiments, each assay was performed in
triplicate.
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in the absence (�) or presence (+) of 2 lg/ml doxycycline (Dox,
Sigma–Aldrich) for 48 h. Cultures were lysed with harvest buffer,
and then mixed with the luciferase substrate and an assay buffer
[23]. Relative light units were measured using a Luminometer
(TURNER Modulus, American).
2.4. Generation of piggyBac transposon mediated genome-wide
mutagenesis library

ASPC-1-2D2 cells were co-transfected with pPBGS and pmPB
plasmids with Fugene 6. Transfected cells were selected with cul-
ture medium containing 600 lg/ml of G418 (CALBIO-CHEM) for
4–6 weeks and individual G418 resistant clones were isolated or
pooled for further screening of Gemcitabine sensitivity.
2.5. MTT assay

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay kit (Roche, Germany) was used for the detection of
Gemcitabine (GEMZAR, Lilly France) sensitivity. Cells were plated
at a concentration of 4 � 103 cells/well in a 96-well plate for 12–
24 h. Gemcitabine at different concentrations diluted directly from
stock solution was added to each well. We performed the MTT as-
say according to the manufacturer’s instructions. Absorbance was
measured at 570 nm using a microplate reader (Labsystems
Dragon, Wellscan MK3).
2.6. Genomic DNA Splinkerette-PCR and sequence analysis

Genomic DNA was isolated with standard procedure. RNA-free
genomic DNA was digested with Sau3AI and ligated with Splinke-
rette adaptor primer pairs [24]. Splinkerette-PCRs were performed
with the following primer sets: Splink-1 50-CGAAGAGTAACCGT
TGCTAGGAGAGACC-30, and PB3-1 50-TAAATAAACC TCGATATACAG
ACCGATAAA-30; Splink-2 50-GTGGCTGAATGAGACTGGTGT CGAC-30,
and PB3-2 50-ATATACAGACCGATAAAACACATGCGTCAA-30. PCR
products were gel purified and sequenced. DNA sequences were
mapped to human genome and analyzed with the UCSC Genome
Browser, NCBI human genome resources and Ensemble Genome
Browser. Genomic integration of gene search vector in GS141 and
2D2 cells were further analyzed using genomic PCR with following
primer sets: PVT1 five-primer integration site, 141-G5 50-TGGTGG
GCCAC AGTGAGTGAGGCCAGADNA-30 and PB5-1 50-CAAAATCAGT-
GACACTTACC GCATTGACAA-30; PVT1 three-primer integration
site, 141-G3 50-CTAGCTTT GCAGAGAAAGCCCTAGA G-30 and PB3-
1 50-TAAATAAACCTCGATATACAGA CCGATAAA-30; PVT1 control,
141-G5 50-TGGTGGGCCACAGTGAGTGAGG CCAGA-30 and 141-G3
50-CTAGCTTTGCAGAGAAAGCCCTAGAG-30.

2.7. Expression of human PVT1 full length cDNA in naïve ASPC-1 cells

A BamH1 fragment containing 1900 bp (without 18 bp 30 polyA
tail) of human PVT1 full length cDNA (NCBI reference sequence,
NR_003367.1) was synthesized by Blue Heron biotechnology Inc.,
USA, and the sequence was confirmed. The cDNA was cloned into
pLLEXP-1 in both sense and antisense orientations. pLLEXP-1 con-
tains a puromycin resistance gene as a selection marker. pLLEXP-1
vectors carrying sense, antisense PVT1 cDNAs and no insert control
were transfected into ASPC-1 cells, respectively. Transfected cells
were selected in culture media with 1.5 lg/ml of puromycin for
1–2 weeks; puromycin resistant cells were assayed for their sensi-
tivity for Gemcitabine.

2.8. Statistical methods

Error bars was calculated with mean ± S.E.M. Statistical analysis
was performed using Student’s t-test. P < 0.05 was considered sta-
tistically significance.
3. Results

3.1. Establishment of piggyBac transposon mediated genome-wide
gene search platform

To identify potential chromosomal genes that regulate Gemcit-
abine sensitivity in human pancreatic cancer cells, we constructed
piggyBac transposon-mediated gene search vectors based on early
versions of genome-wide gene search vectors. The piggyBac trans-
poson mediated gene search vector (pPBGS) contains a tetracycline
regulated promoter that is active in the presence of tTA and the ab-
sence of tetracycline (Tet-Off), and a selection marker of aminogly-
coside 30 phosphotransferase (APH or Neo) under the control of
human cytomegalovirus (CMV) promoter (Fig. 1A). A tTA expres-
sion vector pCAG-Tet was first transfected into human pancreatic
cancer ASPC-1 cells, and more than 300 stable transfected and
puromycin resistant clones were isolated. Isolated clones were
transfected with pTet-Luciferase and were assayed for luciferase
reporter activities in the absence and presence of doxycycline
(Dox, a semi-synthetic tetracycline). Six ASPC-1 clones had shown
more than 300-fold reporter gene regulation with 1–2 lg/ml of
Dox; clone 2D2, which showed more than 1000-fold regulations,
was selected for this study (Fig. 1B).



Fig. 3. Molecular cloning and genomic mapping of PVT1. (A) Splinkerette-PCR with genomic DNA isolated from GS141 cells; genomic DNA at 30TR of pPBGS integration site
was amplified as a 300 bp fragment. (B) DNA sequencing analysis showed PVT1 genomic junctions with pPBGS gene search vector; the consensus sequence TTAA of piggyBac
transposon integration site is shown. (C) Genomic mapping of the integration site in GS141 using the UCSC Genome Browser; the antisense transcription initiation site is
indicated by a solid arrow. Locations of MYC, PVT1 and microRNAs are shown. (D) Validation of PVT1 genomic junctions at both ends of the pPBGS integration site, genomic
PCRs with specific primer sets produced expected fragments in GS141 cells but not in 2D2 control cells. A specific control PCR product (3050) from the uninterrupted PVT1
allele was amplified from both 2D2 and GS141 cells.
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The optimal condition for piggyBac transposase mediated gen-
ome-wide integration of pPBGS in 2D2 cells was determined by
co-transfection of pPBGS and a piggyBac transposase expression
vector (pmPB) with Fugene 6. The optimal pPBGS/pmPB plasmid
ratio was obtained at 1:1 with 25 ng pPBGS and 25 ng pmPB
DNA for 105 2D2 cells, which resulted in an average of 2543
G418 resistant clones (Fig. 1C). High throughput parallel DNA
transfections were performed, and a library that contained more
than 500,000 G418 resistant clones was constructed for genome-
wide screening of genes that regulate Gemcitabine sensitivity.

3.2. Identification of Gemcitabine sensitive clone GS141

We first determined Gemcitabine IC50 in human pancreatic
cancer ASPC-1 parental cells and clone 2D2 cells using MTT assays,
both ASPC-1 and 2D2 cells showed similar Gemcitabine IC50 at
25.1 nM (Fig. 2A). Our initial goal was to identify genes whose
altered expression could result in increased sensitivity to
Gemcitabine; therefore, we performed the library screening using
individual G418 resistant clones in replicate MTT assays with
and without 25 nM Gemcitabine. Multiple rounds of screening
more than 300 clones identified clone GS141, which showed signif-
icantly increased sensitivity to Gemcitabine with IC50 at 7.6 nM
(P < 0.01, Fig. 2B); whereas all other clones showed IC50 at or above
25 nM.

3.3. Molecular cloning and genome analysis of PVT1

To identify the chromosomal gene that contained the integrated
pPBGS, genomic DNA was isolated from GS141 cells; the genomic
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Fig. 4. Overexpression of full length PVT1 cDNA in naïve ASPC-1 cells validated PVT1 as a regulator of Gemcitabine sensitivity. (A) pLLEXP-1 contains an expression cassette
for PVT1 cDNAs under control of a CMV promoter and a puromycin selection marker. Full length PVT1 cDNAs were cloned into pLLEXP-1 in both sense and antisense
orientation. (B) Naïve ASPC-1 cells were transfected with pLLEXP-1 vectors containing sense and antisense full-length PVT1 cDNAs and no insertion control; each transfection
was selected with puromycin, and then treated with 10 nM Gemcitabine. Representative of three experiments, 100�.
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DNA fragment at the gene search vector junction was amplified
with the splinkerette PCR (spPCR) method. A 300 bp PCR product
was obtained and gel purified (Fig. 3A). DNA sequencing of the
PCR product showed a 210 bp genomic DNA and 90 bp of 30 termi-
nal repeats of the integrated pPBGS, which was identified as a con-
sensus sequence TTAA of piggyBac transposon integration site
(Fig. 3B). A human genome database search with the 210 bp geno-
mic DNA sequences showed a 100% match to human chromosome
8 (128931244–128931453), and the pPBGS integration site was
mapped to intron 3 of human PVT1 oncogene (Fig. 3C), which pro-
duces a non-protein coding RNA (NCBI Reference Sequence:
NR_003367.1). tTA mediated transcription was initiated from
pPBGS and read through 30TR of piggyBac transposon into adjacent
genomic DNA, and pPBGS integration in GS141 cells produced anti-
sense transcripts to PVT1 and resulted in functional inactivation of
the PVT1 gene.

3.4. Functional validation of PVT1 as regulator of Gemcitabine
sensitivity in naïve pancreatic cancer ASPC-1 cells

To validate the functional role of PVT1 in Gemcitabine sensitiv-
ity, we first performed a series of RT-PCRs to isolate full length hu-
man PVT1 cDNA; these RT-PCRs only produced several short
isoforms of PVT1 cDNA (<1 Kb), and no full-length cDNA was ob-
tained. We therefore synthesized the 1800 bp (with deletion of
the 18 bp polyA tail) full-length PVT1 cDNA based on NCBI Refer-
ence Sequence NR_003367.1. The fully assembled 1800 bp PVT1
DNA was validated by sequencing of both strands and cloned into
expression vector pLLEXP-1 in both sense and antisense orienta-
tions under the control of CMV promoter (Fig. 4A). Sense and anti-
sense PVT1 full length cDNA expression vectors and the control
vector without cDNA insert were transfected into naïve ASPC-1
cells; the stably transfected ASPC-1 cells were obtained by selec-
tion of puromycin resistance. Pools of puromycin resistance clones
from each transfection were treated with Gemcitabine at 10 nM for
9 days. In comparison to ASPC-1 cells transfected with control vec-
tor, only a few ASPC-1 cells survived in the transfection group with
antisense expression of PVT1; whereas significantly more ASPC-1
cells survived in the transfection group with sense expression of
PVT1 (Fig. 4B).
4. Discussion

Human pancreatic cancer is characterized by its intrinsic
resistance to chemotherapeutic agents, and this presents a major
challenge to the clinical management of pancreatic cancer patients.
Although Gemcitabine has been used as the first-line therapeutic
agent for pancreatic cancer, there are no reliable biomarkers avail-
able for the prediction of therapeutic efficacy and for rational de-
sign of individualized therapy. Gemcitabine blocks nucleic acid
synthesis during DNA replication and inhibits ribonucleotide
reductase, thereby inducing apoptosis. For many years, research ef-
forts have been focused on the mechanisms involved in the devel-
opment of chemoresistance in pancreatic cancer cells upon
treatment with Gemcitabine, which led to identification of several
genetic pathways involved in Gemcitabine transport and metabo-
lism. More recently, siRNA library screening in cancer cell lines
identified several genes involved in DNA damage and cell cycle
checkpoint as Gemcitabine sensitizers, such as ATR and CHK1
[14]. Inhibition of CHK1 may allow tumor cells to escape from
checkpoint arrest and to enter mitosis with damaged DNA, which
can ultimately induce apoptosis [25]. This may result in the
increased sensitivity to Gemcitabine and provides potential gene
targets for the design of combination therapies with Gemcitabine.

Using a genome-wide mutagenesis strategy, we identified the
PVT1 gene whose functional inactivation resulted in increased sen-
sitivity to Gemcitabine in human pancreatic cancer ASPC-1 cells. It
has long been proposed that functional perturbation of PVT1
through DNA rearrangements or amplifications contribute to
tumorigenesis [26]. The location of PVT1 near MYC at human chro-
mosome 8q24, which is located 57 kb downstream of MYC and ex-
tends more than 200 kb in the telomeric direction from MYC, forms
a cluster of MYC-activating chromosomal translocation break-
points in Burkitt’s lymphoma, plasmacytoma, ovarian cancer,
breast cancer and lung cancer [27–30]. Co-amplification of human
MYC and PVT1 had been shown to correlate with rapid progression
of breast cancer and with poor clinical survival in postmenopausal
or HER2-positive breast cancer patients [31]. In multiple myeloma,
rearrangements of the PVT1 region have been shown to correlate
with being refractory to therapy [32]. The functional role of
transcripts of PVT1 remains a puzzle. Decades of research have
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failed to identify a protein-encoding transcript or even multiple
transcripts produced from PVT1 in a variety of cells. A knockout
of the Pvt1 locus in mouse was embryonic lethal; this indicated
that PVT1 plays a critical role in normal development [33]. Tran-
scription from PVT1 in normal cells produces multiple low-abun-
dance RNAs through a complex pattern of splicing between
exons separated by large introns. Abnormal PVT1 RNAs produced
in variant Burkitt’s lymphomas are abundant chimeric transcripts
containing PVT1 and the immunoglobulin light-chain loci [34].
The same cluster of MYC-activating chromosomal translocation is
also the area for oncogenic retroviral integrations and is often asso-
ciated with activation of MYC. In our study, the piggyBac gene
search vector was inserted into intron 3 of PTV1, and antisense
transcription was initiated from the integrated gene search vector.
This resulted in functional inactivation of PVT1 transcripts, and
potentially functional inactivation of upstream MYC transcripts.
Further validation with overexpression of antisense full length
PVT1 cDNA in naïve pancreatic cancer ASPC-1 cells has suggested
that functional inactivation of PVT1 alone could result in increased
sensitivity to Gemcitabine. Although PVT1 has been shown to be a
MYC activator, transcriptional regulation of PVT1 is not well under-
stood. The recent discovery of a miRNA cluster (miR1204,
miR1205, miR1206, miR1207 and miR1208) within the PVT1 geno-
mic DNA region suggests complex regulation networks within the
MYC-PVT1 locus and with other gene networks [35].

Overexpression of sense full-length PVT1 cDNA in naïve
pancreatic cancer ASPC-1 cells resulted in decreased sensitivity
to Gemcitabine. This is in agreement with early reports that over-
expression of PVT1 was associated with the development of resis-
tance to therapeutic agents [33].

In summary, using a piggyBac transposon-based genome-wide
mutagenesis strategy, we identified the PVT1 gene whose func-
tional inactivation led to the increased sensitivity to Gemcitabine
in human pancreatic cancer cells. The PVT1 gene, a non-protein
encoding gene, is implicated in the tumorigenesis of a variety of
human cancers through DNA rearrangement, co-amplications with
MYC and regulation of miRNAs. Further characterization of PVT1
gene, its expression and its regulation may reveal the mechanisms
of actions of PVT1 and MYC in tumorigenesis and their roles in reg-
ulation of Gemcitabine sensitivity.

Acknowledgments

This work was supported by National Laboratory of Medical
Molecular Biology Special Grant (2060204). We thank Dr. Allan
Bradley and Dr. Limin Li for plasmids, Dr. Yue Huang, Dr. Feng
Guo and members of Li lab, Huang Lab and Zhao lab for helpful
advice and support.

References

[1] A. Jemal, R. Siegel, J. Xu, et al., Cancer Statistics 2010, CA Cancer J. Clin. 60
(2010) 277–300.

[2] G. Von Wichert, T. Seufferlein, G. Adler, Palliative treatment of pancreatic
cancer, J. Dig. Dis. 9 (2008) 1–7.

[3] E.M. O’Reilly, G.K. Abou-Alfa, Cytotoxic therapy for advanced pancreatic
adenocarcinoma, Semin. Oncol. 34 (2007) 347–353.

[4] H.Q. Xiong, K. Carr, J.L. Abbruzzese, Cytotoxic chemotherapy for pancreatic
cancer: advances to date and future directions, Drugs 66 (2006) 1059–1072.

[5] H. Burris, C. Rocha-Lima, New therapeutic directions for advanced pancreatic
cancer: targeting the epidermal growth factor and vascular endothelial growth
factor pathways, Oncologist 13 (2008) 289–298.
[6] A. Kleespies, K.W. Jauch, C.J. Bruns, Tyrosine kinase inhibitors and gemcitabine:
new treatment options in pancreatic cancer?, Drug Resist Update 9 (2006) 1–
18.

[7] S.A. Danovi, H.H. Wong, N.R. Lemoine, Targeted therapies for pancreatic cancer,
Br. Med. Bull. 87 (2008) 97–130.

[8] A.H. Ko, Future strategies for targeted therapies and tailored patient
management in pancreatic cancer, Semin. Oncol. 34 (2007) 354–364.

[9] C.P. Tanase, M. Neagu, R. Albulescu, et al., Advances in pancreatic cancer
detection, Adv. Clin. Chem. 51 (2010) 145–180.

[10] I. Bozic, T. Antal, H. Ohtsuki, et al., Accumulation of driver and passenger
mutations during tumor progression, Proc. Natl. Acad. Sci. USA 107 (2010)
18545–18550.

[11] S. Jones, X. Zhang, D.W. Parsons, et al., Core signaling pathways in human
pancreatic cancers revealed by global genomic analyses, Science 321 (2008)
1801–1806.

[12] A. Habiro, S. Tanno, K. Koizumi, et al., Involvement of p38 mitogen-activated
protein kinase in gemcitabine-induced apoptosis in human pancreatic cancer
cells, Biochem. Biophys. Res. Commun. 316 (2004) 71–77.

[13] K. Koizumi, S. Tanno, Y. Nakano, et al., Activation of p38 mitogen-activated
protein kinase is necessary for gemcitabine-induced cytotoxicity in human
pancreatic cancer cells, Anticancer Res. 25 (2005) 3347–3353.

[14] D.O. Azorsa, I.M. Gonzales, G.D. Basu, et al., Synthetic lethal RNAi screening
identifies sensitizing targets for gemcitabine therapy in pancreatic cancer, J.
Transl. Med. 7 (2009) 43–54.

[15] L. Li, S.N. Cohen, Tsg101: a novel tumor susceptibility gene isolated by
controlled homozygous functional knockout of allelic loci in mammalian cells,
Cell 85 (1996) 319–329.

[16] Y.W. Zhang, L. Liu, S.X. Zhang, et al., A functional mouse retroposed gene rps
23r1 reduces Alzheimer’s b-Amyloid levels and Tau phosphorylation, Neuron
64 (2009) 328–340.

[17] A.J. Dupuy, K. Akagi, D.A. Largaespada, et al., Mammalian mutagenesis using a
highly mobile somatic Sleeping Beauty transposon system, Nature 436 (2005)
221–226.

[18] T.K. Starr, R. Allaei, K.A. Silverstein, et al., A transposon-based genetic screen in
mice identifies genes altered in colorectal cancer, Science 323 (2009) 1747–
1750.

[19] J. Kool, A. Berns, High-throughput insertional mutagenesis screens in mice to
identify oncogenic networks, Nat. Rev. Cancer 9 (2009) 389–399.

[20] W. Wang, A. Bradley, Y. Huang, A piggyBac transposon-based genome-wide
library of insertionally mutated Blm-deficient murine ES cells, Genome Res. 19
(2009) 667–673.

[21] R. Rad, L. Rad, W. Wang, et al., piggyBac transposon mutagenesis: a tool for
cancer gene discovery in mice, Science 329 (2010) 413–417.

[22] M. Gossen, H. Bujard, Tight control of gene expression in mammalian cells by
tetracycline-responsive promoters, Proc. Natl Acad. Sci. USA 89 (1992) 5547–
5551.

[23] I. Bronstein, J. Fortin, P.E. Stanley, et al., Chemiluminescent and bioluminescent
reporter gene assays, Anal. Biochem. 219 (1994) 169–181.

[24] A.G. Uren, H. Mikkers, J. Kool, et al., A high-throughput splinkerette-PCR
method for the isolation and sequencing of retroviral insertion sites, Nat.
Protoc. 4 (2009) 789–798.

[25] M.J. O’Connor, N.M. Martin, G.C. Smith, Targeted cancer therapies based on the
inhibition of DNA strand break repair, Oncogene 26 (2007) 7816–7824.

[26] E. Shtivelman, J.M. Bishop, The PVT gene frequently amplifies with MYC in
tumor cells, Mol. Cell. Biol. 9 (1989) 1148–1154.

[27] E.D. Pleasance, P.J. Stephens, S. O’Meara, et al., A small-cell lung cancer genome
with complex signatures of tobacco exposure, Nature 463 (2010) 184–190.

[28] M.M. Pomerantz, C.A. Beckwith, M.M. Regan, Evaluation of the 8q24 prostate
cancer risk locus and MYC expression, Cancer Res. 69 (2009) 5568–5574.

[29] V. Enciso-Mora, P. Broderick, Y. Ma, et al., A genome-wide association study of
Hodgkin’s lymphoma identifies new susceptibility loci at 2p16.1 (REL),
8q24.21 and 10p14 (GATA3), Nat. Genet. 42 (2010) 1126–1130.

[30] R.G. Shao, C.X. Cao, T. Shimizu, et al., Abrogation of an S-phase checkpoint and
potentiation of camptothecin cytotoxicity by 7-hydroxystaurosporine (UCN-
01) in human cancer cell lines, possibly influenced by p53 function, Cancer
Res. 57 (1997) 4029–4035.

[31] A. Borg, B. Baldetorp, M. Ferno, et al., C-myc amplification is an independent
prognostic factor in postmenopausal breast cancer, Int. J. Cancer 51 (1992)
687–691.

[32] A.P. Palumbo, M. Boccadoro, S. Battaglio, et al., Human homologue of Moloney
leukemia virus integration-4 locus (MLVI-4), located 20 kilobases 30of the myc
gene is rearranged in multiple myelomas, Cancer Res. 50 (1990) 6478–6482.

[33] K.B. Marcu, S.A. Bossone, A.J. Patel, Myc function and regulation, Annu. Rev.
Biochem. 61 (1992) 809–860.

[34] E. Shtivelman, J.M. Bishop, Effects of translocations on transcription from PVT,
Mol. Cell. Biol. 10 (1990) 1835–1839.

[35] K. Huppi, N. Volfovsky, B. Wahlberg, et al., The identification of microRNAs in a
genomically unstable region of human chromosome 8q24, Mol. Cancer Res. 6
(2008) 212–221.


	Genome-wide screen identifies PVT1 as a regulator of Gemcitabine sensitivity  in human pancreatic cancer cells
	Introduction
	Materials and methods
	Plasmid construction
	Establishment of tetracycline regulated gene expression system in pancreatic cancer cells
	Assays for the expression of luciferase reporter gene
	Generation of piggyBac transposon mediated genome-wide mutagenesis library
	MTT assay
	Genomic DNA Splinkerette-PCR and sequence analysis
	Expression of human PVT1 full length cDNA in naïve ASPC-1 cells
	Statistical methods

	Results
	Establishment of piggyBac transposon mediated genome-wide gene search platform
	Identification of Gemcitabine sensitive clone GS141
	Molecular cloning and genome analysis of PVT1
	Functional validation of PVT1 as regulator of Gemcitabine sensitivity in naïve pancreatic cancer ASPC-1 cells

	Discussion
	Acknowledgments
	References


