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Abstract

Purpose—~Pancreatic cancer (PC) is the fourth cause of death from cancer in the western world.
Majority of patients present with advanced unresectable disease responding poorly to most
chemotherapeutic agents. Chemotherapy for PC might be improved by adjusting it to individual
genetic profiles. We attempt to identify genetic predictors of chemosensitivity to broad classes of
anticancer drugs.

Experimental Design—Using a panel of genetically defined human PC cell lines, we tested
gemcitabine (anti-metabolite), docetaxel (anti-microtubule), mitomycin C (alkylating), irinotecan
(topoisomerase | inhibitor), cisplatin (crosslinking), KU0058948 (Parpl inhibitor), triptolide
(terpenoid drug) and artemisinin (control).

Results—All PC cell lines were sensitive to triptolide and docetaxel. Most PC cells were also
sensitive to gemcitabine and MMC. The vast majority of PC cell lines were insensitive to
cisplatin, irinotecan, and a Parpl inhibitor. However, individual cell lines were often sensitive to
these compounds in unique ways. We found that DPC4/SMAD4 inactivation sensitized PC cells to
cisplatin and irinotecan by 2—4 fold, but they were modestly less sensitive to gemcitabine. PC cells
were all sensitive to triptolide and 18% were sensitive to the Parpl inhibitor. PL6/CDKN2A
inactivated PC cells were 3—4 fold less sensitive to gemcitabine and MMC.

Conclusions—Chemaosensitivity of PC cells correlated with some specific genetic profiles.
These results support the hypothesis that genetic subsets of pancreatic cancer exist, and these
genetic backgrounds may permit one to personalize the chemotherapy of PC in the future. Further
work will need to confirm these responses and determine their magnitude in vivo.
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Introduction

Pancreatic cancer (PC) is the fourth leading cause of cancer death in the USA and leads to
an estimated 227,000 deaths per year worldwide (1). 5-year survival rates for PC are
estimated to be less than 5% because of its advanced stage at diagnosis, aggressive growth
and resistance to most anticancer drugs (2). Despite this, systemic chemotherapy is generally
used to treat patients with PC. Gemcitabine is a nucleoside analog and historically the
standard first-line choice for the treatment of advanced PC. The median overall survival of
single agent gemcitabine is approximately 6 months with a response rate of 10% in patients
with metastatic disease (3). Recently, the combination of biweekly administered
fluorouracil, leucovorin, irinotecan and oxaliplatin (FOLFIRINOX) was studied in a phase
I11 trial yielding a response rate of 31.6% and a median overall survival of 11.1 months (4).
De Jesus-Acosta, et al also demonstrated a substantial survival benefit with gemcitabine,
docetaxel and capecitabine (GTX) chemotherapy in patients with metastatic and locally
advanced PC, and achieved a median survival of 11.3 and 25.0 months, respectively (5).

Recent studies in human PC have revealed complex genetic alterations in its pathogenesis
and progression. Jones et al (6) sequenced 20,661 protein-coding genes in 24 PCs and found
alterations in KRAS (>95%), p16/CDKN2A (95%), TP53 (50-75%) and DPC4/SMAD4
(55%), the four high-frequency PC driver genes (6-8). Recent studies reported that
inactivation of DPC4/SMADA4 was associated with poorer prognosis in patients with
surgically resected PC and a widely metastatic phenotype in unresected patients (9, 10).
Chemoresistance of tumor cells can be enhanced by mutations in oncogenes, loss of tumor
suppressors or dysregulation of genes involved in DNA repair, cell cycle, cell proliferation,
signal transduction, angiogenesis or apoptosis (11, 12).

Using genetic alterations to predict chemotherapeutic response may prove to be one of the
most important concepts in the therapy of human cancer. The field of targeted therapy is
rapidly expanding with more than 800 new agents developed, 140 of which are under
clinical evaluation. For example, Her2/neu is closely associated with aggressive clinical
behavior and poor outcome (13), and trastuzumab was the first Her2-targeted therapy
approved by the FDA in 1998 for the treatment of metastatic Her2-mutated patients (14).
Parpl is a critical enzyme involved in cell proliferation and repair of single stranded DNA
breaks and multiple PARP1 inhibitors have been tested clinically with encouraging results,
particularly in triple negative BRCA1/2-mutated breast cancer (15). Extrapolation of this
finding to other BRCAL/2 defective cancers may not necessarily and directly follow (16).
The cytogenetic lesion of chronic myelogenous leukemia (CML) is the Philadelphia
chromosome, which arises from a balanced reciprocal translocation between the long arms
of chromosomes 9 and 22 (17). This translocation produces a constitutively active tyrosine
kinase (BCR-ABL) (18) for which imatinib mesylate, a first-generation tyrosine kinase
inhibitor (TKI), is a potent inhibitor (19). However, although numerous studies have
addressed chemosensitivity testing in a variety of malignancies, yet there are few studies in
PC (20-22).

We wished to test the hypothesis that the genetic mutations in PC might predict

chemotherapeutic response. For these initial studies, we selected a panel of broadly acting
anticancer agents including, an anti-metabolite drug (gemcitabine), an anti-microtubule drug
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(docetaxel), an alkylator (mitomycin C), a topoisomerase | inhibitor (irinotecan), a
crosslinking agent (cisplatin), a Parp inhibitor (KU0058948), a terpenoid (triptolide) and a
negative control drug (artemisinin). We tested this panel of drugs for cytotoxicity using a
panel of genetically defined human PC cells. We also verified some initial findings using
DPC4/SMAD4 and TP53 isogenic pairs of cancer cells. The preliminary data demonstrate
that genetic subsets of PC correlate with in vitro chemosensitivity, and these genetic
backgrounds may be useful for personalizing chemotherapy of PC patients in the future.

Materials and Methods

Human PC cell lines, human pancreatic ductal epithelial cell line, human DPC4/SMAD4
isogenic PC cell lines, human TP53 isogenic colon cancer cell lines and cell culture

Thirty-four human pancreatic cancer cell lines used in this study were isolated from the
tumor samples of patients in Departments of Pathology and Oncology, Johns Hopkins
School of Medicine (Supplementary Table S1). Among them, nineteen cell lines were used
for the Discovery Screen and ten cell lines were used for the Prevalence Screen of the
original PC sequencing study (6). The sequences of 23,219 transcripts representing 20,661
protein-coding genes were determined, and somatic mutations identified in the discovery
and prevalence screen, homozygous deletions, and SAGE gene expression data have been
published in detail elsewhere (6). Twelve of the patients contributing samples to this study
had a family history of the disease, defined as having at least two first degree relatives
affected with pancreatic cancer. The use of human tissue was approved by the local IRB
(John Hopkins University). All human pancreatic cancer cell lines were cultured in MEM
medium (Gibco, Grand Island, NY) supplemented with 10% Fetal Bovine Serum (FBS)
(Gibco), 100 U/ml Penicillin and 100 ug /ml Streptomycin.

An HPV transfected normal human pancreatic ductal epithelial cell line (HPDE), generously
provided by Dr. Ming-Sound Tsao, was also analyzed. Apart from slightly aberrant
expression of p53, molecular profiling of this cell line has shown that expression of other
proto-oncogenes and tumor suppressor genes are normal (23). The HPDE cell line was
grown in keratinocyte serum free-media (Invitrogen, Grand Island, NY) supplemented with
bovine pituitary extract and recombinant epidermal growth factor.

Pa01C and Pa02C parental cell lines were both generated from liver metastases of PC
patients, which both had homozygous deletions of DPC4. Pa01C and Pa02C cells were
stably transfected with either a cDNA expression plasmid to overexpress DPC4 (pcDNA3.1-
DPC4) or an empty plasmid (pcDNA3.1Mock) using the Attractene transfection agent
(Qiagen, Valencia, CA). The Pa01C and Pa02C derivative isogenic cells were both analyzed
as single clones. All of the genetically complemented clones express DPC4, while the
control cells do not (data not shown). TGFP pathway activities were tested for these isogenic
pairs using a previously reported luciferase assay (24).These cell lines were cultured in
DMEM medium (Gibco) supplemented with 10% FBS (Gibco), 100 U/ml Penicillin, 100

ug /ml Streptomycin, and 0.35 mg/mL G418 sulfate (Mediatech, Manassas, VA).
Supplementary Table S2 summarizes the DPC4/SMADA4 isogenic cell lines.

The parental colorectal cancer cell lines HCT116, SW48, and RKO were from ATCC. All
the isogenic cell pairs for TP53 were created with genetic knockout / knockin method, as
was previously reported (25). These cell lines were cultured in McCoy’s 5A medium
(Gibco) supplemented with 10% FBS (Gibco), 100 U/ml Penicillin and 100 ug /ml
Streptomycin. Supplementary Table S3 shows the characteristics of TP53 isogenic cell lines.

All cells were maintained at 37 ° in a humidified atmosphere with 5% CO,.

Clin Cancer Res. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Cuietal.

Page 4

Preparation of anticancer drugs

Triptolide, docetaxel, MMC, cisplatin, irinotecan and artemisinin were purchased from
Sigma (St Louis, MO). Gemcitabine was obtained from Net Qem (Research Triangle Park,
NC). Parpl inhibitor (KU0058948) was synthesized in Dr. VVogelstein’s lab. Artemisinin (an
anti-malarial drug) was selected as a negative control drug since it possessed no known
anticancer activity. The eight drugs were dissolved in DMSO (triptolide, docetaxel,
cisplatin, irinotecan and artemisinin) or PBS (MMC and gemcitabine), stock solutions of
10mM were made and they were stored at —80 °.

In vitro cell growth assay for drug screening

Cells were plated in 96-well plates at a density of 3,000 cells per well using standard culture
media (described above). Edge wells of the 96-well plate were filled with 1 X PBS. After
overnight growth, media were removed and 200ul of medium with drug was added into each
well. Drugs were serially diluted to desired final concentrations with medium containing
10% serum and each dose had 6 replicate wells. Cells incubated in the medium with the
vehicle DMSO or PBS served as controls. Plates were incubated with drugs for 72 hours.
Media were aspirated and each well was washed with PBS 3 times to remove cellular debris.
100ul of ddH,0 was added to each well and plates were incubated at room temperature for 1
hour to lyse the cells. 100ul of deionized H,0O containing 0.15% of SYBR green | solution
(Molecular Probes, cat # S7567) were added to wells and mixed 10 times. Fluorescence was
measured by using BMG FluoStar Galaxy (BMG Labtechnologies, USA)(excitation at
480nm and measurement at 520nm) (25).

Human PC cell lines and HPDE were tested initially at the following doses: OnM, 1nM,
10nM, 100nM, 1uM, 10uM and 100uM. Positive drug effects and isogenic cells drugs were
tested using final concentrations: OnM, 1nM, 3nM, 10nM, 30nM, 100nM, 300nM, 1uM,
3uM and 10uM in three independent experiments (18 replicate wells totally per dose).

Gene set enrichment analysis for gene expression data (Supplementary Materials and

Methods)

Statistical analysis—IC50 values were calculated by fitting sigmoid dose-response
curves with GraphPad Prism 5.0 (GraphPad Software, Inc.). IC50 distributions were
compared by genetic status (mutations, deletions or both) and family history status with
Wilcoxon rank sum tests. A drug response was defined as an 1C50 value below the median
or below the highest IC50 that did not exceed 10000 (this happened for drugs where more
than 50% of cell lines had 1C50 values greater than or equal to 10000). The relationship
between response and genetic status was summarized with an odds ratio from a logistic
regression model and Fisher’s exact test. When comparing the IC50 values between
different drugs or to fold change in pathway activity, Spearman’s rank based correlation was
used. 1C50 values between isogenic pairs were compared with a paired Student’s t test.
Chemosensitivity correlation analysis of clustered cell lines was examined with heatmaps
and a network map, which is a visual depiction of how cell lines cluster based on whether
the Spearman correlation of the within-cell line standardized 1C50 values between a pair of
cell lines was 0.65 or higher. Statistical analyses were performed using GraphPad Prism 5.0
and R (version 2.13.1). Due to the exploratory nature of the study, p-values are not corrected
for multiple comparisons and are included for descriptive purposes only.
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Results

Substantial variation of PC cell lines to broad classes of chemotherapeutic agents

We screened 29 genetically defined PC cell lines with the seven broad classes of anticancer
drugs listed above. Pancreatic cancer cells were exposed to increasing concentrations of the
drugs in 6 replicate wells and 1C50 values calculated (Figure 1 and Supplementary Table S4,
S5). Most pancreatic cancer cell lines were sensitive to gemcitabine, triptolide, docetaxel
and MMC. The majority of pancreatic cancer cell lines were insensitive to cisplatin,
irinotecan, Parpl inhibitor and the negative control drug. Among the generally sensitive
drugs, some cell lines were notably less sensitive (Figure 2A, 2D). For example, with
gemcitabine, the vast majority of cell lines were sensitive with 1C50s in the single digit
nanomolar range, whereas three cell lines (Pa09C, Pa08C and Pa43C) were significantly less
sensitive (IC50s: 40 to 60 nM). Similarly, for MMC, most of cell lines were sensitive with
IC50s under 50 nM, whereas five cell lines (Pal8C, Pa07C, Pa02C, Pa113C and Pal9C)
were substantially resistant. Surprisingly, among the generally ineffective drugs (Figure 1),
individual cell lines were uniquely sensitive (Figure 3). For example, with cisplatin, most
cell lines were quite insensitive, whereas a few (Pal8C, Pa21C and Pa228C) had relatively
lower 1C50 values (100 to 200 nM). Similarly, for irinotecan, three cell lines (Pa21C, Pa37C
and Pa227C) demonstrated IC50 values less than 200nM, and for the Parpl inhibitor, six
cell lines (Pa03C, Pa01C, PallC, Pal04C, Pa221C and Pa227C) had 1C50s less than
200nM. In summary, among the sensitive drugs, outlier PC cell lines were more resistant,
while among the resistant drugs, unique cell lines were more sensitive.

DPC4/SMAD4 inactivation sensitized PC cells to cisplatin and irinotecan but reduced their
sensitivity to gemcitabine

We attempted to explain the variation in drug response noted above by correlating it with the
genetic status of these lines. We checked all the somatic mutations and homozygous
deletions which existed in the 19 PC cell lines included in the discovery screen and the 10
PC cell lines included in the prevalence screen (Supplementary Table S1) (6). We attempted
to correlate drug responses to genotype (Figure 4 and Supplementary Figure S1, S2),
considering each gene as either mutated only (mut), deleted only (del), mutated or deleted
combined (md), or wildtype (wt). We initially focused on DPC4/SMADA4 (Supplementary
Table S6, S7).

PC cells with DPC4 homozygous deletions were modestly (2—fold) more sensitive to
cisplatin compared to those with wild type genotype (P=0.04) (Supplementary Figure S1A
and Supplementary Table S6). Cells with the deletion of any of four SMAD Pathway genes
(SMAD3, SMAD4, TGFBR2 or TGFPR3) were 2.2-fold more sensitive to cisplatin (P=0.02)
(Supplementary Table S6). In logistic regression analysis, comparisons of DPC4 deleted or
SMADPath gene deleted or SMADPath gene defective (mutated or deleted) PC cells to
wildtype cells treated with cisplatin confirmed this finding (odds ratios: 11.93, 15.07 and
7.56, P values: 0.01, 0.001 and 0.05, respectively) (Supplementary Table S7).

One concern about this study is that of multiple comparisons. Accordingly, to confirm these
findings, we constructed isogenic cell lines from Pa01C and Pa02C with or without
homozygous DPC4 deletions. With cisplatin, we found that 1C50 values of DPC4 deficient
cell lines for cisplatin were 1.8-fold and 1.2-fold lower than for DPC4-containing cell lines
(Figure 5A and Supplementary Table S8). This was less significant in another isogenic cell
line pair derived from Pa02C, but this cell line showed lower TGFp signaling even when
DPC4 was present (Supplementary Figure S3A). Because all the pairs of isogenic cells had
different levels of TGF pathway signaling (Supplementary Figure S3A), we attempted to
correlate the cisplatin IC50 values with TGFP pathway activities in these cells. Our results
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confirmed that 1C50 values of cisplatin were positively correlated with TGFp activity
(r=0.86, 95%CI: 0.39 to 0.97, P=0.007), although this relationship is largely driven by the
two cell lines with highest TGFBR activity (Supplementary Figure S3B and Supplementary
Table S9). The analysis of expression data showed that cytotoxicity of cisplatin was closely
positively associated with MAP3K12 (an activator of the SAPK/INK pathway), MAPK11
(most closely related to p38 MAP kinase), and MAP4K?2 (involved in activation of
MAP3K1/MEKK?1) (Supplementary Table S10).

PC cells with DPC4 defects (mutations or deletion combined) were 4.5-fold more sensitive
to irinotecan than those with wildtype DPC4 (P=0.04) (Figure 4A and Supplementary Table
S6). In logistic regression analysis, comparison of DPC4 defective cells to wildtype cells
treated with irinotecan produced an odds ratio of 8.64 and a P value of 0.02, and when only
DPC4 deleted cells were compared to wildtype cells, a P value of 0.02 was obtained
(Supplementary Table S7). In order to verify these findings, we tested the pairs of DPC4
isogenic cell lines with irinotecan. We found IC50 values of DPC4 deficient cell lines were
1.2-fold and 1.7-fold lower than those of DPC4 complemented cell lines (Figure 5B and
Supplementary Table S8). Correlation analysis for IC50 values and TGFp pathway activities
was not significant (P=0.067) (Supplementary Table S9)

We tested two pairs of DPC4 isogenic cells for possible synergy between cisplatin and
irinotecan at a constant ratio of 1:1 with simultaneous treatment. The combination indices
(CI) were calculated using CompuSyn (26). Simultaneous treatment with the two drugs
resulted in antagonistic interactions with DPC4 defective cells and synergistic interactions in
DPC4 complemented clones at D50, but these cell lines all showed antagonistic or additive
interactions at ID75 (Supplementary Table S11).

Despite the lack of correlation between DPC4 status and gemcitabine response in the panel
of PC cell lines (Supplementary Figure S1C, S1E), we tested the DPC4 isogenic cell lines
with gemcitabine, and found that DPC4 defective cells were about 2-fold less sensitive than
wildtype cells (P=0.058 and 0.033) (Figure 5C and Supplementary Table S8). We made the
correlation analysis for IC50 values and TGFp pathway activities in these isogenic cells.
Our results confirmed that gemcitabine 1C50s were negatively correlated with TGFp
pathway activities (P=0.015) (Supplementary Figure S3C and Supplementary Table S11).

Chemotherapeutic effects of triptolide and a Parpl inhibitor were related to TP53

inactivation

PC cells with TP53 defects were 2.3-fold more sensitive to triptolide than wildtype TP53
cells, P=0.04 (Figure 4B and Supplementary Table S6). We confirmed these results in
logistic regression analysis, P=0.02 (Supplementary Table S7), and confirmed a modest
effect (1.5-2.7 fold) using three pairs of TP53 isogenic colon cancer cells (1.4-2.7 fold)
(p<0.05) (Figure 5D and Supplementary Table S12).

PC cells with defective TP53 were 4.3-fold more sensitive to Parpl inhibitor than those with
wildtype TP53 alleles, P=0.04 (Figure 4C and Supplementary Table S6). In this analysis,
only three cell lines were wildtype, and the response of TP53 defective cell lines was clearly
bimodal with one highly resistant population (IC50s: > 10,000 nM), and a second variably
sensitive population (IC50s: 20 to 4,000 nM). Logistic regression analysis confirmed that a
subset of TP53 defective cancer cells were more sensitive to the Parpl inhibitor (an odds
ratio of 11.93 for TP53 mutation versus wild type, P=0.02, and a p value of 0.01 for TP53
mutation or deletion versus wild type) (Supplementary Table S7). We investigated possible
explanations for this effect (Supplementary Table S13, S14), and identified a possible
association between sensitivity and wild type P16 status, although this was not statistically
significant. We attempted to confirm these findings using three pairs of TP53 isogenic colon
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cancer cell lines (Supplementary Figure S3D and Supplementary Table S12), however the
opposite effect was seen, possibly because the different genetic and cellular backgrounds of
the PC cells and the colon cancer cell lines.

P16/CDKN2A inactivation made human PC cells less sensitive to gemcitabine and MMC

PC cells with P16 homozygous deletions demonstrated approximately 3.1-fold higher 1C50
values for gemcitabine than those with wildtype P16 (P=0.04) (Supplementary Figure S2A
and Supplementary Table S6), although this was less significant when mutations and
deletions were considered together (P=0.11) (Supplementary Figure S2C). Since wildtype
alleles for DPC4 and P16 were each associated with gemcitabine sensitivity, we also
compared PC cells having both wildtype P16 and DPC4 with those having both P16 and
DPC4 defects, and found cells with wildtype DPC4 and P16 were 4-fold more sensitive to
gemcitabine than DPC4 and P16 defects, although this difference did not achieve statistical
significance (P=0.15) (Supplementary Figure S2D). PC cells with wildtype P16 alleles were
3.8-fold more sensitive to MMC than those with either P16 mutation or deletion (P=0.04)
(Figure 4D and Supplementary Table S5). We confirmed this in logistic regression analysis
(an odds ratio of 0.19 for P16 defects versus wildtype, P=0.05) (Supplementary Table S7).
We attempted to explain the variation in drug response of the P16 defective cancer cells, but
were unable to identify cooperating mutations in other genes (Supplementary Table S15).

Other findings in the anticancer drug screening

We selected the anti-malarial drug, artemisinin, as a negative control drug, and the majority
(88.2%) of cancer cells demonstrated no response, as expected. To our surprise, three PC
cell lines showed sensitive responses with IC50s less than 300 nM (Figure 3D).We
examined the SAGE expression data in attempt to explain these results. We noted significant
the lack of expression of P16, p15 and a series of mitogen-activated protein kinase genes in
the sensitive lines (Supplementary Table S16).

Other drug response-genotype associations, drug response-gene expression profile
correlations and DPC4/SMAD4, TP53 or P16/CDKN2A status-gene expression profile
correlations are presented in Supplementary Results (Supplementary Table S6, S7, S10, S16,
S17, S18, S19, S20, S21 and Supplementary Figure S4, S5). With regard to gemcitabine
sensitivity, we were unable to correlate it with quasimesenchymal subtype (27) or ZEB1/2
expression (data not shown).

Cluster analysis for anticancer drug sensitivities

We also analyzed the chemosensitivity without consideration of the genetics using cluster
analysis. Using an evolutionary cluster analysis, it appears that the drug pattern is dominant
over the cell line clustering. As expected, sensitive drugs clustered on the right branch, and
insensitive drugs clustered on the left branch (Figure 6A). We found that cisplatin with
irinotecan, and gemcitabine with Parpl inhibitors had similar drug response profiles. Some
PC cell lines clustered together forming several groups with similar drug response profiles
for 8 drugs (Figure 6B). For example, Pa01C, Pa03C and Pa21C in a triangle network
showed similar drug responses, and similar different gene expression profiles that
distinguished them from other PC cell lines (Supplementary Table S22). Other attempts to
identify genes responsible for the clustering were not successful.

Discussion

Personalized chemotherapy based on the pattern of genetic alterations and gene expression
in a tumor can, in theory, identify drugs to which the tumor will be sensitive as well as those
unlikely to provide a therapeutic response. Comprehensive germline and somatic changes in
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patients and their cancers can now be determined at a reasonable cost in 2012. However, the
bioinformatics to translate these data to chemoprediction is years behind. Our study attempts
to fill this gap. In our study, we screened a set of genetically defined PCs to determine
whether there were correlations between genetic and transcriptomic profiles and drug
sensitivities. We found that somatic mutations or homozygous deletions of DPC4/SMAD4,
TP53 and P16/CDKN2A genes correlated with in vitro drug responses, though the
differential effects were not pronounced. Additional studies will be necessary to determine
whether these correlations can be reproduced in pre-clinical animal models and in patients.

We identified an association between DPC4/SMADA4 defects and sensitivity to cisplatin and
irinotecan in the initial panel of PC cell lines, and confirmed these effects using isogenic cell
lines. The observation that cisplatin cytotoxicity was correlated with alteration of MAP
kinases indicates that cytotoxic mechanism of cisplatin in PC cell may be partly linked to
noncanonical TGFP pathways. The activation of mitogen-activated protein kinase (MAPK)
pathways by TGFp depends upon the cell type, often in a DPC4-independent manner (28).
For irinotecan, we observed that DPC4 inactivation sensitized PC cells to this drug. DNA
topoisomerase | (Topl) is essential in metazoans for the relaxation of DNA supercoiling by
forming Top1 cleavage complexes (Toplcc) (29), and Topl inhibitors can stabilize Toplcc
and Topl-associated DNA damage (30). TGF signaling influences cellular proliferation
through inhibition of G1/S transition by inducing expression of cyclin kinase inhibitors such
as P15, P21 and P27 while TGFp signaling repressing c-Myc expression (31). Consistent
with these prior studies, we observed downregulation of P15/CDKN1B and upregulation of
CDCA4 and CDC2L6 with DPC4 inactivation in our panel of pancreatic cancer cells
(Supplementary Table S19 and Supplementary Figure S5A, S35B). In a recent study,
Bornstein et al (32) reported increased genomic instability in both normal head and neck
tissues and HNSCC from HN-mice with selective inactivation of DPC4/SMAD4 in head and
neck epithelium, which correlated with downregulated expression and function of genes
encoding proteins in the Fanconi anemia/Brca DNA repair pathway. Under inactivation of
DPC4, cell cycle checkpoint arrest is reduced, thereby increasing genomic instability and
resulting in apoptosis, which may contribute to sensitivity of DNA damaging drugs in PC
cells. In our study, we also found that wildtype DPC4 was a sensitive factor for gemcitabine.
PCs are represented by distinct genetic subtypes with significantly different patterns of
failure (9). So it may be valuable to determine DPC4 status at initial diagnosis and stratify
patients into personalized chemotherapy.

We found substantial variation in Parpl inhibitor sensitivity among PC cell lines, where
sensitivity correlated with inactivated TP53. All TP53 wild type PC cells were highly
resistant to the Parpl inhibitor while there was considerable variation among TP53
inactivated cells. This variation was not correlated with the type of p53 mutation or mutation
status at a second gene (Supplementary Table S13). Nor could we explain these results
through differences in expression (Supplementary Table S14). TP53 downregulates
homologous recombination (HR) either directly (33) or by interacting and/or regulating HR-
related proteins, such as Rad51 (34). In this sense, TP53 inactivation results in increased
exacerbated spontaneous or damage induced HR (35, 36). TP53-deficient mice exhibit high
HR frequency at different developmental stages (37) and TP53 mutations correlate with
elevated recombination rates (38, 39). Moreover, TP53 preferentially suppresses both
spontaneous and DSB-induced nonconservative intrachromosomal HR between imperfect
homologous sequences (ICHR), susceptible of generating gross rearrangements such as
deletions, duplications or inversions (40). In our study, it was observed that RAD51 and
other HR genes were upregulated in TP53 inactivated PC cells, which indicated a high HR
frequency in TP53 deficient PC (Supplementary Table S20 and Supplementary Figure S5C).
The correct balance between desirable and undesirable repair is attained by the finely tuned
HR regulation of TP53, as evidenced by the fact that both excessive and defective HR are
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associated with cancer predisposition and resistance to therapeutic drugs (41).Therefore,
TP53 inactivation may result in an imbalance between desirable and undesirable repair
because of the lack of proper regulation by TP53 in HR. Some studies report that cells
lacking PARP1 also show a hyper-recombinogenic phenotype (an increased frequency of
HR) (42-44), which has also been observed in mice using the pun assay (45). We propose
that TP53 inactivation may have a synthetic lethality with Parpl inhibitor in PC cells
because TP53 controls the fidelity of Rad51-dependent HR and represses aberrant
processing of replication forks after stalling at unrepaired DNA lesions. In our study, we
also found that the sensitivity of Parpl inhibitor was related to expression profiles of some
DNA damage and repair pathway genes (ERCC3, RAD17, SUMO1, MUTYH, CRY1,
HSP90B1, CDC37, RXRA, USP5) in (Supplementary Tables S10, S14, S16).

Triptolide covalently binds to human XPB (also known as ERCC3), a subunit of the
transcription factor TFIIH, and inhibits its DNA-dependent ATPase activity, which leads to
the inhibition of RNA polymerase Il-mediated transcription and likely nucleotide excision
repair (46). In our study, we found that the expression level of ERCC3 was upregulated in
triptolide sensitive PC cells and triptolide was more sensitive to PC cells with TP53
inactivation (Supplementary Table S16 and Supplementary Figure S4A). This indicates that
ERCC3 may exert a synthetic lethality with TP53. Recent reports also indicate that triptolide
causes PC cell death in vitro and in vivo by inducing apoptosis via inhibition of HSP70
which can inhibit apoptosis in cancer cells by attenuating cytosolic calcium and stabilizing
lysosomes (47, 48). In our study, it was found that elevated expressions of HSF1 and
HSPAQ9 were related to the triptolide sensitivities in PC cell lines (Supplementary Table
516).

Additionally, we showed that PC cells with P16 inactivation were less sensitive to
gemcitabine and MMC. These findings are consistent with those of Halloran, who reported
that gemcitabine combined with adenoviral-mediated reintroduction of P16 greatly enhanced
cytotoxicity in Panc-1 pancreatic adenocarcinoma cells (49). PL6/CDKN2A is a tumor
suppressor and plays a pivotal role in regulating the G1/S cell cycle checkpoint (50).
Gemcitabine and MMC can both cause DNA damage by incorporation of nucleoside
analogs or production of crosslinks and wild type P16 may facilitate the process for cycle
checkpoint arrest and apoptosis in PC cells. Cell cycle checkpoints are important in cellular
response to DNA damage by arresting the cell cycle to provide time for repair and by
inducing transcription of genes that facilitate repair (51). This is consistent with a clinical
trial which suggested that the ability of cells to progress into the S phase after gemcitabine
and radiation treatment was the key factor in radiosensitization (52). A recent study
indicated that the polymorphic genotypes of p16 were associated with significantly shorter
time to tumor progression and poorer response to therapy (53). Our analysis of expression
data also showed that cytotoxicity of gemcitabine was closely associated with the expression
of genes regulating the cell cycle, apoptosis, autophagy, DNA repair, tumor suppressor gene
and anticancer drug metabolism pathway (Supplementary Table S16). So we hypothesize
that mutations and deletions in cell cycle genes such as P16 may modulate the response to
treatment with gemcitabine or MMC-based chemotherapy.

We also analyzed the chemosensitivity data by ignoring the genetics. For active drugs, we
found uniquely insensitive lines, and among inactive drugs, including even the control drug,
we found unique sensitive lines. By using cluster analysis, we found that some anticancer
drugs have similar drug response profiles for PC cell lines, and some PC cell lines clustered
together forming several groups with similar drug response profiles. Consistent with the
findings of Collisson, et al (27), this provides evidence that functional subsets of PC exist,
however, despite our best effort, we were unable to correlate clusters in Figure 6B with
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specific genetic defects. Drugs that closely cluster may indicate that they target a common
pathway or downstream effector.

In vitro studies, such as ours, have limitations. Several hypotheses have been suggested to
explain why purified malignant cells may exhibit sensitivities in vitro that do not extrapolate
to in vivo tumors. Malignant cells may possess biologic properties that are lost in tissue
culture. Alternatively, the resistance to systemic therapies in PC patients might also be partly
explained by inefficient drug delivery to malignant cells, because stromal microenvironment
may create a hypovascular penetration barrier that impairs effective chemotherapeutic
delivery (54). Further, the degree of genetic heterogeneity of a tumor is also likely to be an
important determinant of therapeutic outcome (55), the reconstruction of tumor clonal
architectures and the identification of early driver mutations may provide more robust
biomarkers and therapeutic approaches (56).

In a conclusion, we screened broad classes of anticancer drugs for their antiproliferative
properties in a panel of human PC cell lines. These results suggest that genetic subsets of
pancreatic cancer exist, and that many are significantly correlated with chemosensitivity to
specific agents. These genetic subsets may be valuable for personalizing PC chemotherapy
in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

The costs of next generation sequencing are rapidly decreasing, and the $1,000 genome is
near. This “new tool” may permit more rational and effective use of chemotherapeutic
drugs. We studied the chemosensitivity of a broad panel of genetically defined pancreatic
cancers to seven chemotherapeutic drugs with distinct mechanisms of cytotoxicity. We
found seven different gene-drug correlations in vitro. Additional work will be needed to
confirm and determine the magnitude of these effects in vivo. These findings provide an
initial framework for personalized chemotherapy of this nearly lethal malignancy.
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Figure 1. Chemosensitivity of PC cell linesto broad classes of chemother apeutic agents

Drug responses (Log1g of the IC50 values) of 34 PC cell lines tested with 7
chemotherapeutic drugs representing different mechanisms of action, and the control drug
(artemisinin). Each cell line result is represented by a single circle. Horizontal lines indicate
the median 1C50 value for each drug for all cell lines. The four drugs on the left are
generally sensitive drugs, and the four drugs on the right are generally inactive.
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Figure 2. Reponses of individual PC cell linesto the 4 sensitive drugs (note Y axis scale, 0 to
cells. Gemcitabine (A) demonstrated generally good responses, although unique cell lines
and docetaxel (C) demonstrated nearly universal toxicities at doses in the single digit

120nM)
Cytotoxic effects of gemcitabine (A), triptolide (B), docetaxel (C) and MMC (D) on PC
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Cytotoxic effects of cisplatin (A), irinotecan (B) and Parp1 inhibitor(C) on pancreatic cancer
cell viability demonstrated variable drug responses, and unique cell lines showed more than
200 fold variation in their sensitivities to these drugs (*indicates uniquely sensitive cell

line). Artemisinin (D) showed the nearly invariant resistance at doses in greater than 10,000

nanomolar, although unique cell lines (*) were sensitive.
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Figure 5. Reponses of isogenic cancer cell linesto anticancer drugs

Two pairs of isogenic pancreatic cancer cell lines for DPC4/SMAD4 were tested with
cisplatin (A), irinotecan (B) and gemcitabine (C). Results for Pa01C isogenic cells are
shown, as they demonstrate higher TGF functional complementation. Three pairs of
isogenic colon cancer cell lines for TP53 demonstrated differences in response for triptolide
(D). Differences of 1C50 value for isogenic pairs were compared with paired t-test analysis
and significant P values indicated. IC50s were calculated for each experiment using 6
replicates per dose, and three separate experiments were used to calculate the mean 1C50 for
each drug and cell line combination (18 replicate wells totally per dose).
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Figure 6. Chemosensitivity correlation analysis of PC cell lines using evolutionary trees and

cluster analysis

Cluster analysis was employed to analyze chemosensitivity correlation of PC cell lines, and
a threshold of 0.65 (spearman correlation) indicates a positive correlation. Panel A is a
clustered heatmap and panel B is a network map for PC cell lines. Different drugs clustered
because of similar drug response profiles for PC cell lines (A). In panel B, the dots represent
individual cell lines. Cell lines are connected by a line to every other sample with which it
was correlated by at least 0.65. Related cancer cells are demonstrated by “boxes”(thin
arrows) with “Xs” in the center for 4 cell lines and triangles between 3 cell lines (thick
arrows). The line thickness indicates the strength of the correlation. Individual points mean

that sample does not correlate with anyone else.
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