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Evidence for the Importance of Personalized Molecular
Profiling in Pancreatic Cancer

Loukia N. Lili, PhD,* Lilya V. Matyunina, PhD,* L. DeEtte Walker, PhD,* George W. Daneker, MD,
and John FE McDonald, PhD¥*

Objectives: There is a growing body of evidence that targeted gene
therapy holds great promise for the future treatment of cancer. A crucial
step in this therapy is the accurate identification of appropriate candidate
genes/pathways for targeted treatment. One approach is to identify var-
iant genes/pathways that are significantly enriched in groups of afflicted
individuals relative to control subjects. However, if there are multiple
molecular pathways to the same cancer, the molecular determinants of
the disease may be heterogeneous among individuals and possibly go
undetected by group analyses.

Methods: In an effort to explore this question in pancreatic cancer, we
compared the most significantly differentially expressed genes/pathways
between cancer and control patient samples as determined by group
versus personalized analyses.

Results: We found little to no overlap between genes/pathways iden-
tified by gene expression profiling using group analyses relative to those
identified by personalized analyses.

Conclusions: Our results indicate that personalized and not group
molecular profiling is the most appropriate approach for the identifica-
tion of putative candidates for targeted gene therapy of pancreatic and
perhaps other cancers with heterogeneous molecular etiology.
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H igh-throughput molecular profiles (DNA and RNA se-
quencing, microarray gene expression analyses, etc) are
revolutionizing the way cancers are diagnosed,'™ classified,>*¢
and treated.” One well-established approach to identify molec-
ular variants (eg, genetic, epigenetic, or gene expression pattern
variants) that may be causally related to complex diseases such as
cancer is to identify variant patterns that are significantly enriched
in groups of afflicted individuals relative to control subjects. Ex-
amples of this approach are the various genome-wide association
studies designed to identify disease-causing alleles.'®!! While the
group approach can, by design, detect genetic or gene expression

From the *Integrated Cancer Research Center, School of Biology, and Parker

H. Petit Institute of Bioengineering and Biosciences, Georgia Institute of

Technology, Atlanta; and fCancer Treatment Centers of America SE Re-

gional Facility, Newnan, GA.

Received for publication May 14, 2013; accepted October 28, 2013.

Reprints: John F. McDonald, PhD, Integrated Cancer Research Center,
School of Biology, and Parker H. Petit Institute of Bioengineering and
Biosciences, Georgia Institute of Technology, 315 Ferst Dr, Atlanta, GA
(e-mail: john.mcdonald@biology.gatech.edu).

Source of financial support: Georgia Tech Foundation and St Joseph’s Mercy
Foundation.

The authors declare no conflict of interest.

Supplemental digital contents are available for this article. Direct URL ci-
tations appear in the printed text and are provided in the HTML and PDF
versions of this article on the journal’s Web site
(www.pancreasjournal.com).

This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivatives 3.0 License, where
it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially.
http://creativecommons.org/licenses/by-nc-nd/3.0.

Copyright © 2014 by Lippincott Williams & Wilkins

198 | www.pancreasjournal.com

patterns that are in common among groups of afflicted individuals,
genetic variants/molecular patterns that are unique to specific in-
dividuals, albeit of potential clinical significance, may go undetected
using the group approach. This is likely to be especially true if there
are multiple possible molecular paths to the same disease state as is
believed to be the case for many, if not all, cancers.!?

In this study, we were interested in evaluating the impact of
using a group versus a personalized approach in the analysis of
gene expression profiles of a series of pancreatic cancer patients.
We found that the most significant genes/molecular pathways
identified among these patients, when analyzed as a group, were
substantially different from the significant genes/molecular path-
ways identified when the analysis was performed on an individual
patient basis. Our results are consistent with earlier DNA sequence
studies,'>"'> indicating that, on the molecular level, pancreatic
cancer is a highly heterogeneous disease, and as a consequence,
personalized gene expression profiling is critical to the acquisition
of clinically significant information.

MATERIALS AND METHODS

Tissue Collection and Cell Extraction

Patient tissues (Table 1) were collected at St Joseph’s Hospital
(Atlanta, Ga) under appropriate institutional review board pro-
tocols. Following resection, the tumor tissues were grossly exam-
ined by a pathologist and then placed in cryotubes and frozen in
liquid nitrogen. Samples were transported on dry ice to Georgia
Institute of Technology (Atlanta, Ga), and stored at —80°C.

The tissue samples were examined microscopically, and
the histology of ductal adenocarcinoma was verified by a pa-
thologist. Following the examination and verification, tissue
samples were embedded in cryomatrix (Shandon, Fisher Sci-
entific, Pittsburg, Pa), and 7-um frozen sections were cut and
attached to uncharged microscope slides. Immediately after
dehydration and staining (HistoGene, LCM Frozen Section
Staining Kit; Life Technologies, Carlsbad, Calif), slides were
processed in an Autopix (Life Technologies) instrument for la-
ser capture microdissection (LCM). For each of the 4 patients,
3 samples from their ductal epithelial tumor cells and 3 samples
of their normal ductal epithelial cells were collected. All cells
were isolated by LCM to ensure purity of samples. Approxi-
mately 30,000 cells were collected for each of the 24 total
samples (12 cancer and 12 normal samples).

RNA Extraction and Amplification

PicoPure RNA Isolation Kit (Life Technologies) protocols
were followed for RNA extraction from the LCM cells on the
Macro LCM caps in 30 puL of extraction buffer. RNA quality
was verified for all samples on the Bioanalyzer RNA Pico Chip
(Agilent Technologies, Santa Clara, Calif). Total RNA from the
above extractions was processed using Ovation Pico WTA
System (NuGEN) in conjunction with the Encore BiotinIL
Module (NuGEN Technologies, San Carlos, Calif), to produce
an amplified, biotin-labeled cDNA suitable for hybridizing to
GeneChip Human Genome U133 Plus 2.0 Arrays (Affymetrix,
Santa Clara, Calif) following manufacturer’s recommendations.
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TABLE 1. Patient Clinical Information at the Time of Surgery
and Clinical Outcome at the Time of This Study

Tumor Clinical Outcome
Patient Sex/Age, y Stage (Months After Surgery)
P1 Male/77 T3NOMX II  No evidence of disease (15)
P2 Male/69 T3INXMX 11 Alive with disease (16)
P3 Female/55 T3NIMOII  No evidence of disease (8)
P4 Female/67 T3NIMX II Distant metastases (9)

Microarray Data Analysis

We generated 24 individual gene expression profiles from
the 3 cancer and 3 normal biological replicate samples of the
4 vpatients. Affymetrix .CEL files were processed using the
Affymetrix Expression Console Software version 1.1 with the Robust
Multi-Array Average normalization method. The normalized ex-
pression values from all 24 samples were log, transformed.

Group Analysis
The initial data contained 54,675 probe set expression values
from the Affymetrix Human Genome U133 Plus 2.0 chip. For

the group analysis, the logp-transformed values were averaged
across the 12 cancer and 12 normal samples. An unpaired # test
(P <0.005) was applied to identify those probe sets (350) that had
significantly different expressions between all 12 cancer and all
12 normal samples. These 350 probe sets were used in the group
clustering analysis. Of these 350 probe sets, the 287 unique, an-
notated genes were ranked by fold change (FC). The FC of each
gene was calculated by subtracting the average normal value from
the average cancer value. Pathway analyses were carried out using
the Web-based integrated software suite MetaCore of GeneGO
(http:/thomsonreuters.com/products_services/science/systems-biologyy/).
Applying the default cutoff P < 0.05, the 287 genes were found to
be enriched for 22 pathways.

Individual Patient Analysis

For the individual patient analysis, the log,-transformed
values were averaged across each individual’s cancer and nor-
mal replicate samples. From each of the patient’s initial 54,675
probe sets, an unpaired 7 test (P < 0.005) was applied to identify
188, 267, 435, and 291 probe sets that had significantly different
expression between the cancer and normal replicate samples for
each of the patients P1, P2, P3, and P4, respectively. As in the
group analysis, these probe sets were used in individual clustering
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FIGURE 1. Hierarchical clustering of the 350 probe sets that display a significant (P < 0.005) difference in gene expression among all
cancer and normal samples. The heat map was generated by z score normalization of log, expression values from the Affymetrix HG
U133 Plus 2.0 chip. Patients are denoted as P1, P2, P3, and P4 with their associated cancer and normal biological replicate samples
(ie, C1, C2, C3 and N1, N2, N3, respectively).
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TABLE 2. The 10 Most Significantly Up-regulated and the
10 Most Significantly Down-regulated Genes in Cancer
Resulting From the Group Analysis of the 287 Unique,
Annotated, Significantly Differentially Expressed Genes

Probe Set ID Gene Symbol Fold Change P
204351 _at S100P 2.514003 0.001932
242271 _at SLC26A9 2.178434 0.000706
219014 _at PLACS 1.960672 0.000116
239196_at ANKRD22 1.953161 0.004337
239609_s_at LPCAT4 1.849687 0.00536
205769_at SLC27A2 1.824208 0.001088
238021_s_at CRNDE 1.768419 0.000247
58916_at KCTD14 1.749122 0.000353
213611 _at AQPS5 1.690754 0.000406
217109_at MUC4 1.636676 0.000648
209277 _at TFPI2 —2.73483 0.001026
223761 _at FGF19 —2.67697 0.000627
204437_s_at FOLR1 —2.52475 0.000341
1554690_a_at TACC1 —2.15521 0.000136
214844 _s_at DOKS5 —2.12474 0.004549
216598_s_at CCL2 —2.1185 0.000506
223449 _at SEMAG6A —2.10883 0.001156
207392_x_at UGT2B15 —1.99045 0.000764
204151_x_at AKRI1CI —1.95521 0.00026
222901_s_at KCNIJ16 —1.93938 0.002889

analyses (heat maps). Of these, the 148, 211, 351, and 215 unique,
annotated genes for P1, P2, P3, and P4, respectively, were ranked
according to FC. The FC of each gene was calculated by
subtracting the average normal value from the average cancer
value for each individual. These genes also were used in the
pathway analyses as described above (MetaCore GeneGO soft-
ware suite). Applying the default cutoff P < 0.05, the genes were
found to be significantly enriched for 15, 17, 25, and 30 path-
ways in P1, P2, P3, and P4, respectively. For the probe set clus-
terings (heat maps) in both the group and individual analyses, the
log,-transformed values were normalized by Z score statistics.

Analysis of Data From the Previously Published
Study of Badea et al

Seventy-eight Affymetrix .CEL files were downloaded from
the GEO Omnibus database with accession number GDS4103.1°
The files were processed using the Affymetrix Expression Con-
sole Software version 1.1 with the Robust Multi-Array Average
normalization method, and the normalized expression values
were log, transformed, similarly to our sample analysis. All the
78 samples from 36 patients were used for the group analysis.
For the individual analysis, the available 2 replicate cancer and
2 replicate normal samples from 3 patients were used (herein
referred to as patients P5, P6, and P7; 12 samples total). Both the
group and the individual analyses were performed using the
methods described above. Because technical replicates (multiple
assays of the same biological patient sample) rather than bio-
logical replicates (assays of multiple biological samples from the
same patient), as assayed in our study, were used in the study of
Badea et al,'® the number of significantly differentiated genes at
P <0.005 was more than an order of magnitude greater than that in
our study. Thus, we used an unpaired ¢ test with a more stringent
cutoff (P < 0.00001) than in our analysis to keep the number of
significantly differentiated genes comparable to our study. Using
this criterion, 17,658 significantly differentially expressed probe
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sets were detected, of which the 500 (330 annotated, unique genes)
most significant were used for further analysis. For the individual
gene analysis, the same unpaired ¢ test with P < 0.00001 identified
12, 37, and 22 significant probe sets (12, 29, and 20 annotated,
unique genes) in patients PS5, P6, and P7, respectively.

RESULTS

Group Profiling Identifies Genes and Functional
Pathways Previously Implicated in Pancreatic and
Other Cancers

Genes

In the group profiling, all 12 cancer samples were compared
against all 12 normal samples, and 350 probe sets (287 genes)
were found to display significant differences in expression
(P £0.005). The clustering of these 350 probe sets presented in
Figure 1 demonstrates clear separation of the cancer and control
samples. However, multiple samples taken from the same patient
do not consistently cluster together, indicating heterogeneity
within both the cancer and control groups.

Table 2 presents the top 20 most significant differen-
tially expressed genes (10 most significantly up-regulated and
10 most significantly down-regulated) between the normal and
cancer samples as ranked by FC (a complete listing of signifi-
cantly differentiated genes is presented in Supplemental Tables 1
http:/links.;ww.comVMPA/A282 and 2 http:/links.lww.com/MPA/A283).
A summary of the previously documented significance of a rep-
resentative sampling of these genes is presented in Table 3.

Pathways

Functional analysis was carried out with the integrated
software suite MetaCore of GeneGO (http://thomsonreuters.com/
products_services/science/systems-biology/) incorporating the
287 differentially expressed genes. The analysis identified 22
significantly enriched functional pathways (P < 0.05, Table 4).
More than half of the 22 pathways were associated with the im-
mune response (12/22). Oncostatin M appeared in 4 of the
12 immune response pathways. Oncostatin M is a member of a
cytokine family that includes leukemia-inhibitory factor, granu-
locyte colony-stimulating factor, and interleukin 6, and it pos-
sesses the ability to inhibit the proliferation of cells in lines
derived from several tumor types, including breast carcinoma,
ovarian cancer, melanoma, glioma, and lung carcinoma.!” The
2 most significantly enriched pathways involve androstenedione
and testosterone biosynthesis and metabolism (ie, androgen me-
tabolism), both of which have been found significantly altered
in pancreatic cancer.'® Other immune response pathways from the
group functional analysis were related to interleukins IL-13, IL-17,
and IL-18. Interleukin 13 was previously shown to play a pivotal role
in the immunoregulatory pathway of natural killer T cells that sup-
press tumor immunosurveillance.'® Although IL-17 seems to have
been previously associated with both tumor regression and tumor
growth,?° the specific IL-17 immune response pathway enriched in
our analysis contained the protumorigenic gene, CCL2.%!

Personalized Profiling Identifies Additional
Genes and Functional Pathways Previously
Implicated in Cancer

Genes

For the personalized profiles, the gene expression data for
each individual patient were analyzed identically to the group
profiling analyses. The number of significantly differentially
expressed probe sets between cancer and normal replicate samples

© 2014 Lippincott Williams & Wilkins
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TABLE 3. Selective Genes From Table 2 Implicated in Pancreatic and Other Cancers

Gene Symbol/ Fold
Gene Description Change* Significance to Pancreatic Cancer and Other Cancers Reff
Group S100P/S100 calcium binding 2.51 Implicated in the etiology of prostate and pancreatic cancer 42,43
analysis protein P
ANKRD22/ankyrin repeat 1.95 Overexpressed in the peripheral blood of pancreatic 44
domain 22 cancer patients
MUC4/mucin 4 cell 1.64 Overexpressed in pancreatic and other cancers. Facilitates 37,45,46
surface associated tumor growth and metastasis
CRNDE/colorectal neoplasia 1.77 Elevated expression in colorectal cancer 47
differentially expressed
AQP5/aquaporin 5 1.69 Putative oncogene. Associated with increased proliferation 48-53
and metastatic potential in breast, lung, non—small cell lung,
colorectal cancer, and chronic myelogenous leukemia
TFPI-2/tissue factor —2.74 Down-expression associated with onset of pancreatic and other 347
pathway inhibitor 2 adenocarcinomas. Regulates extracellular matrix digestion
and remodeling. Methylation proposed as a potential
biomarker for colorectal cancer
FGF19/fibroblast growth —2.68 Implicated in a variety of cancers 58
factor 19
CCL2/chemokine —2.12 Dual role: antitumor activity or tumor growth enhancement 21
(C-C motif) ligand 2
TACCl1/transforming, acidic —2.16 Loss of expression associated in ovarian cancer 59
coiled-coil containing protein 1
*Fold change: positive (overexpressed in cancer), negative (underexpressed in cancer).
TThe list of references is not exhaustive.
of each patient (P < 0.005) varied up to ~2-fold between patients A list of the 20 most significantly (P < 0.005) differentially

(P1, 188 probe sets; P2, 267 probe sets; P3, 435 probe sets; expressed genes ranked by FC (10 most significantly up-
P4, 291 probe sets). The clustering of these differentially expressed regulated and 10 most significantly down-regulated) between
probe sets for each patient is presented as heat maps in Figure 2. the normal and cancer samples for each individual patient is

TABLE 4. The 22 Significantly Enriched Pathways (P < 0.05) of the Differentially Expressed Genes From the Group Analysis
(287 genes)

Group Analysis Pathways P
Androstenedione and testosterone biosynthesis and metabolism—yp.2 0.000342
Androstenedione and testosterone biosynthesis and metabolism—p.2/rodent version 0.000362
Immune response—oncostatin M signaling via JAK-Stat in mouse cells 0.01474
Immune response—oncostatin M signaling via JAK-Stat in human cells 0.01636
Regulation of lipid metabolism—FXR-dependent negative-feedback regulation of bile acids concentration 0.02527
Cell adhesion—plasmin signaling 0.02849
Immune response—oncostatin M signaling via MAPK in mouse cells 0.02849
Immune response—oncostatin M signaling via MAPK in human cells 0.03009
HIV-1 signaling via CCRS5 in macrophages and T lymphocytes 0.0317
Transport ACM3 in salivary glands 0.0341
Immune response—IL-13 signaling via JAK-STAT 0.0357
Immune response—macrophage migration inhibitory factor—induced cell adhesion, migration and angiogenesis 0.03729
Development—granulocyte-macrophage colony-stimulating factor signaling 0.04048
Immune response—histamine signaling in dendritic cells 0.04048
Development—fibroblast growth factor (FGF)—family signaling 0.04207
Immune response—CCL2 signaling 0.04366
Chemotaxis CCL2-induced chemotaxis 0.04524
Immune response—TREMI signaling pathway 0.04762
Triacylglycerol metabolism p.1 0.04762
Immune response—IL-17 signaling pathways 0.04841
Immune response—IL-18 signaling 0.04841
Immune response—CD40 signaling 0.05235
© 2014 Lippincott Williams & Wilkins www.pancreasjournal.com | 201

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Lili et al

Pancreas * Volume 43, Number 2, March 2014

P1_N3 P1_N1 P1_N2 P1_C1 P1_C3 P1_C2

A Normal Cancer

P3_N1

P3_N3 P3_N2 P3_C2 P3_C1 P3_C3

C Normal Cancer

o)

D Normal

P2_N2 P2_N1 P2_N3 P2_C1 P2_C2 P2_C3

Normal Cancer

P4_N1

P4_N2 P4_N3 P4_C2 P4_C3 P4_C1

Cancer

FIGURE 2. Supervised clustering of probe sets displaying a significant (P < 0.005) difference in expression between normal and cancer
samples for patients P1 (A), P2 (B), P3 (C), and P4 (D). The heat map was generated by z score normalization of log, expression values
from the Affymetrix HG U133 Plus 2.0 chip. Patients are denoted as P1, P2, P3, and P4 with their associated cancer and normal
biological replicate samples (ie, C1, C2, C3 and N1, N2, N3, respectively).

presented in Table 5 (a complete list of all significantly differen-
tially expressed probe sets is presented in Supplemental Tables 1
http:/links.lww.com/MPA/A282 and 2 http://links.lww.com/MPA/
A283). A summary of the previously documented significance of
a representative sampling of these genes is presented in Table 6.

Pathways

As in the group analysis, functional pathway analysis was
carried out on all significantly (P < 0.005) differentially expressed,
unique, annotated genes for each patient (P1, 148 genes; P2, 211
genes; P3, 351 genes; P4, 215 genes) to identify functional path-
ways significantly (P < 0.05) overrepresented in the cancer sam-
ples isolated from each individual patient (Table 7).

Patient 1 (P1)

Five of the 15 most significantly enriched pathways in P1
are associated with the immune response. More specifically,
NFAT (nuclear factor of activated T cells) is a major transcrip-
tional regulator in T cells and recently identified as a potent
immunoregulator in cancer development and as a potential tar-
get for therapeutic manipulation of the immune response in
cancer patients.?? Patient 1 also showed enrichment for the TCR
and CD28 signaling pathways. Glutathione metabolism was
also identified as a significantly enriched pathway in P1. Glu-
tathione is known to affect the efficacy of antineoplastic in-
terventions mainly through nucleophilic thioether formation or

202 | www.pancreasjournal.com

oxidation-reduction reactions.?> The prevalence of enriched
immune response and glutathione metabolism pathways may
help account, thus far, for the favorable outcome in P1.

Patient 2 (P2)

Patient 2 displayed pathways that have been implicated strongly
in cancer development and invasion. Notch signaling participates
in many developmental processes regulating cell differentiation,
proliferation, apoptosis, adhesion, epithelial-to-mesenchymal transi-
tion, migration, and angiogenesis and can act either as an oncogene
or tumor suppressor in a highly context-dependent manner.* Cell
cycle disruption is a typical feature of cancer cells and results in
DNA damage.?® Cytoskeleton remodeling is required for cancer cell
invasion and metastasis, apparent in most cancers.”® Cell adhesion
determines the polarity of cells and maintains the cell architecture in
tissues. Cell adhesiveness is generally reduced in cancer to allow for
invasiveness, extracellular matrix decomposition, and metastasis.?’

Patient 3 (P3)

Genes in P3 were enriched predominantly for cell cycle
regulatory pathways (9 of a total 25 pathways). This is typical for
cancer cells at an advanced stage as with P2. Like P1, P3 showed
enrichment of interleukin-mediated immune responses and the
glutathione metabolism pathway. Interleukin 12 is a powerful
coordinator of the innate and adaptive immune responses and has
been shown to have promising antitumor effects in murine tumor

© 2014 Lippincott Williams & Wilkins
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TABLE 5. The 10 Most Significantly Up-regulated and 10 Most Down-regulated Genes (P < 0.005) Between Normal and Cancer
Samples for Each Patient From the Personalized Profiling Analysis (Fig. 2)

Probe Set ID

Probe Set ID

(Individual P1) Gene Symbol Fold Change P (Individual P2)  Gene Symbol Fold Change P
205319_at PSCA 3.732981 0.000613 220576_at PGAP1 3.318862  0.001723
226517_at BCAT1 2.959422 5.25E—05 217110_s_at MUC4 3.103023  3.01E—05
1555294 _a_at ERC1 2.923769 0.000932 220133_at ODAM 2.726326  0.003759
226325_at ADSSL1 2.798377 0.001668 1567679_at SNORA74A 2.636617  0.001267
228010_at PPP2R2C 2.667305 0.001297 201926_s_at CD55 2.627469  0.000945
52255_s_at COL5A3 2.660518 0.001885 216504_s_at SLC39A8 2436613  0.002912
203877_at MMP11 2417413 0.002271 238022 _at CRNDE 2275126  0.000994
205534 _at PCDH7 1.808023 0.002397 228962 _at PDE4D 2273621  0.002435
207144 _s_at CITEDI 1.525835 0.003498 212768_s_at OLFM4 2.259513  0.000416
241368 _at PLINS 1.471091 0.002259 205214 _at STK17B 2.178595  0.003404
1555236_a_at PGC —3.97182 0.000378 223761 _at FGF19 —4.87686 0.000303
219934_s_at SULTIEI —3.25992 0.002483 207016_s_at ALDH1A2 —4.52882 0.004594
223509_at CLDN2 —2.84658 0.000757 219106_s_at KBTBD10 —4.32228 0.001409
226960_at CXCL17 —2.76824 0.001549 209277_at TFPI2 —4.17033 0.000529
201236_s_at BTG2 —2.4767 0.005068 209993 _at ABCBI —4.04187 0.000584
228912 _at VIL1 —2.40512 0.001675 204965_at GC —3.8697 0.003231
229254 _at MFSD4 —2.23402 0.00422 234673 _at HHLA2 —3.84065 3.20E—05
243296_at NAMPT —2.20159 0.000229 222257_s_at ACE2 —3.54203 0.000581
1562625_at FRYL —2.08383 0.005056 205380_at PDZK1 —3.37185 0.000588
225283 _at ARRDC4 —1.95739 0.003397 214397 _at MBD2 —3.23842 0.004437
Probe Set ID Gene Symbol Fold Change P Probe Set ID Gene Symbol Fold Change P
(Individual P3) (Individual P4)
204920_at CPS1 4.650319 0.000671 215867_x_at CA12 2.933468  0.00025
239196_at ANKRD22 4.624006 0.000438 208268 _at ADAM28 2429627  0.004945
206291 _at NTS 4.048737 0.003113 235155_at BDH2 1.938958  0.001707
220639_at TM4SF20 3.977558 0.000243 229241 _at LDHD 1.735299  0.002328
218173_s_at WHSCIL1 3.895598 1.04E—05 206242 _at TM4SF5 1.611106  0.000131
209806_at HIST1H2BK 3.831179 0.003936 204602 _at DKK1 1.53691 0.003798
230252_at LPARS 3.741123 0.001988 224224 s_at PDE11A 1.501315  0.001659
40020_at CELSR3 3.695498 0.002774 1567079 _at CLN6 1.498309  0.00314
1557129_a_at FAMI111B 3.592115 0.000226 236129_at GALNTS 1.434861  0.004932
1556357 _s_at ERICHI 3.544031 0.002244 219404 _at EPS8L3 1.428246  0.00397
214411 _x_at CTRB2 —5.7882 0.000797 219179_at DACT1 —3.6374 0.001905
211766_s_at PNLIPRP2 —5.52339 0.001025 213680_at KRT6B —3.3096 0.00037
207802 _at CRISP3 —5.49445 0.00027 206227_at CILP —2.94772 0.000918
205971_s_at CTRB1///CTRB2 —5.42292 0.000386 204464 _s_at EDNRA —2.86192 0.003475
205886_at REGI1B —5.25456 0.000635 1560224 _at AHCTF1 —2.56906 0.000756
205509_at CPB1 —5.24977 0.000438 226412 _at SFRS18 —2.51134 0.00462
209277_at TFPI2 —4.04264 0.005253 225571 _at LIFR —2.43013 0.005276
209616_s_at CES1 —3.88049 0.003005 201108_s_at THBS1 —2.42659 0.003524
207254 _at SLC15A1 =3.77115 0.000382 201838_s_at SUPT7L —2.42213 0.001748
211738_x_at CELA3A —3.54389 0.004419 1563321_s_at MLLT10 —2.37822 0.004121

models.?® Interleukin 12 is currently being investigated as a po-
tential therapeutic agent against cancer.2’

Patient 4 (P4)

The most significantly enriched pathway in P4 was the
WNT signaling pathway. The canonical WNT/B-catenin path-
way has emerged as a critical regulator in stem cells and has
also been associated with cancer in many tissues.3? For P4, this
particular WNT pathway involved the firizzled family receptor 7
(FZD7), which was up-regulated. Up-regulation of FZD7 has

© 2014 Lippincott Williams & Wilkins

been reported in gastric and colorectal cancers.3!-3? Patient 4
also showed enrichment of apoptotic and survival pathways. In
the p53-dependent apoptosis pathway, the BCL2LI1 gene
(BCL2-like 11-apoptosis facilitator), responsible for cytoplas-
mic transport of proapoptotic proteins BID, BMF, and BIM, is
down-regulated. On the other hand, CDKI (cyclin-dependent
kinase 1) that promotes phosphorylation of the proapoptotic
BAD (BCL-2-associated agonist of cell death) was up-regulated
in the BAD phosphorylation pathway. This is evidence for de-
regulation of the apoptosis and survival pathways in P4.
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TABLE 6. Selective Genes From Table 5 Implicated in Pancreatic and Other Cancers

Gene Symbol/ Fold Significance to Pancreatic
Gene Description Change* Cancer and Other Cancers Reff
P1 PSCA/prostate stem cell antigen 3.73  Overexpression in pancreatic adenocarcinoma 60
BCAT 1/branched-chain amino-acid 2.96 Overexpression correlated with clinical outcome of patients with 61764
transaminase 1, cytosolic breast, colorectal, neuroendocrine cancer and melanoma
MMP1 1/matrix metallopeptidase 11 2.42  Expression correlated with aggressiveness of many cancer types >-¢7
(stromelysin 3)
PGC/progastricsin —4.43 Reduced expression associated with stomach cancer 68,69
SULT1E1/sulfotransferase family 1E, —3.31 Down-regulation in prostate and breast cancer tissues 70
estrogen-preferring, member 1 and cell lines
CLDN2/claudin 2 —3.26 Reduced expression in most cancers 7
CXCL17/chemokine (C-X-C motif) ligand 17 —2.85 Loss of expression associated with progression from pancreatic 72
adenoma to pancreatic adenocarcinoma
BTG2/BTG family, member 2 —2.77 Absent in 65% of human breast tumors 73,74
VIL1/villin 1 —2.48 Loss of expression associated with poorly differentiated 7
colorectal cancers
NAMPT/nicotinamide phosphoribosyltransferase =~ —2.23  Loss of regulation of insulin secretion by pancreatic 3 cells. 76,77
Loss of anti-inflammatory and antitumor properties
P2 ODAM/odontogenic ameloblast associated 2.73  Biomarker for breast cancer 78
CD55/CD5S molecule, decay accelerating factor 2.63  Overexpression associated with breast and prostate cancer 79-81
for complement (Cromer blood group)
OLFM4/olfactomedin 4 2.26  Promotes proliferation of pancreatic cancer cells 82
ALDH1A2/aldehyde dehydrogenase 1 —4.53  Tumor suppressor in prostate cancer 83
family, member A2
ACE2/angiotensin I converting —3.54 Tumor suppressor in pancreatic cancer 84
enzyme (peptidyl-dipeptidase A) 2
ABCB1/ATP-binding cassette, subfamily —2.3  Associated with absorption, metabolism, and toxicity 85
B (MDR/TAP), member 1 of pharmacological agents
P3 NTS/ neurotensin 4.05 Regulates growth of pancreatic cancer cells 86,87
WHSCI1L1/Wolf-Hirschhorn syndrome 1.46  Overexpressed in breast cancer 88,89
candidate 1-like 1
CELSR3/cadherin, EGF LAG 7-pass 3.7  Involved in contact-mediated communication during 90,91
G-type receptor 3 cancer progression
ERICH 1/glutamate-rich 1 3.54  Associated with higher copy number in pancreatic cancer 2
CTRB2/chymotrypsinogen B2 —5.79  Overexpression associated with poor prognosis 93
in pancreatic cancer
CPBJ1/carboxypeptidase B1 (tissue) —5.25 Overexpression associated with poor prognosis 93
in pancreatic cancer
PNLIPRP2/pancreatic lipase—related protein 2 —5.52  Overexpression associated with poor prognosis %3
in pancreatic cancer
CTRB1/chymotrypsinogen Bl —5.42  Down-expression in pancreatic cancer o4
REGB 1/regenerating isle-derived 1 —5.26  Down-expression in pancreatic cancer 94
P4 CAl2/carbonic anhydrase XII —2.93  Promotes tumor growth and invasion 93
ADAM28/ADAM metallopeptidase domain 28 —2.43  Overexpressed in many malignant tumors 40,96
DACT1/dapper, antagonist of B-catenin, —3.64  Associated with colon cancer progression o7
homolog 1
KRT6B/keratin 6B —3.31 Overexpressed in triple-negative breast cancer o8
ENDRA /endothelin receptor type A —2.86 Down-regulation associated with cell invasiveness 99-101

and carcinogenesis of various cancer types

*Fold change: positive (overexpressed in cancer), negative (underexpressed in cancer).

1The list of references is not exhaustive.

Significant Genes and Pathways in the
Personalized Analyses Display Little to No
Overlap Among Individual Patients or With
Those Identified in the Group Analysis

As shown above, both the group and the personalized
analyses identified genes and pathways previously implicated in
the onset/progression of pancreatic and a broad spectrum of other
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cancers. We were next interested in determining the degree of
overlap among those genes and pathways identified as significant
in each of the individual patient analyses and in the group analy-
sis. Interestingly, we found that the degree of overlap is remarkably
low. As shown in Figure 3 (see also Supplemental Tables 1
[http://links.lww.com/MPA/A282] and 2 [http:/links.lww.com/
MPA/A283)), less than 6.5% (average, 3.3%) of the genes identified

© 2014 Lippincott Williams & Wilkins

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/MPA/A282
http://links.lww.com/MPA/A283
http://links.lww.com/MPA/A283

Pancreas * Volume 43, Number 2, March 2014 Molecular Profiling in Pancreatic Cancer

TABLE 7. The Significantly (P< 0.05) Enriched Pathways of the Annotated, Unique, Differentially Expressed Genes in P1 (148 Genes,
15 Pathways), P2 (211 Genes, 17 Pathways), P3 (351 Genes, 25 Pathways), and P4 (215 Genes, 30 Pathways)

P1 Pathway Maps P P2 Pathway Maps P
Immune response—NFAT in immune response 0.001482  Development—Notch signaling pathway 0.0004555
Immune response—CD28 signaling 0.001942  Transcription—Sin3 and NuRD 0.003978
in transcription regulation
Cell adhesion—tight junctions 0.01115  Cell cycle—nucleocytoplasmic transport 0.006032
of CDK/cyclins
Immune response—TCR and CD28 co-stimulation in 0.01365  Development—Iligand-independent activation 0.006414
activation of nuclear factor (NF) kB of ESR1 and ESR2
Neurophysiological process—glutamate 0.01708  Cytoskeleton remodeling—integrin outside-in signaling 0.00813
regulation of dopamine D1A receptor signaling
Signal transduction—PKA signaling 0.02163  Signal transduction—PKA signaling 0.00908
Cell adhesion—ECM remodeling 0.02244  Development—thrombopoietin signaling 0.01466
via JAK-STAT pathway
Immune response—T cell receptor 0.02325  Cell adhesion—endothelial cell contacts 0.01732
signaling pathway by nonjunctional mechanisms
Immune response—immunological 0.02839  Cell cycle—regulation of G4/S transition (part 2) 0.02018
synapse formation
Glutathione metabolism 0.03299  Neurophysiological process—1y-aminobutyric acid B 0.02018
receptor signaling at postsynaptic sides of synapses
Cardiac hypertrophy—NF-AT signaling in 0.03394  Immune response—innate immune response 0.02322
cardiac hypertrophy to RNA viral infection
Glutathione metabolism/human version 0.03394  Chemotaxis—leukocyte chemotaxis 0.0255
Glutathione metabolism/rodent version 0.03886  LRRK2 in neurons in Parkinson disease 0.03156
Chemotaxis—leukocyte chemotaxis 0.04404  G-protein signaling—RhoA regulation pathway 0.03335
Development—role of nicotinamide in 0.05239  Cell adhesion—plasmin signaling 0.03519
G-CSF-induced granulopoiesis
Cell cycle—regulation of G,/S transition (part 1) 0.04091
Cell adhesion—chemokines and adhesion 0.05265
P3 Pathway Maps P P4 Pathway Maps P
Cell cycle—chromosome condensation 4.77TE—06 Development—WNT signaling pathway. Part 2 0.00002776
in prometaphase
Cell cycle—spindle assembly and 0.000708  Apoptosis and survival—p53-dependent apoptosis 0.000972
chromosome separation
Cell cycle—transition and termination of 0.004926  Mechanisms of CFTR activation by S-nitrosoglutathione 0.00372
DNA replication (normal and CF)
Proteolysis—putative SUMO-1 pathway 0.005445 Cell cycle—nucleocytoplasmic transport of CDK/ 0.003952
cyclins
Cell cycle—role of APC in cell cycle regulation 0.007195 Mechanism of pioglitazone/metformin and 0.005167
rosiglitazone/metformin cooperative action in
diabetes mellitus, type 2
Androstenedione and testosterone 0.009241  Cell cycle—role of 14-3-3 proteins 0.009688
biosynthesis and metabolism p.2 in cell cycle regulation
Cell cycle—the metaphase checkpoint 0.009991 DNA damage—ATM/ATR regulation 0.0134
of G,/M checkpoint
Androstenedione and testosterone biosynthesis 0.009991  Cell cycle—transition and termination 0.01544
and metabolism p.2/rodent version of DNA replication
Immune response—IL-12—induced interferon 0.009991  Development—thrombospondin 0.01544
v production 1 signaling
Transcription—role of AP-1 in regulation of 0.0116 DNA damage—role of Brcal and Brca2 0.01762
cellular metabolism in DNA repair
Cell cycle—nucleocytoplasmic transport of 0.01272  Cell cycle—role of APC in cell cycle regulation 0.01992
CDK/cyclins
Transport—RAN regulation pathway 0.0207 LRRK?2 in neurons in Parkinson disease 0.02111
Cell cycle—sister chromatid cohesion 0.03027  Cell cycle—spindle assembly and 0.02111
chromosome separation
Immune response—IL-12 signaling pathway 0.03289  Apoptosis and survival—cytoplasmic/mitochondrial 0.02233
transport of proapoptotic proteins Bid, Bmf, and Bim
Glycolysis and gluconeogenesis 0.03559  Estradiol metabolism 0.02358
p-3/human version
(Continued on next page)
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TABLE 7. (Continued)

P3 Pathway Maps P P4 Pathway Maps P
Glycolysis and gluconeogenesis p.3 0.03559  Estrone metabolism 0.02358
Cell cycle—initiation of mitosis 0.03837  Estradiol metabolism/human version 0.02486
Immune response—IL-23 signaling pathway 0.03837  Estrone metabolism/human version 0.02486
DNA damage—ATM/ATR regulation of 0.04124  Estradiol metabolism/rodent version 0.02617
G,/M checkpoint
Glutathione metabolism/human version 0.04722  Cell cycle—regulation of G4/S transition (part 1) 0.0275
Glycolysis and gluconeogenesis (short map) 0.04904  Cell adhesion—chemokines and adhesion 0.0306
Cell cycle—role of SCF complex in cell 0.0503 Apoptosis and survival—BAD phosphorylation 0.03311
cycle regulation
Apoptosis and survival—p53-dependent apoptosis 0.0503 Signal transduction—AKT signaling 0.03457
Apoptosis and survival—granzyme A signaling 0.05346  Apoptosis and survival—FAS signaling cascades 0.03606
Cytoskeleton remodeling—RalA 0.05346  Development—adiponectin signaling 0.03758
regulation pathway Cytoskeleton remodeling—transforming growth factor, 0.03985
WNT, and cytoskeletal remodeling
NAC-AsPC-1 0.04682
NAC-AsPC-1 0.04682
Untitled 0.04682
Some pathways of EMT in cancer cells 0.04716

as significantly differentially expressed between normal and cancer

Comparison of the most significantly overrepresented path-

cells isolated from individual patients (personalized profiles)
overlap with genes identified as significantly differentially
expressed across the combined patient samples (group analysis).
Likewise, there is remarkably little overlap among the individual
patients. For example, of the combined number of annotated genes
identified as significantly differentially expressed in samples P1 and
P2 (148 + 211 = 359), there was less than 1% (2 / 359 = 0.006)
overlap. Even between P2 and P3, samples that share the largest
number of overlapping genes (8 genes), the degree of overlap is
only slightly more than 1% (8 / (211 + 351) = 0.014).

Group Group

283 256

144 180
P1 P2

0.9%

6.2%

Percent Overlap

Group

ways identified in the personalized and group analyses resulted in
similar results to the gene analyses; that is, there is relatively little
overlap between pathways identified as overrepresented in the
group analysis versus the personalized analyses. Furthermore,
there is remarkably little overlap in overrepresented pathways
among individual patients based on the personalized profiles
(Fig. 4; Supplemental Table 3 http:/links.lww.com/MPA/A284).
As shown in Figure 4 (see also Supplemental Table 3
http://links.lww.com/MPA/A284), less than 5% (average, 1.7%)
of the pathways identified as significantly overrepresented in

Group

257 280

30

321
208

P3 P4

4.7% 1.4%

P4

FIGURE 3. Venn diagrams showing the unique, annotated genes identified as significantly differentially expressed in the group analysis

and in the personalized analysis(es) of at least 1 patient.
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Group Group

15 16
P1 P2

Percent Overlap 0% 2.6%

FIGURE 4. Venn diagrams showing pathways identified as significantly
of at least 1 patient.

individual patients (personalized profiles) overlap with path-
ways of genes identified as significantly differentially expressed
across the combined patient samples (group analysis). In fact,
pathways identified as overrepresented in 2 of the patient sam-
ples (P1 and P4) had no overlap with those identified in the
group analysis. In addition, there is relatively little overlap
among the individual patients. For example, of the pathways
identified as significantly overrepresented in samples P1 and P2
(15 + 17 = 32), there was only 6.3% (2/32 =~ 0.063) overlap.
Even between P3 and P4, samples that share the largest number
of significantly overrepresented pathways (6 pathways), the
degree of overlap is less than 11% (6 / (25 + 30) = 0.109).
The results of the above studies indicate that genes and
pathways identified as being most significantly different be-
tween normal and cancer samples as determined by the group
analysis display little or no overlap with those identified as
significant by individual personalized analyses. Likewise, we

20

Group Group

23
P3 30 P4

4.3% 0%

P4

21

enriched in the group analysis and in the personalized analysis(es)

found little or no overlap in genes and pathways identified as
being most significantly different among individual patient
samples (personalized analyses).

To determine if our findings were simply an artifact of the
relatively high stringency used in identifying significantly dif-
ferentiated genes (P < 0.005), we recomputed the degree of
overlap between the personalized and group analyses with a
variety of cutoff values ranging from 0.05 to 0.001 Although as
stringency is reduced, the total number of differentially expressed
genes increases as expected, the low overlap between genes
identified as significant by the group versus the personalized
analyses remained remarkably low (Fig. 5).

To address the possibility that our findings may simply be
an artifact of the relatively small number of patients examined
in our study, we conducted a similar analysis using data from a
previously published microarray gene expression analysis of
control and cancer tissue samples isolated from 36 patients.!® In

18

[oN
S

=y
N

m Group_P1

M Group_P2

Percent Overlap (%)
=
o

= Group_P3

~ OO0

m Group_P4

0.1 0.05 0.01 0.005

p-value cut-offs

T T

0.001 0.0005 0.0001

FIGURE 5. Histogram representing the percent overlap of differentially expressed genes found by group versus P1, group versus P2,
group versus P3, and group versus P4 over a range of P values. Note that even at a nonsignificant cutoff P value of 0.1, the group versus

personalized of P3 shows relatively little overlap (~18%).
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Group Group Group
327 325 327
3 5 3
9 24 17
P5 P6 P7
Percent Overalp 0.9% 1.4% 0.9%
P6
P7
P5
12 29 20

FIGURE 6. Venn diagrams showing the genes identified as significantly differentially expressed in the group analysis and in the
personalized analysis(es) of at least 1 patient using data from Badea et al.'®

this earlier study, replicate assays were carried out on 3 patients,
allowing us to compare the most significantly differentiated genes
as determined by a group analysis (36 patient samples) versus the
significantly differentiated genes determined in personalized
analyses of 3 patients. Consistent with our previous findings, the
results demonstrate remarkably little overlap between genes iden-
tified as significant in the group versus personalized analyses
(Fig. 6; Supplemental Table 4 http://links.lww.com/MPA/A285).

As shown in Figure 6 (see also Supplemental Table 4 http://
links.Iww.com/MPA/A285), less than 2% (average, 1.07%) of the
genes identified as significantly differentially expressed between
normal and cancer cells (P < 0.00001) isolated from individual
patients (personalized profiles) overlap with genes identified as
most significantly differentially expressed (top 500 of 17,658 genes
significantly differentially expressed, P < 0.00001) across the
combined patient samples. There was no overlap among patients in
significantly differentiated genes.

DISCUSSION

Molecular profiling is revolutionizing the way we view and
treat cancer. Rather than the traditional tissue-of-origin approach
to the classification and treatment of the disease, molecular
profiling is providing gene-based diagnostics and therapeutics as
a realistic alternative. The identification of key genes/pathways
associated with various types of cancer is the foundation for both
molecular diagnostics and therapeutics.

The group approach to the identification of key genes/
pathways involves combining the molecular profiles of collec-
tions of samples from diseased patients to identify shared variant
profiles that are distinct from those associated with nondiseased
controls (eg, see Clarke et al*?). Although this can be a produc-
tive approach for the detection of biomarkers and potential
therapeutic targets for diseases caused by 1 or a few genes, for
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diseases caused by aberrations in a variety of alternative genes/
pathways, the group approach may be less effective.3*
Genomes can be profiled with respect to DNA sequence
and with respect to gene expression (RNA quantification by
microarray or RNAseq analyses, etc). The 2 approaches are
complementary in that some functionally significant changes in
DNA sequence may not result in changes in gene expression
(eg, changes resulting in an altered protein sequence), whereas
some changes in gene expression may not be associated with
changes in gene sequence (epigenetic changes or changes in a
gene’s promoter region, etc). A number of DNA sequence
analyses of tumor samples isolated from large numbers of
pancreatic cancer patients indicate that, from the gene mutation
perspective, pancreatic cancer is a highly heterogeneous dis-
ease,!>!5 suggesting that pancreatic cancer cannot be charac-
terized by a narrowly defined set of mutations across all
patients.>> In the present study, we were interested in further
examining this question by comparing the most significantly
differentially expressed genes/pathways between pancreatic can-
cer and control samples as determined by group versus person-
alized analyses of the same samples. Toward this end, we used
LCM to collect 3 distinct sets (biological replicates) of normal
and cancer cells from tissue samples obtained from 4 pancreatic
patients. In addition, we reanalyzed data from a previous gene
expression analysis of 36 pancreatic patients'® and compared the
most significantly differentiated genes/pathways as determined
by the group analysis relative to the most significantly differen-
tiated genes/pathways as determined by personalized analyses of
3 patients for which replicate microarray assays were performed.
Our results consistently demonstrated little to no overlap
between genes/pathways identified in the group analyses rela-
tive to those identified in the personalized analyses. For ex-
ample, consistent with earlier reports,>® our group analysis
identified MUC4 as one of the most significantly differentiated
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expressed genes between the normal and pancreatic cancer
samples (Table 2). Indeed, MUC4 has recently been proposed
as a prime candidate for targeted drug therapy in pancreatic
cancer.>” In our personalized analyses, however, MUC4 was
identified as significantly overexpressed in only 1 of the 7 pa-
tients examined suggesting that MUC4 therapy would likely not
be effective for the majority of the patients examined in our
study. Conversely, many of the genes identified as being sig-
nificantly differentially expressed in individual patients (per-
sonalized profiles) were not identified as significant in the group
analysis. For example, the most significantly differentially ex-
pressed gene in the cancer samples isolated from P1 is PSCA
(prostate stem cell antigen). Interestingly, a monoclonal anti-
body against PSCA is currently being tested in clinical trials for
both prostate and pancreatic cancer.’®® Thus, whereas PSCA
targeted therapy might well be expected to be effective for P1,
it was not identified as being significantly overexpressed in
the group analysis or in the personalized analyses of any of the
other patients examined. Similarly, ADAM (a disintegrin and
metalloprotease), a gene reported to be overexpressed in a number
of human cancers*® and identified as a potential candidate for
targeted gene therapy,*! was among the most significantly
overexpressed genes in P4 but was not identified as being sig-
nificantly overexpressed in the group analysis or in the personal-
ized analyses of any of the other patients examined.

Collectively, our results are consistent with earlier findings
indicating that, on the molecular level, pancreatic cancer is a
highly heterogeneous disease.!®> Although targeted gene therapy
is believed by many to hold great promise in the treatment of
pancreatic and other cancers, a crucial step in the process is the
accurate identification of appropriate candidate genes for tar-
geted therapy. Our findings indicate that personalized and not
group molecular profiling is the most appropriate approach for
the identification of putative candidates for effective targeted
gene therapy for pancreatic and perhaps other cancers with
heterogeneous molecular etiology.
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