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A B S T R A C T

The aggressiveness of pancreatic cancer is associated with the acquisition of mesenchymal

characteristics by a subset of pancreatic cancer cells. The factors driving the development

of this subset are not well understood. In this study, we tested the hypothesis that acqui-

sition of a mesenchymal phenotype occurs selectively in tumor cells that harbor specific

enabling genetic alterations. We obtained whole-genome comparative genomic hybridiza-

tion (CGH) measurements on pancreatic cancer cell lines that have either an epithelial-like

(17 cell lines) or a mesenchymal-like (9 cell lines) phenotype in vitro. The total amounts of

amplifications and deletions were equivalent between the epithelial and mesenchymal

groups, but 20 genes showed a major difference between the groups in prevalence of alter-

ations. All 20 alterations (18 deletions and 2 amplifications) were more prevalent in the

mesenchymal group, confirming the advanced nature of this cellular subtype. CDKN2A

was altered in more than 50% of both groups, but co-deletions in neighboring genes, and

concomitant loss of gene expression, were more prevalent in the mesenchymal group, sug-

gesting that the size of the loss around CDKN2A affects cell phenotype. Whole-genome

CGH on 11 primary cancer tissues revealed that the 20 genes were altered at a higher prev-

alence (up to 55% of the cases for certain genes) than randomly selected sets of 20 genes,

with the same direction of alteration as in the cell lines. These findings support the concept

that specific genetic alterations enable phenotype plasticity and provide promising candi-

date genes for further research.

ª 2014 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction treatment can reduce the bulk of tumors, but neither method
The standard treatments for pancreatic cancer are frustrat-

ingly ineffective for long term benefit. Surgical removal of

the tumor typically extends survival, and chemotherapeutic
Haab).
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completely eliminates cancer cells or their ability to spread

and grow. As a result, disease recurrence is the norm. The fail-

ure of surgical removal indicates that, by the time a cancerous

mass in the pancreas is recognized, some of the cancer cells
mical Societies. Published by Elsevier B.V. All rights reserved.
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already have disseminated to other parts of the body and

established metastatic sites. Likewise, the failure of drugs to

kill all cancer cells suggests that certain cells within the tumor

have increased resistance to the treatment. Thus the cause of

the failure of these treatments potentially can be traced to a

subpopulation of cancer cells within each tumor.

Previous research provides more information on the na-

ture of the cancer cells that could be particularly aggressive.

Pancreatic cancer cells that express some combination of

CD44, CD24, ESA, ALDH, or MET are more competent than

the general population of cancer cells in forming tumors in

immune-compromised mice (Herreros-Villanueva et al.,

2012; Kim et al., 2011; Li et al., 2007). Studies on other cancers

also demonstrated the existence of a subpopulation tumor-

initiating cells, or cancer stem cells (Al-Hajj et al., 2003;

Ginestier et al., 2007; Haraguchi et al., 2013; Patrawala et al.,

2007). Such cells can acquire their stem-cell properties by

transitioning from an epithelial phenotype to a mesenchymal

phenotype (Mani et al., 2008; Morel et al., 2008; Rhim et al.,

2012). Clinical and experimental observations support the

role of a mesenchymal subpopulation in pancreatic cancer

progression: patients with cancer cells showing increased

levels of mesenchymal markers have particularly poor out-

comes (Javle et al., 2007; Nakajima et al., 2004; Oida et al.,

2006; Yin et al., 2007), and cultured pancreatic cancer cells

withmesenchymal properties aremore invasive and resistant

to drugs that those with epithelial properties (Arumugam

et al., 2009). The epithelialemesenchymal transition (EMT)

therefore could generate the subset of cancer cells responsible

for many aspects of pancreatic cancer progression (Yang and

Weinberg, 2008).

The conditions required for the induction of EMT typically

are present in the inflammatory environment of most pancre-

atic tumors, such as the activation of transcription factors like

TGF-b, reorganization and expression of particular cytoskel-

etal proteins, production of extracellular matrix-degrading

enzymes, and changes in the expression of specific micro-

RNAs (Kalluri and Weinberg, 2009). At the same time, several

molecules can counter the process of EMT. BMP7 can reverse

TGF-b1-induced EMT by expression of E-cadherin, and the

expression of miR-200 family can prevent TGF-b-induced

EMT (Gregory et al., 2008; Zeisberg et al., 2003). Not all cancer

cells undergo EMT, as most of the cancer cells in established

pancreatic tumors have an epithelial morphology. Given the

myriad routes of initiating EMT and the abundance of EMT-

inducing factors in most pancreatic tumors, the question

arises why only a subset of cancer cells undergo this process.

One possibility is that only certain cells are predisposed to

respond to the external factors that can induce EMT. EMT

could occur selectively in cells that harbor specific, enabling

genomic alterations.

The most common mutations in pancreatic cancers are in

KRAS, TP53, SMAD4, and CDKN2A (Caldas et al., 1994; Goggins

et al., 1996; Jones et al., 2008; Moskaluk et al., 1997; Su et al.,

1998), and other regions of genetic amplification and deletion

frequently appear at multiple loci (Aguirre et al., 2004;

Bashyam et al., 2005; Gysin et al., 2005; Harada et al., 2009;

Heidenblad et al., 2004; Holzmann et al., 2004; Mahlamaki

et al., 2004). Such mutations likely contribute to the initiation

of cancer and may not necessarily be involved in the
progression of a subset of cells to an invasive and resistant

phenotype. A study finding specific amplifications and dele-

tions enriched in patients with venous invasion and short-

ened survival (Loukopoulos et al., 2007) points to genetic hits

that affect cancer cell progression, similar to findings that am-

plifications at the 7q21-q22 locus involving the SMURF1 and

ARPCIA genes promote cellular invasiveness (Kwei et al.,

2011; Laurila et al., 2009). However, most of these studies iden-

tified genes that were altered in a very small subset of the cell

lines/tissues being studied.

Here we examined the hypothesis that specific genomic al-

terations are more prevalent in pancreatic cancer cells with a

mesenchymal phenotype than those with an epithelial

phenotype. Cultured pancreatic cancer cells provided a good

model system to test this hypothesis, since they tend to take

on either a mesenchymal or an epithelial phenotype. Previ-

ously we showed that mesenchymal-like cancer cells have

distinct features of glycosylation in comparison to epithelial-

like cancer cells (Maupin et al., 2010; Wu et al., 2009), and in

this study we examined differences in gene copy number

gains and losses using comparative genomic hybridization

(CGH). Unlike previous studies, we aimed to identify only

those genes that were altered in a significant number of the

cell lines being examined. We found that the mesenchymal-

like cells harbored specific deletions and amplifications not

found in the epithelial-like cells, whereas the average total

number of alterations was not different between the groups.

We found that the same genetic alterations were present in

primary tumors at a significantly higher prevalence than other

genetic alterations.
2. Materials and methods

2.1. Cell culture

The pancreatic cell lines were obtained from the American

Type Culture Collection (Manassas, VA) and passaged for

fewer than 6 months after resuscitation. The cells were main-

tained in RPMI medium (Invitrogen, Carlsbad, CA) supple-

mented with 10% fetal bovine serum (FBS) and penicillin/

streptomycin (Invitrogen). The three-dimensional cell cul-

tureswere performed in a 75:25mixture ofMatrigel (BD Biosci-

ences, Bedford, MA) and DMEM media (Invitrogen) with a

protocol similar to the ‘thin gel method’ advised by BD. The

cells were recovered from theMatrigel using the Cell Recovery

Solution (BD Biosciences) following the protocol supplied.

2.2. Flow cytometry

Pancreatic ductal adenocarcinoma sampleswere obtained un-

der aWIRB protocol (20040832) for anNIH funded biospecimen

repository (NCI P01 Grant CA109552). Biopsies were minced in

the presence of NST buffer and DAPI according to published

protocols. Briefly, nuclei were disaggregated then filtered

through a 40 mm mesh prior to flow sorting with an Influx cy-

tometer (BectoneDickinson, San Jose, CA) with ultraviolet

excitation. DAPI emissionwas collected at>450 nm. DNA con-

tent and cell cycle were analyzed using the software program

MultiCycle (Phoenix Flow Systems, San Diego, CA).
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2.3. Comparative genomic hybridization (CGH)

DNAs were extracted using Qiagen micro kits (Qiagen, Valen-

cia, CA). For each hybridization, 1 mg of genomic DNA from

each sample and 1 mg of pooled commercial 46XX reference

DNA (Promega Corp., Madison,WI) were digested with DNaseI

and labeled with Cy-5 dUTP and Cy-3 dUTP, respectively, us-

ing a BioPrime labeling kit (Invitrogen). All labeling reactions

were assessed using a Nanodrop assay (Nanodrop, Wilming-

ton, DE). We used Agilent 244K chips to obtain copy number

data from the cell lines and patient samples as previously

described (Ruiz et al., 2011).

2.4. Identification of genes with differential alterations

We averaged the log10 ratios of each probe within each group

(Xavg) and then smoothed the values using a sliding window of

5 probes using the formula (Xsmooth at probe N ¼ 0.1 � Xavg

probe (N � 2) þ 0.2 � Xavg probe (N � 1) þ 0.4 � Xavg probe

N þ 0.2 � Xavg probe (N þ 1) þ 0.1 � Xavg probe (N þ 2)), where

probes N � 2 to N þ 2 are adjacent on a chromosome. We

filtered out probes showing low average levels of amplification

or deletion by retaining probes with an absolute value of

Xsmooth > 0.3, indicating a two-fold change relative to the

reference DNA. For subsequent analyses, we selected the

probe from each gene with the highest fold change, using

the non-smoothed values. We next calculated, for each probe,

the percentage of cell lines in each group for which the probe

had an absolute value >0.3. We selected the probes that

exceeded the 0.3 threshold in at least 50% of the cell lines in

both group and that had at least a two-fold difference between

the groups in the percentage of cell lines altered. For example,

a probe that was altered (defined as greater than two-fold

change) in 60% of the cell lines in one group and in 25% of

the other group passed this criterion. We separately searched

for probes altered in at least 50% of both groups.

2.5. Quantitative PCR validation of genomic
amplifications and deletions

We extracted genomic DNA using the PrepEase genomic DNA

isolation kit (Affymetrix, Santa Clara, CA) following the kit

protocol, except using pipetting to homogenize cells instead

of a homogenizer. We determined genomic DNA concentra-

tions using UV absorption (Nanodrop, Thermo Scientific)

with semi-quantitative confirmation by gel electrophoresis.

Neuroblastoma Amplified Gene (NAG) protein from chromo-

some 2 was used as a loading control, as according to the

CGH data it was in a region where none of the cell lines

showed any major alteration. The primers were from Inte-

grated DNA Technologies (Coralville, IA).

We used the Taq PCR Master Mix Kit (QIAGEN, German-

town, MD) to confirm the primer fidelity and performed

gradient PCR to identify the optimum annealing temperature

of 64 �C. Power SYBR Green PCR master mix (Life Technolo-

gies, Carlsbad, CA) was used for qPCR which was measured

using the StepOne Plus RT-PCR system (Applied Biosystems,

Carlsbad, CA). A standard curve wasmade for NAG using tem-

plate DNA from the Su86.86 cell line to calibrate the data. The

qPCR was performed twice to confirm reproducibility.
2.6. Correlation with gene expression

We used gene expressionmeasurements from the Cancer Cell

Line Encyclopedia (CCLE) project (Barretina et al., 2012). Gene

expression data were available for 25 out of the 26 cell lines

that were used in the study. In case of multiple probes (3 or

more) for a particular gene, the correlation between the

different probes was obtained. If correlation was above 0.75,

the values were averaged. If a single probe did the correlate

well with the other ones, the outlier was removed while aver-

aging. In case of only two probes and a poor correlation, their

correlationwith copy numbers was calculated separately as in

the case of M34428. We also performed reverse transcription

PCR for five genes for which probes were not present in the

chip. mRNA was extracted using RNeasy Mini Kit (Qiagen)

and treated with DNase I to remove genomic DNA contamina-

tion (Thermo Scientific, Pittsburgh PA). Conversion to cDNA

was done using the iScript select cDNA synthesis kit (BIO-

RAD, Hercules, CA). A standard curve based on GAPDH expres-

sion was used to calibrate the expression levels of the genes.

We calculated the significance of the correlation between

gene expression and relative gene copy number using Micro-

soft Excel, with the formula t ¼ r O ((n � 2)/(1 � r2)), where t

is the value from Student’s t distribution. Using the formula,

it was found that r values greater than 0.34 were significant

at p < 0.05.

2.7. Hierarchical clustering

To account for bias, hierarchical clustering was performed on

the gene expression data from the Cancer Cell Line Encyclo-

pedia (CCLE) Project. The gene expression data was logged to

the base 2 and then mean centered before clustering using

average linkage and Euclidean distance.
3. Results

3.1. Genomic differences between epithelial-like and
mesenchymal-like cell lines

In order to test the hypothesis that specific genomic changes

are more prevalent in pancreatic cancer cells with a mesen-

chymal phenotype, we classified 26 different pancreatic can-

cer cell lines into either an epithelial-like group (n ¼ 17) or a

mesenchymal-like (n¼ 9) group (Table 1). We observedmolec-

ular and morphological diversity between the cell lines and

could easily classify most of the cell lines into one of these

broad categories, as in a previous study (Maupin et al., 2010).

We based the classification on morphology and expression

levels of E-cadherin, vimentin, and ZEB1, which we obtained

from gene expression experiments or published information

(Table 1). In cases where we did not have gene expression

measurements for the molecular markers, we based the clas-

sification on the state of apicalebasolateral organization,

judging that mesenchymal cells typically lose such organiza-

tion (Schock and Perrimon, 2002). We found that the cell lines

showed correspondence between 2D and 3D cultures in

morphology and E-cadherin expression (Fig. S1), a result that

agrees with previous findings using xenografts (Neureiter

http://dx.doi.org/10.1016/j.molonc.2014.04.007
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Table 1 e Classification of the cell lines. The column called “Classification basis” gives the basis used to classify the cells. The epithelial cells
generally had higher E-cadherin, lower vimentin, lower zeb-1, and epithelial-like morphology. In some cases the classification was based on other
traits as indicated.

Cell line Classification basis References Origin of tissue Classification

BxPC-3 E-cadherin (E-cad), Vimentin (Vim),

Zeb1, Morphology

(Maupin et al., 2010) Primary Epithelial

Capan1 E-cad, Vim, Zeb1 (ATCC; Buck et al., 2007) Metastasis (liver) Epithelial

Capan-2 E-cad, Vim, Zeb1 (Buck et al., 2007; Maupin et al., 2010) Primary Epithelial

DAN-G Morphology (CLS; Frixen et al., 1991) Primary Epithelial

HPAC E-cad, Vim, Zeb1 (ATCC; Buck et al., 2007) Primary Epithelial

HPAF-II E-cad, Vim, zeb1 (ATCC; Buck et al., 2007) Metastasis (ascites) Epithelial

HUP-T4 Morphology (Nishimura et al., 1993) Metastasis (ascites) Epithelial

KC1-MOH1 Morphology, susceptibility to drugs (BioInformationWeb; Mohammad et al.,

1998; Mohammad et al., 1999)

Primary Epithelial

Panc02.03 Vim, E-cad, Zeb1 (ATCC; Maupin et al., 2010) Primary Epithelial

Panc03.27 Vim, E-cad, Zeb1 (ATCC; Maupin et al., 2010) Primary Epithelial

Panc04.03 E-cad, vim, Zeb1 (ATCC; Oncomine) Primary Epithelial

Panc05.04 Vim, E-cad, Zeb1 (ATCC; Maupin et al., 2010) Primary Epithelial

Patu8902 E-cad, Morphology (Elsasser et al., 1993; Jesse et al., 2010) Primary Epithelial

Patu8988T Polar cells with apicalebasolateral

organization

(Elsasser et al., 1992) Metastasis (Liver) Epithelial

Su86.86 Vim, E-cad, Zeb1 (ATCC; Maupin et al., 2010) Metastasis (liver) Epithelial

SW1990 Morphology (Kyriazis et al., 1983) Primary/metastasis

(spleen)

Epithelial

YAPC Morphology, moderate-poorly

differentiated tumors formed in vivo

(Yamada et al., 1998) Metastasis (ascites) Epithelial

Aspc1 E-cad, Zeb1, Vim (Maupin et al., 2010) Metastasis (ascites) Mesenchymal

Hs700T Poorly differentiated tumors formed

in vivo, Morphology

(ATCC; Owens, 1976) Metastasis (pelvis) Mesenchymal

Hs766T E-cad, Zeb1, Vim (Maupin et al., 2010) Metastasis (Lymph node) Mesenchymal

Hup-T3 Poorly differentiated tumor formed

in vivo

(Nishimura et al., 1993) Metastasis (ascites) Mesenchymal

Miapaca-2 E-cad, Zeb1, Vim (Maupin et al., 2010) Primary Mesenchymal

Panc-1 E-cad, Zeb1, Vim (Maupin et al., 2010) Primary Mesenchymal

Panc8.13 E-cad, Zeb1, Vim (Maupin et al., 2010) Primary Mesenchymal

Patu8988s No apicalebasolateral organization (Elsasser et al., 1992) Metastasis (Liver) Mesenchymal

PSN-1 E-cad, Zeb1, Vim (Oncomine) Primary Mesenchymal
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et al., 2005) and that supports the use of phenotypes in 2-D cell

cultures as a means of classification. We also asked whether

whole-genome expression profiling would revealmajor differ-

ences between the cell lines thatmight represent amore accu-

rate or natural way to group the cells. Un-supervised

clustering resulted in no clear grouping among the cells

(Fig. S2), indicating that the cell lines do not have fundamental

differences that result in genome-wide transcriptional differ-

ences. But when we clustered the cells using only 20 genes

involved in EMT (Zeisberg and Neilson, 2009), the cell lines

segregated generally according to our classification (Fig. S2),

confirming a transcriptional difference relating to their

mesenchymal and epithelial phenotypes.

We obtained measurements of relative genomic amplifica-

tions and deletions for each cell line using a 244K-probe

microarray with an average spatial resolution of approxi-

mately 8.9 kb. We then tested whether the mesenchymal-

like cells harbored particular genomic alterations more

frequently than the epithelial-like cells. We initially usedStu-

dent’s t-test to identify regions with significantly different

levels between the groups but found the method insufficient

to distinguish meaningful from irrelevant information,

mainly because the test does not include a threshold for min-

imum level of amplification or deletion. For example, the TTN

gene on chromosome 2 was significantly different between
the groups ( p < 0.0001), but none of the individual cell lines

showedmajor amplification or deletion for that probe (defined

as a two-fold change relative to the reference DNA) (Fig. S3).

Therefore, we based our search on the percentage of cell

lines in each group with significant amplifications or dele-

tions, searching for regions that were altered frequently in

one group but not the other. First we selected the probes

with high average levels of amplifications or deletions, and

we then searched for probes with differences between the

epithelial and mesenchymal groups in frequency of amplifi-

cation or deletion. For the first step we chose probes with

at least an average two-fold amplification or deletion in

either group, resulting in 783 probes spanning 72 genes. For

each gene, we found the probe with the highest average

alteration (Table S1) and calculated the difference between

the groups in the percentage of cell lines showing either

amplification or deletion of that probe. We searched

for probes with at least a two-fold difference between the

groups in frequency of alteration and at least 50% alteration

in either of the groups. We also required the immediately

adjacent probes on either side to be affected in the same di-

rection as the probe being tested. We used these stringent

criteria in order to identify the loci that have the highest like-

lihood of functional contributions to the mesenchymal

phenotype.

http://dx.doi.org/10.1016/j.molonc.2014.04.007
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The search returned 20 genes (Figure 1A, Table S2). All of

the 20 alterations were more prevalent in the mesenchymal

group. This highly non-random, preferential enrichment sug-

gested either that the mesenchymal pancreatic cancer cells

have evolved beyond the epithelial pancreatic cancer cells or

that they have acquired more total genomic alterations. The

total number of altered probes was not significantly different

between the two groups (Figure 1B), supporting the former

proposition. Furthermore, 18 of the 20 alterations were dele-

tions. The total number of amplifications and deletions were

similar to each other (Figure 1B), suggesting a higher selection

for deletions in the mesenchymal-like cells (Figure 1C).

The alterations were confined to chromosomes 9 (11 dele-

tions), 18 (4 deletions), 8 (2 amplifications and 2 deletions),

and 14 (1 gene showing amplification in the mesenchymal
Figure 1 e Enriched deletions and amplifications in mesenchymal-like can

altered 20 genes. For each gene (given in the row labels) and each cell line (

square indicates amplification, and a black square indicates no change. A clu

numbers of amplified or deleted probes in each group for the entire genome.

17 hits. Each point represents a cell line. EPI, epithelial cell lines; MES,
group and deletion in the epithelial group). Some cell lines

were exceptions to the general trends, like Hs766t, which we

classified as mesenchymal but had an alteration in only three

of the 20 genes (Figure 1A). Such exceptions might result from

imperfect classification or diversity in genetic alterations

resulting in similar phenotypes. The Hs766t cell line in partic-

ular was harder to classify becausemorphologically it appears

somewhat epithelial but has certainmolecular characteristics

that are mesenchymal. Some of the epithelial-like cells had

been derived from a metastatic site and therefore may previ-

ously have displayed mesenchymal characteristics but

returned to the epithelial state via the process of mesenchy-

maleepithelial transition (Thiery, 2002). Two of the five

epithelial cell lines derived frommetastatic lesions showed al-

terations that were akin to the mesenchymal cells as opposed
cer cells. (A) Patterns of amplification and deletion among the most-

given in the column labels), a blue square indicates deletion, a yellow

stering algorithm grouped the rows by similarity in pattern. (B) Total

(C) Total numbers of amplified or deleted probes in each group for the

mesenchymal cell lines.

http://dx.doi.org/10.1016/j.molonc.2014.04.007
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to the epithelial cells (Figure 1A). None of the 20 genes, nor

their chromosomal regions, was among those previously

associated with adaptation to in vitro culture conditions

(Baharvand et al., 2012; Baker et al., 2007; Enver et al., 2005;

Imreh et al., 2006), suggesting that themutations did not occur

after the cells were cultured.

We asked whether the identified mutations were focal or

broad when averaged over the cell lines, which may give in-

formation about which loci are important functionally. Chro-

mosomes 8, 14, and 9 showed divergent patterns (Figure 2).

The deletions of chromosome 8 were clustered in the p

arm, whereas the amplifications were clustered in the q
Figure 2 e Rates of alterations of selected genes. For each probe, we calcul

group in the percentage of cell lines showing a deletion or amplification. W

using the formula (0.13 probe XL 2)D (0.23 probe XL 1)D (0.43 pro

data from all probes for chromosomes 8, 14, and 9. The column graphs at r
arm. In contrast, chromosome 14 showed no clustering but

a narrow alteration at the putative gene AF103097, unusual

because it was both deleted in the mesenchymal cells and

amplified in the epithelial cells. However, not all the probes

spanning AF103097 were amplified, so the implication of

this change is not clear. The deletions of chromosome 9

were clustered on the p arm. The rest of the chromosomes

show varying sizes of amplifications and deletions of in the

epithelial and mesenchymal cells (Figs. S4 and S5), and in

the differences between the mesenchymal and epithelial

cells (Fig. S6), but no regions as significant as those noted

above.
ated the difference between the epithelial group and the mesenchymal

e smoothed the resulting numbers by a sliding window of 5 probes,

be X )D (0.23 probe XD 1)D (0.13 probe XD 2), prior to plotting

ight show the raw CGH values for selected genes across all cell lines.

http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007
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This deletion on chromosome 9p includes the tumor sup-

pressor CDKN2A, suggesting that the alterations neighboring

CDKN2A might be passenger mutations. Indeed, in no cases

were the identified genes on chromosome 9 deleted when

CDKN2A was not (Fig. S7). However, neighboring deletions

were more frequent in the mesenchymal cells, whereas dele-

tions specific to CDKN2A were evenly spread among the

epithelial and mesenchymal cells (Fig. S7). This relationship

suggests that the size of the deletion of the CDKN2A locus

may affect cell phenotype; loss of CDKN2A promotes tumor

formation, but the co-deletion of certain neighboring genes

may promote cancer plasticity and invasiveness.

3.2. Genomic alterations common to both groups

To further understand the relationships between all the cell

lines in their genomic alterations, we also searched for genes

that were altered across both groups with high frequency (at

least 50% in each group). Only CDKN2A and CDKN2B were

altered in both groups (Table S3), and both were deletions.

CDKN2A, also known as P16, is a well-known tumor suppres-

sor and one of themost frequently deleted genes in pancreatic

tumors (Bardeesy and DePinho, 2002; Caldas et al., 1994;

Moskaluk et al., 1997; Oshima et al., 2013). CDKN2B encodes

a cyclin-dependent kinase inhibitor and is a potential effector

of TGF-b induced cell cycle arrest (UniProt). The identification

of these two genes is consistent with previous research

showing that themost common genetic hits are in tumor sup-

pressors or oncogenes.

Well-known alterations associated with pancreatic cancer,

such as MYC amplification, were present in the initial selec-

tion of 72 genes (Table S1) but were not included in the final

list of 20 genes due to a prevalence of less than 50% in both

groups. Other well-known pancreatic cancer associated genes

such as KRAS and TP53 did not show up in the final lists

because they typically are affected by point mutations and

low copy number aberrations.

3.3. Validation of selected copy number changes

We selected at least one gene from each chromosome for vali-

dation by qPCR of the alterations found by CGH.We confirmed

the integrity of the genomic DNA from the cell lines by gel

electrophoresis and normalized the qPCR measurements to

the NAG gene, which was within a region of minimum

genomic alteration. The qPCR data correlated well with the

CGH data for the genes KIAA1797, TUSC3, AF103097, M34428

and SMAD4 (Fig. S8). To further test the validity of our find-

ings, we compared the alterations found here to the ones

identified in a previous CGH analysis of pancreatic cancer

cell lines (Bashyam et al., 2005), which shared 14 cell lines in

common with our study. Of the 34 genes that were altered

in the previous study, all but one was altered in the matched

cell lines of this study. We did not find an amplification of

STK19 in the SW1990 cell line, for which our analysis only

had one probe.

Another test of validity is to randomly permute the

grouping and repeat the analysis.We asked, wouldwe achieve

similar results with just any grouping of cell lines? We segre-

gated the 26 cell lines into random groups of 17 (group A) and 9
(group B) and performed the exact same analysis as before,

searching for genes that were consistently altered in one of

the groups, and we then repeated the random grouping and

analysis five separate times. For each of the random group-

ings, we did not see major differences between the groups.

For example, on chromosome 8, only one grouping showed a

single difference between any of the groups. We saw similar

results with chromosomes 9, 17, and 18 (not shown). This

result supports the concept of consistent genetic differences

between the mesenchymal and epithelial cells.

3.4. Relationship of copy number to gene expression

Genomic amplifications and deletions could contribute to can-

cer progression by affecting the expression levels of certain

genes (Kwei et al., 2011; Laurila et al., 2009; Legoffic et al.,

2009). We obtained gene expression measurements from the

CCLE Project (Barretina et al., 2012) for 21 of the 22 genes

(including CDKN2A and CDKN2B) identified in our analysis

and for 25 of the 26 cell lines. The gene copy numbers corre-

lated significantly with the mRNA expression levels for 9 of

14 genes that had average expression levels above background

(Table S4). The strong correlation for SMAD4 was expected,

andwe also observed strong correlations in genes neighboring

CDKN2A, including CDKN2B, KLHL9, and KIAA1797

(Figure 3A), supporting the potential cancer-promoting func-

tions of losses near CDKN2A. The amplification of M34428

DNA copy number levels correlated with higher gene expres-

sion (Figure 3B), supporting a functional component of the

DNA alteration. On the other hand, M34428 and DQ515897

are located on either side of the MYC gene, an oncogene that

also is amplified in 6 of the cell lines, so they could be co-

altered as passengers with MYC. Although we were not able

to detect expression of the AF103097 putative genedinterest-

ing due to its gain in epithelial cells and loss in mesenchymal

cellsdgenetic alterations to this locus nevertheless could

contribute to cancer progression, perhaps through affecting

the expression of other genes. Overall, a functional role for

gene expression loss caused by DNA deletion is supported

mainly for the chromosome 9 loci.

3.5. Gains and losses of the selected genes in primary
tumors

If any of the identified genes is a driver of a cancer-promoting

phenotype, we would expect increased prevalence of the mu-

tation across primary tumors. To test this proposition, we ob-

tained CGH data for 11 primary pancreatic adenocarcinoma

samples using the same platform as used for the cell lines.

Because a tumor specimen contains a mixture of both normal

and neoplastic cells, we flow-sorted the cells based on DNA

ploidy and used only the aneuploid cells (the cancer cell pop-

ulation) for the CGH. This system gives a purer look at the DNA

of the cancer cells (Ruiz et al., 2011) and previously provided

information on the clonal origins of metastases (Yachida

et al., 2010).

Among all the probes, the rate of alteration was similar be-

tween the cell lines and tissue, but the prevalence of deletions

in the tissue samples was much higher for the 20 probes

(Figure 4, and see Fig. S9 for rates of alteration over all

http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007


Figure 3 eDNAemRNA correlation. Correlation between the DNA copy numbers (unlogged raw ratios) and the mRNA expression data obtained

using U133 Affymetrix mRNA chips.
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chromosomes). For example, 8 (40%) of the 20 genes were

deleted in 4 or more tissue samples, compared to less than

2% of all the probes. When we randomly selected 20 different

probes 10 separate times and averaged the results, the rate of

deletion was similar to that from all probes. Furthermore, the

directions of the alterations of the 20 genes were the same be-

tween the tissue and cell lines: M34428 and DQ515897 showed

amplifications, AF103097 was both amplified and deleted, and

the rest showed deletions (Figure 4C). SGCZ, AF103097, KLHL9

and TUSC3 alsowere aberrant in a high proportion of the sam-

ples. CDKN2A, one of the common aberrations, was detected

in 7 out of the 11 tumors (not shown), consistentwith itsmajor

role in pancreatic cancer pathogenesis. The high rate of alter-

ation of the 20 probes, relative to randomly chosen probes,

and the agreement in direction of change between cell lines

and tissue, support the involvement of these alterations in

cancer progression.
4. Discussion

Cancer cells with a mesenchymal phenotype may be respon-

sible for the early dissemination, treatment resistance, and

rapid recurrence that are common in pancreatic cancer. Our

over-archingmodel was that specific genetic alterations could

enable a switch to such a phenotype. The switch might be

induced by some external factor, like a cytokine from the tu-

mor environment, but the switch acts only in the population

containing the right genetic alteration. This model does not

preclude conversion back to an epithelial phenotype under

the right circumstance, as in the process of mesenchy-

maleepithelial transition, since the alteration might enable

plasticity rather than a permanent change. We found that

specific deletions and amplifications are more prevalent in

cancer cells with a mesenchymal phenotype relative to those

with an epithelial phenotype. Several features of the results
support the validity of the strategy and findings: the enrich-

ment of specific alterations only in the mesenchymal cell

lines, despite equivalence between the groups in total alter-

ations; the consistency between the primary tissue and the

cell lines in the direction of alterations among the 20 selected

genes; and the high prevalence of alterations of the 20 selected

genes in primary cancer tissue, relative to all other probes.

These findings suggest that some of the identified alterations

are cancer promoting rather than initiating, since initiating

alterationsdsuch as CDKN2A lossdwould appear at equal

rates in the epithelial and mesenchymal phenotypes.

The design of this study was different from previous

studies examining DNA copy number alterations in pancreatic

cancer, but comparisons of results between the studies could

give useful insights. As noted above, our study identified

nearly all the alterations previously found in matched cell

lines (Bashyam et al., 2005). We did not find some of the alter-

ations that were previously observed in small subsets of cases,

such as amplifications in 7q21-q22 (Mahlamaki et al., 2004),

most likely because of our more stringent search criteria.

Our study is the first to find that some previously identified al-

terations, including the losses at 8p22 (Bashyam et al., 2005;

Griffin et al., 2007), 9p21-p22 (Aguirre et al., 2004; Gysin et al.,

2005; Heidenblad et al., 2004), and 18q21 (Aguirre et al., 2004;

Griffin et al., 2007; Gysin et al., 2005) and the amplification at

8q24 (Griffin et al., 2007; Heidenblad et al., 2005, 2004;

Holzmann et al., 2004), may be associated with the develop-

ment of a mesenchymal phenotype affecting aggressiveness.

The deletion of SMAD4 at 18q21 is one of the most frequent

events in pancreatic cancer (Herreros-Villanueva et al., 2013;

Kowalski et al., 2007). SMAD4 is also involved in the EMT

pathway but its functional significance is debatable. Intact

SMAD4 can lead to EMT through TGF-b signaling which has

been shown to increase migration of cells, but SMAD4 inacti-

vation is associated with poor prognosis, presumably through

the loss of TGF-b tumor-suppressive capabilities (Blackford

http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007


Figure 4 e Genomic alterations in primary tumors. The columns

indicate the percentage of probes altered in no sample, one sample,

two samples and so on. The percentages were calculated for all the

probes in the cell lines and primary tissues, the 20 probes selected

from the cell lines in the primary tissue as well as random 20 probes in

the primary tissue (averaged over 10 times). (A) Deletions. (B)

Amplifications. (C) Amplifications and deletions to the 20 selected

probes in individual tissue samples. For each gene (given in the row

labels) and each tissue sample (columns), a blue square indicates

deletion, a yellow square indicates amplification, and a black square

indicates no change.
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et al., 2009; Derynck et al., 2001; Herreros-Villanueva et al.,

2013), and with widespread metastases (Iacobuzio-Donahue

et al., 2009; Maitra et al., 2000). Our data support a dedifferen-

tiation promoted by SMAD4 loss.

Two features of the present study may be particularly use-

ful in future work. The system of analyzing only the aneuploid

population, using flow-sorting by DNA content (Mahlamaki

et al., 1997), likely enabled the observation of concordance be-

tween the cell lines and the tissue samples. Previous studies

using primary cancer samples may have been partially

confounded by the presence of normal stromal cells within
the tumors. The analysis of only the aneuploid population

may have given us a cleaner, more accurate view of the

cancer-associated alterations. Another potentially useful

feature of this work is the study design. Instead of searching

for abnormalities that are commonly found among cancer

cases, we grouped the cancers by phenotype and searched

for alterations selectively enriched in one of the groups. A

search for genes that were common to both groups, as in a

typical study design, turned up only known oncogenes and tu-

mor suppressors, whereas the division of cells by phenotype

showed revealed alterations in the mesenchymal-like cell

lines that also were present at high prevalence in the primary

tissue samples.

Several of the genes identified here are promising subjects

for further study. Clearly the losses clustered on chromosome

9 were co-deleted with the important tumor suppressor

CDKN2A, as none of the genes were lost independently from

CDKN2A. However, the higher prevalence of certain co-

deletions in the mesenchymal cells and the concomitant

loss of gene expression argue for the functional importance

of the co-deleted genes. One of those genes, KIAA1797, was

shown to accelerate colony formation, cell migration, and

cell invasion (Brockschmidt et al., 2012). Another neighboring

gene, KLHL9, is a substrate specific adapter of BCR E3 ligase

required for mitotic expression and cytokinesis. This gene is

involved in the correct alignment of chromosomes during

mitosis, the completion of cytokinesis, and the removal of

Aurora B from the complex (Sumara et al., 2007; UniProt).

The loss of KLHL9 potentially could disrupt regulation of

mitosis.

Losses to the p arm of chromosome 8, affecting SGCZ and

TUSC3, also were highly prevalent in the mesenchymal cells.

SGCZ (sarcoglycan zeta) is part of the sarcoglycan complex

involved in forming a connection between the cytoskeleton

and the extracellular matrix (Arco et al., 2012). The loss of sar-

coglycans therefore could give ductal epithelial cells increased

invasive capability (Arco et al., 2012). The downregulation of

TUSC3, either through epigenetic silencing or DNA deletion,

is prevalent in prostate cancer (Bova et al., 1993). It is also

associated with poor prognosis in ovarian cancer (Pils et al.,

2005, 2013). TUSC3 shares high sequence homology with

OST3P, a subunit of the oligosaccharyltransferase complex

involved in protein N-glycosylation. Changes to protein glyco-

sylation influence cancer progression in a variety of ways

(Dennis et al., 1999), but the effects of TUSC3 loss on glycosyl-

ation are not yet known.

In summary, this study supports the hypothesis that spe-

cific genetic alterations enable phenotypic switches or cell

plasticity that contributes to cancer progression. The mesen-

chymal cells tend to show larger losses of the region around

CDKN2A on chromosome 9, marked by co-deletion of KLHL9

and KIAA1797 and the associated loss of gene expression.

The mesenchymal cells also show losses in the p arm of chro-

mosome 8 involving SGCZ and TUSC3, and highly focal ampli-

fications and deletions to the AF103097 putative gene on

chromosome 14. Future studies of human tissue should

further explore the relationship of the alterations identified

here with the phenotype of the cancer cell. Potentially one

could use fluorescence in-situ hybridization (FISH) to examine

gains or losses at the single-cell level in tissue and then look at

http://dx.doi.org/10.1016/j.molonc.2014.04.007
http://dx.doi.org/10.1016/j.molonc.2014.04.007
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correspondence with histology or specific markers. Alterna-

tively, one could flow-sort the cancer cells by a molecular

marker and then examine differences between the groups in

genetic gains or losses. A confirmation of the contribution of

particular genes to an aggressive phenotype could lead to bet-

ter strategies to eliminate highly lethal cancer cells and to

assess patient prognosis.
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