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Abstract

Many somatic mutations have been detected in pancreatic ductal adenocarcinoma (PDAC), leading 

to the identification of some key drivers of disease progression, but the involvement of large 

genomic rearrangements has often been overlooked. In this study, we performed mate pair 

sequencing (MPseq) on genomic DNA from 24 PDAC tumors, including 15 laser-captured 
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microdissected PDAC and 9 patient-derived xenografts, to identify genome-wide rearrangements. 

Large genomic rearrangements with intragenic breakpoints altering key regulatory genes involved 

in PDAC progression were detected in all tumors. SMAD4, ZNF521, and FHIT were among the 

most frequently hit genes. Conversely, commonly reported genes with copy number gains, 

including MYC and GATA6, were frequently observed in the absence of direct intragenic 

breakpoints, suggesting a requirement for sustaining oncogenic function during PDAC 

progression. Integration of data from MPseq, exome sequencing, and transcriptome analysis of 

primary PDAC cases identified limited overlap in genes affected by both rearrangements and point 

mutations. However, significant overlap was observed in major PDAC-associated signaling 

pathways, with all PDAC exhibiting reduced SMAD4 expression, reduced SMAD-dependent 

TGFβ signaling, and increased WNT and Hedgehog signaling. The frequent loss of SMAD4 and 

FHIT due to genomic rearrangements strongly implicates these genes as key drivers of PDAC, thus 

highlighting the strengths of an integrated genomic and transcriptomic approach for identifying 

mechanisms underlying disease initiation and progression.

 Introduction

Pancreatic cancer remains the fourth leading cause of cancer-associated mortality in the 

United States (1). While prognosis has improved for other major cancers due to early 

diagnosis, better therapeutic management strategies, and a more comprehensive knowledge 

of genetic factors, death rates from pancreatic cancer continue to rise. The majority (90%) of 

pancreatic cancers are ductal pancreatic adenocarcinomas (PDAC) that present generally in 

the seventh decade of life (2). Only 6% of patients survive five years postdiagnosis. 

Currently, only15% to 20% of pancreatic cancers are diagnosed early enough to benefit from 

surgical resection, with the majority of tumors having already spread to the surrounding 

tissues or distant organs (3).

Despite the advent of high-throughput genomic sequencing techniques, few major advances 

have been made in understanding the mechanisms by which pancreatic cancer progresses to 

invasive tumors. In the years since being identified, KRAS and TP53 remain the best-

defined driver genes in the majority of tumors studied (4). Activating mutations in KRAS is 

one of the earliest gene alterations associated with PDAC development, followed by 

inactivation of CDKN2A and disruption of TP53 and SMAD4 at later stages (4–5). 

However, beyond these four major drivers, the broad array of other mutated genes reflects 

the significant heterogeneity within these tumors (6–8).

Further studies are needed to better understand the fundamental alterations that occur in 

PDACs, thereby leading to better diagnostic and therapeutic management. To date, the 

majority of genomic analyses have focused on evaluation of potential inactivating point 

mutations and small insertions/deletions (Indels; refs. 6–8). Large genomic rearrangements 

have, however, become increasingly evident as key mutagenic events in the progression of 

solid tumors (9–12). While recent studies have highlighted the major involvement of copy 

number gains and losses in key cancer driver genes (12–17), the contribution of genomic 

rearrangements to pancreatic tumors is not well defined. We report here an in-depth analysis 

of genomic rearrangements present in 24 PDAC tumors from 23 patients and contrast the 
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results with both point mutation and transcriptome (RNA-Seq) data from subgroups of 

tumors.

 Materials and Methods

 Primary PDAC DNA/RNA isolation and sequencing

The Mayo Clinic Specialized Program of Research Excellence (SPORE) in Pancreatic 

Cancer identified 14 clinically and histologically confirmed PDAC patients, who provided 

consent for use of tissue for research, and for whom frozen PDAC and adjacent pancreatic 

intraepithelial neoplasia (PanIN) tissues were available. LCM was used to individually 

isolate tumor, PanIN, or histologically normal cells from fresh frozen tissue sections and 

DNA was amplified directly by a single-step procedure using the Qiagen Repli-g WGA kit, 

as previously described (8–11). Mate pair sequencing (MPseq) libraries were assembled 

from WGA DNA, as previously published (9–11) using the Illumina MP kit. Whole Exome 

Sequencing (WES) was performed on indexed paired-end libraries (NEB Next DNA Kit) 

and Agilent SureSelect Human All Exon 50 Mb kit (Agilent) as previously reported (8). 

RNA was isolated from separate LCM-captured cells (10 frozen sections) using Qiagen 

RNeasy mini-kit and established protocol. mRNA (2–10 ng, RIN>6) was amplified using 

NuGEN Ovation RNA-seq v2 mRNA amplification/cDNA generation kit, before library 

preparation using Ovation Ultralow DR Multiplex System. Indexed libraries were sequenced 

on the Illumina HiSeq platform 101bp paired-end reads at 2, 3, or 4 libraries per lane for 

MPseq, WES, and RNA-Seq, respectively.

 Patient-derived xenografts of PDAC tumors

An additional nine patient-derived xenografts (PDX) of surgically resected PDAC tumors 

propagated in immunodeficient NOD/SCID mice (18) were available for this study, from 

which DNA was isolated using the Qiagen Blood and Tissue Kit (#69504, Qiagen). PDX 

tumors were confirmed of pancreatic origin by pathologist histologic review. MP libraries 

were prepared from 1 µg DNA using Illumina Nextera reagents and sequencing was 

performed as described above.

 Data analysis

 MPseq—Paired reads were mapped to the human Hg19 reference genome using 32-bit 

binary indexing of the genome as previously described (9–11, 19). Discordant mate pairs 

reads mapping >15 kb apart or in different chromosomes were selected for further analysis. 

A mask was used to eliminate common variants and discordant MPs from experimental or 

algorithmic errors (19).

 WES—Samples were compared to corresponding "normal" samples using 

SomaticSniper14 for somatic SNVs or GATK's Somatic INDEL Detector15 as previously 

described (9). A minimum somatic score of 20 and >8× coverage was required in reference 

normal sample. Somatic variants with <30× read depth ≥3 alternate reads supporting the 

variant call. For variants at ≥30×, alternate alleles exceeding 4% of all reads were required.
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 RNA-Seq—RNA-Seq reads were aligned using TopHat. Gene counts were assessed by 

HTSeq and normalized using conditional quantile, with differential expression analysis 

conducted with edgeR (20).

 Validation of genomic rearrangements and KRAS Sanger sequencing

Primers spanning detected fusion junctions were used in PCR validations on tumor DNA, 

associated PanINs, adjacent normal (NL), and an independent human Genomic DNA control 

(C; G304A; Promega) using the EasyA high fidelity polymerase (Stratagene; #600404). 

Sanger sequencing was utilized to determine the G12 KRAS mutation status of each case 

from PCR amplicons derived using primers GGACCCTGACATACTCCCAAGGAAAG and 

GGTGAGTTTGTATTAAAAGGTACTGGTGGAG. TP53 mutations were assessed using a 

non-published capture approach.

 Results

 Genomic rearrangements in PDAC

A total of 24 PDAC tumors were selected for structural variant analysis including 15 

primary PDAC tumors, isolated through laser capture microdissection (LCM) of fresh frozen 

resected tissues, and nine independent bulk-extracted PDX-propagated tumors from 

surgically resected primary PDAC tumors (18). MP sequencing on the 24 PDAC tumors 

generated an average of 89 million reads per tumor. Average base pair and bridged (large 

fragment span) coverage were 4 and 36×, respectively (Supplementary Table S1). A total of 

908 unique genomic breakpoints were detected. Numbers of detected breakpoints varied 

from 7 to 192 per tumor (Fig. 1), with an average of 39 and median of 18 breakpoints. 

Identical breakpoints were only detected between the PA21 and PA30 tumors that originated 

from the same patient. Of the detected breakpoints, 19% were translocations between 

different chromosomes, while the remaining 81% were intrachromosomal deletions, 

amplifications, and inversions. The majority of rearrangements (71%) had one breakpoint in 

a gene locus, potentially affecting expression through disruption of coding regions. Both 

breakpoints were located in different genes in 205 (20%) of the rearrangements, with 111 in 

the correct orientation for potential fusion gene products. However, only a small number of 

these would be expected to generate expressed fusion gene products. WES data was 

available for all primary tumors except PA54. A total of 760 somatic mutations altering 

protein-coding sequences were detected, with an average and median of 58 and 49 mutations 

per case, respectively. Figure 1 presents the total numbers of somatic variations detected by 

MPseq and WES.

 Mutated genes in PDAC

In total, 746 different genes contained intragenic rearrangements in the 24 sequenced 

tumors. Together with the WES data, 1,387 genes were affected, with only 40 genes 

involving both rearrangements and SNVs/Indels (Supplementary Table S2). The key genes 

somatically mutated in this study, selected as genes altered in multiple tumors or with 

previously reported involvement in cancer, are presented in Fig. 2. As expected, KRAS and 

TP53 were the most frequently mutated driver genes, with somatic variations detected in 

100% and 74% of tumors, respectively. KRAS G12V and G12D mutations were the most 
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prominent, in ten and seven tumors, respectively (Supplementary Fig. S1). Somatic 

mutations in COSMIC census cancer driver genes (http://cancer.sanger.ac.uk/census) were 

detected in all tumors. From MPseq data alone, 23 (96%) tumors detected a rearrangement 

hitting directly with an intragenic breakpoint in at least one COSMIC census cancer driver 

gene (Supplementary Table S2), with an average of two per case.

While focal intragenic breakpoints within a gene region are a direct indicator of altered gene 

expression, loss of a gene can occur when it lies within a larger chromosomal deletion. 

Conversely, gene gains can occur when contained within larger chromosomal region 

duplications or amplifications. Frequency coverage of concordant mapping reads across 

chromosomes from the MPseq data (19) were used to assess chromosomal gains and losses. 

In addition to rearrangements present within a gene locus, Fig. 2 additionally integrates data 

for cases where loss or gain is predicted.

 SMAD4 mutations

SMAD4 was most frequently altered by genomic rearrangements with eleven tumors (46%) 

containing breakpoints within the SMAD4 gene locus. Intrachromosomal deletions ranged 

from ~25 to 2,000 kb in eight cases, with two additional cases (PA32 and PA33) presenting 

with interchromosomal translocations at the SMAD4 locus (Fig. 3A). Events were validated 

by PCR in seven selected tumors for which DNA was additionally available from laser 

capture microdissected PanIN located adjacent to the tumors (Fig. 3A; ref. 8). Three of the 

SMAD4 rearrangements were restricted to tumors, whereas three were also detected in 

adjacent PanIN 2 lesions and two were observed in adjacent PanIN 3 lesions.

Frequency coverage data confirmed the loss of genomic sequence at the SMAD4 locus in all 

directly hit tumors (Fig. 3B and Supplementary Figs. S2A and S2E) but demonstrated 

additional losses in the majority of other cases. In total at least one allelic copy of SMAD4 
was lost in 22 (92%) of the 24 tumors. The remaining two cases, however, lacked integrated 

SNV data for SMAD4. The absence of discordant mapping MPseq reads predicting many of 

these events were due to larger q-arm deletions of chromosome 18 with no detectable fusion 

junctions (Supplementary Fig. S2B). In total, large chr18q deletions were observed in 18 

(67%) tumors, and were often in combination with predicted smaller focal SMAD4 deletions 

in the second allele. Homozygous loss was predicted in six cases (Fig. 3C), with an 

additional case PA37, containing a validated damaging Q1348S mutation (8) in the 

remaining allele. In addition to the larger deletions, PA29 predicted a smaller approximately 

25 kb microdeletion across the SMAD4 locus (arrow; Fig. 3B, ii), below the standard 30 kb 

bioinformatics filter applied in this analysis. No further microdeletions were detected at the 

SMAD4 locus in additional cases.

 FHIT mutations

The fragile histidine triad gene, FHIT, was the next most frequently rearranged gene, with 

focal deletions observed in eight tumors (Fig. 2). A large 841 kb deletion and loss of the first 

five coding exons was detected in PA21/30. Deletions of exons 4 and 7 were detected in 

PA37 and PA41, respectively. A 265 kb deletion including exon 6 was present in PA56. 

Breakpoints were validated by PCR in tumors with associated PanINs (Fig. 3D) and 
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frequency coverage data supported these large deletions (Fig. 3B, iii and Supplementary Fig. 

S2C and S2E). The rearrangements in PA21/30 and PA37 validated solely in tumors (Fig. 

3D), whereas those in PA56 and PA41, also validated in adjacent PanINs. Four additional 

cases (PA32, PA63, PAX15, and PAX27) presented with additional FHIT losses through 

larger chromosome 3 deletions. Thus, in total, the FHIT gene was deleted in 12 (50%) 

tumors. No point mutations were detected in the FHIT gene from the WES analysis.

 ZNF521 mutations

Rearrangements hitting ZNF521, a zinc finger protein, were present in seven tumors (Fig. 

2E). Rather than focal deletions, these events were more complex. Two cases, PA29 and 

PA32, presented with interchromosomal translocations to chromosomes 1 and 9, 

respectively. The remaining five cases involved more complex multiple intrachromosomal 

rearrangements on 18q11 where ZNF521 is located. Frequency coverage at the ZNF521 
locus was also not consistent for these events, with frequency coverage data predicting both 

gains and losses in these seven tumors. Eight additional cases presented with ZNF521 loss 

without detected rearrangements (Supplementary Fig. S2D and S2E). In total 15 (63%) 

tumors were hit by rearrangements or chromosomal loss at the ZNF521 locus.

 Additional mutated genes

A variety of cancer-related genes were hit directly with intragenic breakpoints in multiple 

tumors. Integrating additional frequency coverage data increased the numbers of affected 

cases for the majority of genes (Fig. 2). CDKN2A, heavily linked with PDAC progression, 

had predicted loss-of-function in a total of 15 (63%) tumors, but just four tumors had 

intragenic breakpoints within the gene (Fig. 2). Nine tumors had larger chromosomal 

deletions, spanning CDKN2A, with two additional cases hit by damaging point mutations. 

In addition to FHIT, three other fragile site genes, PARK2, WWOX, and IMMP2L had 

intragenic breakpoints in three or more tumors, with additional larger losses observed in 

additional cases.

A significant number of commonly rearranged genes were located on chromosome 18, 

focused in three major hotspots (Fig. 2). DCC and MRO are located on 18q21.2 adjacent to 

SMAD4, whereas OSBPL1A, GATA6, and CABBLES1 are located on 18q11.2 adjacent to 

ZNF521. The third hotspot was located on the p-arm of chromosome 18 (18p11.31-21) and 

included, IMPA2, RAB31, TWIGS1, PIEZO2, DLGAP1, and MYOM1. Additional 

potentially significant cancer genes with intragenic breakpoints detected in multiple tumors 

included HUWE1, PTPRD, TP73, PAX5, MARCOD2, CSMD3, ERBB4, ERC1, and 

MECOM. Just five genes were mutated in both the MPseq and WES data in the same tumor, 

with potential homozygous loss of function. These were EPO, ME2, MEGF6, NPAS3, and 

STXBP5L (Supplementary Table S2). An additional 38 genes were mutated in both the 

MPseq and WES data in different tumors including SMAD4, SMAD3, BRCA1, ERBB4, 
CSMD1, DNMT3B, PRKD1, and FOXN1. Many significant cancer genes were also 

observed mutated solely in individual cases, including ATM, APC, BRCA2, DNMT1, ALK, 
FOXO3, NCAM1, SMAD2, PPARG, and NOTCH2 have been associated with cancer 

initiation and progression.
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 Common gene losses and gains in pancreatic cancer

Genes hit directly by intragenic breakpoints from large rearrangements or point mutations 

infer stronger evidence for altered gene expressions. However, many genes are lost or gained 

through larger chromosomal rearrangements, without intragenic breakpoints. While 

SMAD4, FHIT, and ZNF521 are mainly affected by direct intragenic rearrangements, other 

genes listed in Fig. 2 are affected more by copy number changes. Specifically, while hit by 

intragenic breakpoints in at least two cases, PARK2, DCC, CDKN2A, HUWE1, MRO, 
PTPRD, and TP73 are more commonly deleted, and GATA6, OSBPL1A, DPYS, and TRPS1 
more commonly gained; through more distal events. As expected many of these genes 

cluster together by location, such as SMAD4, DCC, and MRO at 18q21.2, with co-gains/

losses in cases. However, interestingly adjacent genes GATA6 and ZNF521, at 18q11.2, have 

quite distinct patterns of gain and loss. Similar numbers of both gains and losses are 

observed for many genes, potentially indicative of passenger events.

A number of commonly reported gained or lost genes in pancreatic cancers were not hit 

directly by intragenic breakpoints in this study. We therefore investigated the copy number 

levels of a panel of 50 commonly reported gained/lost genes in PDAC from literature (Fig. 

4; refs. 6–7, 12–17, 21–23). In addition to the genes previously reported in Fig. 2, recurrent 

losses were observed for MAP2K4, STK11, SMARCA2, TEK, ARID1A and ARID1B. 

Conversely, MYC, NOV, TRRAP, and FGFR1 were commonly gained. As expected, the 

well-reported MYC oncogene (15–17) was consistently gained in 12 cases. NOV, adjacent 

to MYC at 8q24 was also cogained without intragenic breakpoints in 11 of these cases. 

TRRAP and SMURF1 on chromosome 7q22.1 were also consistently gained in seven and 

six cases, respectively. Reported gains of GATA6 and FGFR1 were also each prevalent in 

nine cases (15–17, 21); however, additional three cases of loss were observed for each gene. 

Significantly, loss of ARID1A and ARID1B, together with SMARCA2, document the 

reported impact on the SWI/SNF pathway (21–22). MAP2K4, STK11, SMARCA2, and 

TEK were also confirmed frequently lost without direct intragenic breakpoints, as was TP53 
in this study. Mutations of TP53 in 79% of cases were complemented with additional copy 

losses, predicting homozygous loss of function in at least nine cases. Interestingly, loss of 

TP73 was observed in 12 cases, five of which presented with no evidence of TP53 loss.

Genes observed mutated in this dataset were also contrasted with mutations reported in other 

pancreatic cancer genomic studies, including The Cancer Genome Atlas (24), the 

International Cancer Genome Consortium (7) and the John Hopkins group (Supplementary 

Table S3; ref. 6). While this study confirms the high occurrence of somatic variation 

reported in literature for a subset of key driver genes involved in PDAC, it also highlights the 

heterogeneity and potential passenger or auxiliary functions of the majority of reported 

mutated genes.

 Evaluation of SMAD4, FHIT, and ZNF521 RNA expression

The influence of somatic mutations in SMAD4, FHIT, and ZNF521 on gene expression 

levels were assessed using RNA-Seq data from nine of the tumors. All tumors presented 

with reduced SMAD4 expression, with an average 3.1-fold reduction compared with levels 

in matched normal ductal epithelial cells (Nd; Fig. 5A). The level of SMAD4 expression 
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loss was consistent with the degree of SMAD4 deletion. FHIT expression levels were also 

reduced in every tumor, with an average 5.7-fold reduction (Fig. 5B). Reduction in FHIT 

expression in cases without predicted deletions and also in PA44 where a gain of FHIT gene 

sequence was predicted (Fig. 3C) suggests that other regulatory factors contributed to the 

reduced expression of these genes. For ZNF521, an overall trend of reduced expression in 

tumors was also observed (Fig. 5C). Overall 40%of the commonly hit genes had greater than 

2-fold change in average expression compared with normal (Supplementary Fig. S3), 

supporting potential mechanistic roles in tumor progression.

 Pathways influenced by rearrangements and SNV/Indels

The limited overlap in genes containing rearrangements and point mutations/small indels 

raised the possibility that the different types of mutations were associated with independent 

tumor development pathways. However, analysis of protein–protein interactions (PPI) and 

KEGG pathways (25) influenced by WES and/or rearrangements identified 16 main 

pathways (Fig. 6A) with mutations evenly distributed between large genomic 

rearrangements and SNVs. While the high incidence of TP53 and SMAD4 mutations 

influenced the pathway analyses, many additional genes in the selected pathways were 

modified in these tumors. The number of tumors affected by each pathway is highlighted 

(Fig. 6B). Pathways in cancer, cell cycle, and TP53 signaling were all affected by 

rearrangements and SNVs. Adherens junction, tight junction, endocytosis and axon guidance 

as well a number of major cell signaling pathways including TGFβ, Wnt, Hippo, PI3K-Akt, 

MAPK, and ErbB signaling pathways were similarly affected by both mutation types across 

all tumors.

 Signaling networks in PDAC

Next, we investigated whether other genes associated with SMAD4 function/binding and 

signaling pathways were also mutated in the PDACs. Significantly, all tumors had alterations 

in several genes implicated in SMAD function (Fig. 7A). Figure 7B illustrates a network of 

these genes visualizing predicted PPI using the STRING database v9.1 (25). In addition, the 

effect of SMAD4 deletion on TGFβ signaling was reflected in reduced mRNA levels of 27 

known downstream target genes encompassing SMAD-response-elements (SRE; refs. 26–

27). Approximately 67% of these 27 genes showed reduced levels of expression and just 

15% retained significant increased expression (Supplementary Fig. S4). Interestingly, 

expression levels of TGFβ receptors and other SMAD genes did not change significantly 

(Fig. 7C), suggesting that signaling occurred through SMAD-independent pathways, such as 

PI3K/AKT (28–29). While PI3K/AKT levels did not change significantly, levels of FOSL1, 

a downstream effector of the PI3K/AKT signaling pathway were increased, indicating 

increased PI3K/AKT activity. In addition, Six1, linked to a SMAD-independent TGFβ 

activation pathways and EMT, was highly overexpressed (30). However, other markers of 

EMT including β-catenin, E-cadherin, N-cadherin, SNAIL1/2, and TWIST1/2 did not 

display EMT-associated altered expression in the PDACs.

Several genes associated with FHIT function and DNA repair mechanisms were also 

mutated in all tumors (Supplementary Fig. S5). FHIT expression has been reported to 

suppress proliferation and promote apoptosis by blocking the PI3K–Akt pathway (31). Thus, 
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loss of SMAD4 and FHIT could synergistically contribute to increased PI3K–AKT pathway 

activity.

As expected from the mutation-based pathway analysis, expression of WNT signaling genes 

was increased, with substantial overexpression of WNT 2, 3, 5, and 10 isoforms (Fig. 7C). 

LEF1, a major transcription factor of the Wnt pathway, driving cell migration, invasion, and 

proliferation, was very highly expressed in all cancers in the absence of increased β-catenin. 

Members of the Hedgehog gene family, Sonic and Indian Hedgehog, were also highly 

overexpressed as previously reported for pancreatic cancer (32–33). However, this signaling 

pathway was not highlighted by mutations or rearrangements (Fig. 6).

 Discussion

MP sequencing of PDACs demonstrated that, in addition to point mutations, driver genes 

and pathways of PDAC are commonly affected by direct intragenic breakpoints during large 

genomic rearrangement events. The overlap in genes mutated by rearrangement and point 

mutation was limited, consistent with the well-reported intertumor heterogeneity in 

pancreatic cancer (6–8). As expected a high frequency of KRAS (100% cases) and TP53 
(74%) mutations were observed and other than common KRAS-activating mutations, 

recurrent somatic mutations were not observed. Similar to studies of SNV in PDACs (6–8), 

few genes were frequently rearranged. In addition to rearrangements in the commonly 

reported SMAD4, FHIT, WWOX, and CDKN2A genes, rearrangements with intragenic 

breakpoints directly hitting a gene in greater than 10% of cases, included; ZNF521, PARK2, 
GATA6, DCC, CSMD3, IMPA2, CABLES1, RAB31, and HUWE1.

The majority of CNV studies in PDAC center on gains and losses from array-based 

techniques (13–17). In this study, MPseq allowed us to uniquely focus on genes hit with 

direct intragenic breakpoints through large genomic rearrangements, presenting strong 

evidence for altered or lost gene function. While the commonality in mutated genes was 

limited, basic KEGG pathway analysis performed independently on MPseq and WES 

datasets revealed extensive overlap in the affected pathways. Hence, while different genes 

may have different susceptibilities to point mutations or rearrangements, both mutational 

mechanisms have an impact on the same key regulatory pathways. This observation supports 

the hypothesis that altered expression of a selection of genes hit by intragenic breakpoints 

through large genomic rearrangements does contribute to PDAC progression similarly to 

SNV/Indels. In addition, while many rearrangements are predicted to be early events in 

tumor progression, our results confirm that rearrangements can affect key tumor genes late 

in the process of tumor development.

Significantly, many well-reported key regulatory genes with altered expressions by gains and 

losses, did not involve intragenic breakpoints. As expected, the well-reported MYC 
oncogene was confirmed consistently gained (15–17), being observed in 12 cases, but no 

intragenic MYC breakpoints were observed in tumors. The absence of intra-genic 

breakpoints may emphasize the need to retain oncogenic functions, which can be predicted 

to be more often lost by rearrangements directly hitting a gene, as is the case for tumor 

suppressor genes; SMAD4, CDKN2A, and FHIT. Thus, direct intragenic hits on genes with 
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oncogenic functions in cancer may often negatively impact tumor growth and thus are not 

selected for. Interestingly selective patterns of gains or losses, evident of more driver 

functions, were only observed for a limited number of genes, further emphasizing the 

inherent heterogeneity, with many affected genes passengers in PDAC progression. Similar 

to other studies GATA6 gains were prevalent in this study (15–17, 21). However, additional 

cases with GATA6 loss were evident, as were cases with direct intragenic breakpoints in 

combination with gains. Loss of SWI/SNF pathway genes were also common in this dataset 

(21–22); however, interestingly, no direct intragenic breakpoints were detected in ARID1A, 
ARID1B, or SMARCA2. Loss of TP73, a tumor suppressor gene in the TP53 family of 

transcription factors was also prevalent in this dataset, being observed in 12 cases, five of 

which had no evidence of loss of TP53 function. While not directly linked to PDAC, the 

TP73 pathway has been linked to therapy for TP53-deficient PDACs (34). Further 

implicating the TP53 family in PDAC, one case also presented with a potentially damaging 

D157N mutation in TP63.

The previously reported role of TGFβ signaling in PDAC (21) was well defined, with all 

tumors presenting with direct somatic mutations in genes in the pathway and concomitant 

reduced expression of SMAD-targeted genes. Functionally, reduced SMAD signaling may 

result in SMAD-independent induction of PI3K/AKT pathway activity similarly to induction 

of AKT signaling in the absence of the PTEN tumor suppressor (28–29, 35). High levels of 

SIX1 (Fig. 5C) were interesting considering a reported role for SIX1 in SMAD-independent 

TGFβ activation through induction of cyclin D1 and EMT (30, 36–37). However, 

upregulation ofCCND1and induction of EMT expression profiles were not observed. Joint 

activation of WNT and HH signaling by TGFβ is a conserved feature of TGFβ signaling in 

EMT (38). In line with current clinical targeting strategies towards WNT/HH pathways for 

PDAC (39–40), both pathways were highly active nodes in PDAC in the current study. 

However, in contrast to WNT pathway genes, few HH pathway genes were directly mutated 

in our dataset.

SMAD4 loss was observed at a level similar to KRAS-activating mutations. In addition, to 

underscoring the high incidence of SMAD4 loss in PDAC, this integrated study enabled a 

detailed picture of the varied structural rearrangements that drive this loss. The diverse 

nature of deletions predicted at least a single copy loss of SMAD4 in 92% of cases, with six 

cases predicting progressive homozygous loss-of-function. Mutation of SMAD4 has been 

commonly reported in 50% of PDAC (41). However, without complete integrated datasets of 

somatic breakpoints, SNV/Indel, and CNV, alterations may have been overlooked in many 

prior studies assessing the contribution of SMAD4 to pancreatic cancer. Loss of SMAD4 
was paralleled with reduced SMAD4 expression in each case studied. Importantly, a number 

of studies have reported that SMAD4 hemozygosity is sufficient to significantly inhibit both 

TGFβ and BMP signal transduction and result in the differential expression of a broad subset 

of target genes likely to underlie tumor formation (42–44). Thus, the loss of at least one 

SMAD4 allele in 92% of tumors and the associated reduced RNA-Seq expression of 

SMAD4 in all PDAC tumors studied; suggest that SMAD4 loss is an essential driver of 

PDAC progression. Additional hits in the TGFβ signaling pathways may synergize with 

SMAD4 alterations and alleviate the need for substantially reduced SMAD4 expression 

during tumor progression. ZNF521, encoding a zinc finger protein known to interact with 
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SMAD4 for activation of BMP target genes (45) had aberrations in multiple cases. It is 

interesting to speculate that disruption of ZNF521 may have a similar effect as SMAD4 
disruption on PDAC development. However, no pattern of mutual exclusion between the two 

events occurring in cases was observed (Fig. 3C). Significantly, ZNF521 lies proximal to the 

gene for transcription factor GATA6 on 18q11.2, previously reported gained in PDAC with a 

function on WNT signaling pathways (17). While the two genes had quite distinct patterns 

of gain and loss within tumors (Fig. 2), the potential for ZNF521 variations as passenger 

events in the GATA6 rearrangements remains to be determined.

FHIT was commonly deleted in 50% of tumors, with associated loss in expression. While 

the loss of FHIT has been predicted as an early event in PDAC pathogenesis (46–47), PCR 

validation of alterations in tumor associated PanINs in this study predicted a late 

presentation, similar to SMAD4. FHIT is believed to function as a tumor suppressor and was 

previously found to be downregulated in PDAC promoting tumor growth, but the precise 

mechanism of action remains unclear (46–50). Reduced FHIT levels in tumors with no 

detected genomic alterations, suggests additional regulatory pathways or epigenetic 

regulation (50). FHIT is located at one of the most common fragile sites (FRA3B; ref. 49). 

In addition to FHIT, other common fragile site genes including WWOX, PARK2, IMMP2L, 
MACROD2, and NBEA, were also affected. At least one fragile site was hit in each tumor, 

emphasizing chromosome instability, but with no evident fragile site mutation profile within 

cases.

In conclusion, a wide spectrum of genes was influenced by genomic rearrangements in this 

PDAC study, with many key cancer genes hit directly by intragenic breakpoints. While 

minimal overlap was observed in genes mutated by rearrangements and point mutations, 

multiple commonly targeted pathways were identified, indicating the significance of both 

mutation types in driving PDAC progression. Overall, these results emphasize the needs for 

integrated data analyses including breakpoint, CNV and SNV analysis, which together with 

transcriptome data enable better inference of mechanisms of PDAC progression.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mutations in PDAC tumors. Numbers of mutations detected by mate pair (MPseq; black 

bars) and WES (gray bars) per tumor. Average and median values across all cases 

represented by hatched bars.
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Figure 2. 
Commonly mutated genes in PDAC. Genes selected according to presence in multiple cases 

or previously reported association with cancer. Mutation types detected by M, MPseq; E, 

WES; S, Sanger; or P, TP53 panel are indicated. Copy losses and gains at specific gene loci 

are marked by black or gray shading, respectively. The gene locus, the number of tumors hit 

directly by breakpoints (#Hit MP) and the number of cases involving loss (#LOSS) and gain 

(#GAIN) are listed for each commonly hit gene. Genes listed in COSMIC cancer gene 

censor are in bold text. Other key single hit genes in the study detected by MP or WES 
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(italics) are presented at the bottom of the table for each case. Tumors evaluated by MP and 

WES data, or from MP alone, in the absence of WES data, are also indicated.
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Figure 3. 
Deletions at the SMAD4/FHIT/ZNF521 loci. Schematics of predicted breakpoints and 

deletions, together with PCR validations at the SMAD4 18q21.2a (A), FHIT 3p14.2c (D), 

and ZNF521 18q11.2d gene loci (E). Exons (vertical black lines) are marked on each gene 

(double lined arrows), with breakpoints (vertical black dashed-arrows) or deletion spans 

(horizontal black dotted-lines) marked above. PCR validation gels presented with labeling of 

tumors (T), PanINs 1B, 2, or 3 (P1B, P2 or P3), adjacent normal (NL), and a mixed 

population human genomic DNA control (gC). B, examples of copy number loss for 
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SMAD4 in PA44 (i) and PA29 (ii) and for FHIT in PA41 (iii). Central gray lines indicate 2-

gene copy levels from normalized values across the whole genome. Lower black base line 

indicates the hg38 chromosomal coordinates (Mb). Black dots mark the frequency of 

coverage across 30 kb windows. The SMAD4 and FHIT genes positions are presented as 

horizontal double black lines. C, heterozygosity in each case for SMAD4, FHIT, and 

ZNF521 is summarized as 3, 2, 1, or 0 copies. The gray shaded boxes indicate cases where 

large genomic rearrangements were detected. *, case where SMAD4 gene mutated by SNV.
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Figure 4. 
Copy number levels of commonly gained and lost genes in PDAC. Fifty genes reported from 

literature (6–7, 12–17, 21–23) with recurrent gains or losses of copy numbers are presented 

detailing loss (black shading) or gain (gray shading) for each case in this study. The gene 

locus cytoband and whether the gene is additionally hit directly by a breakpoint in our data 

set also presented. Genes are ordered according to prevalence of gains or losses in cases.
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Figure 5. 
RNA expression of SMAD4, FHIT, and ZNF521. RNA-Seq coverage levels are presented 

for SMAD4 (A), FHIT (B), and ZNF521 (C) on the whole gene level for each normal duct 

(Nd; black bars) and tumor (T; gray bars) sample per case. The y-axis represent reads per 

kilobase per million. The median (med) values are also presented for each gene (hatched 

bars). Cases predicted with loss or gain of copy number by DNA mutation analysis are 

exemplified by * or Δ, respectively.
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Figure 6. 
Significant pathways in PDAC. A, sixteen pathways significantly affected in our data set. 

Columns indicate NGS group, number of genes mutated in each pathway in the mate pair 

(MPseq), whole exome (WES), or both (ALL) datasets. Specific genes in each pathway 

detected in MPseq or WES data are presented. B, distribution of affected cases for each 

pathway. The number of affected tumors and the involvement of TP53 and SMAD4 in a 

specific pathway are indicated. Gray shading indicates a case is affected through mutations 
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in genes in addition to SMAD4 or TP53, while black shading indicates cases affected solely 

through SMAD4 or TP53.
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Figure 7. 
SMAD4 pathway genes and signaling networks. A, somatically mutated genes with binding 

or pathway related functions with SMAD4/TGFβ signaling are presented per case. B, a 

network of the listed genes visualizing predicted protein–protein interactions (PPI) using the 

STRING database v9.1. C, median mRNA expression levels for specific genes represented 

as Log2 of median tumor levels divided by median dN levels. Black shaded bars indicate 
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those genes where expression was gained or decreased less than fifty percent and thus 

deemed an insignificant change in expression.
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