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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is driven by the inactivation of the tumor suppressor 

genes (TSGs), CDKN2A (P16) and SMAD4 (DPC4), commonly by homozygous deletions (HDs). 

Using a combination of high density single-nucleotide polymorphism (SNP) microarray and whole 

genome sequencing (WGS), we fine-mapped novel breakpoints surrounding deletions of 

CDKN2A and SMAD4 and characterized them by their underlying structural variants (SVs). Only 

one third of CDKN2A and SMAD4 deletions (6 of 18) were simple interstitial deletions, rather, 

the majority of deletions were caused by complex rearrangements, specifically, a translocation on 

one side of the TSG in combination with an inversion on the other side. We designate these as 

“TransFlip” mutations. Characteristics of TransFlip mutations are: (1) a propensity to target the 

TSGs CDKN2A and SMAD4 (P < 0.005), (2) not present in the germline of the examined 

samples, (3) non-recurrent breakpoints, (4) relatively small (47 bp to 3.4 kb) inversions, (5) 

inversions can be either telomeric or centromeric to the TSG, and (6) non-reciprocal, and non-

recurrent translocations. TransFlip mutations are novel complex genomic rearrangements with 

unique breakpoint signatures in pancreatic cancer. We hypothesize that they are a common but 

poorly understood mechanism of TSG inactivation in human cancer.

INTRODUCTION

Homozygous deletions (HD) are a common mechanism by which tumor suppressor genes 

(TSGs) are inactivated in cancer, and are a common mapping tool for the discovery of TSGs 

(Lee et al., 1987; Hahn et al., 1996). HDs can range in size from kilobases to megabases, 

and are enriched at fragile sites and have been associated with chromothripsis (Bignell et al., 

2010; Stephens et al., 2011). HDs are often the result of double-stranded DNA breaks 

(DSB), which can be repaired through a variety of mechanisms including homologous, 

microhomologous, and non-homologous pathways (Supporting Information Table 1). Non-
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homologous end joining (NHEJ), microhomology-mediated end-joining (MMEJ), and 

microhomology-mediated break-induced replication (MMBIR, also known as fork stalling 

and template switching, FoSTeS) are the dominant pathways by which DSB can be repaired, 

and each of these mechanisms manifests differently in the repaired DNA (Chiang et al., 

2012). Recent research has highlighted the additional mechanisms of chromoplexy, LINE1 

(L1) 3′ transduction, and breakage-fusion-bridge cycles (BFB) (Campbell et al., 2010; Baca 

et al., 2013; Tubio et al., 2014).

Cyclin-dependent kinase inhibitor 2A (CDKN2A) and deleted in pancreatic carcinoma 

(SMAD4) are two of the most commonly homozygously deleted TSGs in cancer (Cox et al., 

2005). In pancreatic ductal adenocarcinoma (PDAC), CDKN2A and SMAD4 homozygous 

deletions are seen in about 40 and 30% of cases, respectively (Caldas et al., 1994; Hahn et 

al., 1996; Jones et al., 2008; Biankin et al., 2012). The CDKN2A locus, at 9p21, encodes 2 

distinct proteins, P16 (INK4A) and P14 (ARF1), which regulate cyclin-dependent kinases 

and the tumor suppressor TP53, respectively. The SMAD4 locus, at 18q21.1, encodes a 

transcription factor in the TGF-beta signaling pathway.

In this study, we first identified somatic HDs in PDAC cancer cell lines using high density 

single-nucleotide polymorphism (SNP) microarrays. We then determined the precise 

breakpoints and characterized the underlying complex structural rearrangements (SV; 

interstitial deletion, translocation, inversion) using paired-end whole genome sequencing 

(WGS). We further characterized all deletions (heterozygous and homozygous) involving the 

PDAC TSGs, CDKN2A, and SMAD4, and confirmed rearrangements by PCR amplification 

and bidirectional Sanger sequencing across the breakpoints. We report two distinct patterns 

of TSG deletions: the first is simple interstitial deletion, and second, are deletions that result 

from the combination of an inter-chromosomal translocation and inversion flanking the HD 

of the TSG, designated here as TransFlip mutations. For somatic HDs in other regions of the 

genome, TransFlip mutations are rare but are an important mechanism by which TSGs are 

inactivated in PDAC, where TransFlip mutations occurred more frequently than simple 

interstitial deletions.

MATERIALS AND METHODS

Preparation of Genomic DNA and Karyotyping

Cancer cell lines were generated and matched normal DNA were obtained from eight 

patients with familial pancreatic adenocarcinoma (FPC, defined as a patient with PDAC who 

is from a kindred in which at least two family members were diagnosed with PDAC) as 

previously described (Kamiyama et al., 2013; Norris et al., 2015). STR analysis using ABI 

Profiler kit (Life Technologies, Carlsbad, CA) and 3130xL Genetic Analyzer (Life 

Technologies) confirmed tumor-normal pair matching, and xenografting in nude mice 

confirmed that the cell line isolated was the neoplastic component. Genomic DNA was 

extracted from early passage (<20 passages) cell lines and matched normal EBV-

transformed lymphoblasts or frozen normal tissue using QIAamp DNA mini kit (Qiagen, 

Valencia, CA), per manufacturer’s instruction. Cell lines were karyotyped using 

methodology previously described (Griffin et al., 1994). For comparison, DNA from the 
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tumors of sporadic PDAC patients was obtained, as part of the rapid autopsy program 

previously reported (Embuscado et al., 2005).

High Density SNP Microarray

The Omni2.5 array (Illumina, San Diego, CA) was used to analyze cancer cell lines and 

matched normal samples, as previously described (Norris et al., 2015). GenomeStudio and 

KaryoStudio (Illumina) were used to identify regions of homozygous deletion, heterozygous 

deletion, and loss of heterozygosity (LOH), and matched normal was used to remove 

germline deletions. These approximate coordinates were used to inform breakpoint analysis 

of WGS data.

Whole Genome Sequencing (WGS)

Sequencing on an Illumina HiSeq 2000 (Illumina) was carried out at 60× coverage by 

Personal Genome Diagnostics (PGDx, Baltimore, MD) using 3 μg of genomic DNA and 

generating 200 bp (2 × 100 bp reads) sequence per fragment (median total size ~500 bp). 

Paired reads were aligned to human genome (hg19) with Eland v.2 algorithm using the 

CASAVA 1.7 software (Illumina).

Breakpoint Characterization and Sanger Sequencing Confirmation

The exact genomic coordinates of CDKN2A and SMAD4 deletion breakpoints were 

determined by visual inspection of aligned WGS reads in IGV (Broad Institute, Boston, 

MA). The approximate genomic coordinates from SNP microarray data were used as a 

starting point. The reads were visually scanned in IGV for evidence of a deletion breakpoint, 

specifically: (1) drop in coverage, (2) mismatched bases at read ends, (3) reads with aberrant 

insert size, (4) reads with aberrant pair orientation, (5) reads with pair mapped to another 

chromosome, or (6) flanking reads with unmapped pairs. Tumor DNA and matched normal 

were amplified with M13-tagged primers (Integrated DNA Technologies, Coralville, IA), 

designed with Primer3 (Untergasser et al., 2007), using Platinum PCR Super Mix (Life 

Technologies), per manufacturer’s protocol. Amplicons were size-separated using 

polyacrylamide gel electrophoresis (PAGE) and ethidium bromide staining, to confirm the 

presence of novel junctions in the tumor (cancer cell line and available primary tumor DNA 

for Pa227C, Pa228C, Pa229C, and Pa230C) and the absence in the normal DNA. Amplicons 

from tumor DNA were Sanger sequenced on the 3730xL DNA Analyzer (Life Technologies) 

and analyzed with Sequencher software (Gene Codes, Ann Arbor, MI). To eliminate the 

possibility of the TransFlip mutations being specific to familial PDAC, we confirmed the 

presence of both an interstitial deletion and a TransFlip mutation in CDKN2A deletions in a 

set of four sporadic PDAC tumors’ WGS data.

RESULTS

Nucleotide Resolution of HDs

During our attempts to identify FPC predisposition genes, we closely examined HD regions 

identified by high density SNP microarrays in a series of well-characterized FPC cell lines 

(Norris et al., 2015). Visual inspection of WGS data in IGV revealed abrupt loss of coverage 

at both breakpoints corresponding to regions first identified by the SNP microarray. 
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Aberrantly mapped pairs and reads with “rainbow ends” (where half of the read IGV 

perfectly matches the reference and the other half has highlighted mispaired bases) flank 

both breakpoints (Fig. 1). As expected, the mispaired bases of the “rainbow end” map to the 

other side of the HD for a simple interstitial deletion, the definition of split reads. Aberrantly 

mapped read pairs are colored by the IGV software to indicate a deletion, insertion, 

inversion, or translocation (Supporting Information Fig. 1).

Simple Interstitial Deletions Underlie Most Somatic HDs

Using this approach, we identified a total of 85 somatic HDs in our PDAC cancer cell lines 

from 8 FPC patients. The number of somatic HDs varied by sample, from 3 (Pa101C) to 18 

(Pa229C and Pa231C), with a median of 9.5. The majority (69/85, 81%) of all somatic HDs 

were simple, interstitial deletions, in which a segment of a chromosome arm was deleted and 

the ends joined (Fig. 2A, Supporting Information Tables 2 and 3). The HDs associated with 

complex rearrangements (16/85, 19%) were categorized as inversion at one breakpoint and 

translocation at the other (Trans-Flip mutations, 7/16, 44%), inversion at both breakpoints 

(INV1INV, 6/16, 38%), intra-chromosomal translocation at both breakpoints (ICT1ICT, 

1/16, 6%), or inter-chromosomal translocation at both breakpoints (TRANS-TRANS, 2/16, 

13%). Deletions associated with complex rearrangements were significantly larger than 

interstitial HDs, with medians of 153 and 9 kb deleted chromosome material respectively (P 
< 0.05 by unpaired, two-tailed t test) (Supporting Information Table 2). Of the complex 

rearrangements, inversions produced the smallest HDs (median of 57 kb), while SVs 

involving translocations (TRANS+TRANS, ICT1ICT, and TransFlip mutations) produced 

significantly larger HDs (P < 0.05 by unpaired, two-tailed t test).

While most interstitial deletions were intergenic (44/69, 64%), most (12/16, 75%) complex 

rearrangements resulted in the deletion of one or multiple gene(s) (Supporting Information 

Table 3). Specifically, TransFlip mutations were enriched at the PDAC TSGs CDKN2A and 

SMAD4 HDs, compared to interstitials (4 of 7 vs. 5 of 69, P < 0.005 by Fisher’s exact test).

Complex TransFlip Mutations Underlie many CDKN2A and SMAD4 Deletions in Pancreatic 
Cancer

We then performed a comprehensive analysis of all CDKN2A and SMAD4 deletions, 

including both homozygous and heterozygous deletions, in our PDAC cancer cell lines from 

eight FPC patients. Deletions of CDKN2A and SMAD4 were present in seven samples each, 

with 18 total deletions producing the 2 heterozygous CDKN2A deletions (Pa102C, Pa230C), 

5 homozygous CDKN2A deletions (Pa101C, Pa222C, Pa228C, Pa229C, Pa231C), 3 

heterozygous SMAD4 deletions (Pa101C, Pa228C, Pa230C), and 4 homozygous SMAD4 
deletions (Pa102C, Pa227C, Pa229C, Pa231C). These generated a total of 26 novel junctions 

(where interstitial deletions produce one novel junction and TransFlip mutations produce at 

least two novel junctions). All 26 novel junctions were confirmed to be present in the cancer 

cell line by PCR and bidirectional Sanger sequencing, and absent in the matched normal 

sample. For 4 cases, the resected primary tumor was available (Pa227C, Pa228C, Pa229C, 

and Pa230C), and all corresponding novel junctions were present, confirming that these 

TransFlip mutations are not an artifact of cell culture.
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Complex SVs were found to underlie the majority (12/18, 66%) of CDKN2A and SMAD4 
deletions (Fig. 2B). Most samples (5/8, 63%) had CDKN2A and/or SMAD4 inactivated by a 

TransFlip mutation (Tables 1 and 2, Supporting Information Table 4). TransFlip mutations 

were coupled with LOH (CDKN2A, Pa229C, and Pa231C), with an interstitial deletion 

(CDKN2A, Pa222C), or with another TransFlip mutation (SMAD4, Pa102C, and Pa227C), 

to produce a HD of the TSG. TransFlip mutations and inactivation of the other allele of the 

TSGs by point mutation were mutually exclusive. In five samples with a point mutation in 

combination with a deletion of the TSG, 4 were the result of an INV rearrangement 

centromeric to the TSG and a terminal deletion (CDKN2A: 1/2; SMAD4: 3/3). The 

remaining one CDKN2A heterozygous deletion was a simple interstitial deletion (Pa102C).

Characteristics of TransFlip Mutations in Pancreatic Cancer

All translocations were non-reciprocal and conventional karyotyping only detected one of 

the translocation junctions (1/11, 9%, Pa231C’s t(4;9)(p15.1;p21.3)) (Supporting 

Information Table 5). Inversion sizes ranged from 47 bp to 3.3 Mb for CDKN2A, and 53 bp 

to 35.3 Mb for SMAD4, and inversions associated with TransFlip mutations were the 

shortest (47 bp to 3.4 kb). The inversion half of a TransFlip mutation was either centromeric 

or telomeric to the TSG deletion (Fig. 3). In addition to the characteristics above, TransFlip 

mutations were (1) confirmed in the primary tumors to exclude the possibility of cell culture 

artifact, and (2) were not present in any of the germline HDs in our samples. Distinct 

TransFlip mutations were also identified in sporadic PDAC samples. The fundamental 

features of TransFlip mutations are summarized in Table 3.

Lack of Alternate Mechanisms of CDKN2A and SMAD4 Deletion

For the simple interstitial deletions and the complex rearrangements targeting CDKN2A and 

SMAD4, only 1 case had non-templated base insertion at the junction, which argues against 

NHEJ as the dominant mechanism (Supporting Information Table 6). Microhomology was 

seen at the breakpoint in 12 of 14 (86%) CDKN2A novel junctions and 7/12 (58%) SMAD4 
novel junctions. However, the median microhomology was only 1 base for both CDKN2A 
and SMAD4 (range of 0–7 and 0–3 bases, respectively). Therefore MMEJ and FoSteS/

MMBIR are unlikely to be a dominant mechanism of the CDKN2A and SMAD4 
rearrangements in our cohort. Only one inversion of a TransFlip mutation (Pa222C SMAD4) 

had a relative copy number increase, indicative of a fold-back inversion, a manifestation of 

BFB cycles (Fig. 4). BFB cycles do not explain the majority of TransFlip mutations.

Chromothripsis of chromosomes 9 and 18 was seen in 1 and 2 cases, respectively 

(Supporting Information Fig. 2). Pa102C exhibited chromothripsis for both chromosomes 

and Pa227C exhibited chromothripsis for chromosome 18 (it did not have a CDKN2A 
deletion). Chromothripsis-associated genome remodeling has been shown to be mostly intra-

chromosomal translocations (rearrangements within the same chromosome), compared to 

the exclusively inter-chromosomal translocations of TransFlip mutations (Stephens et al., 

2011). HDs have been associated with fragile sites, but fragile sites do not account for the 

spectrum of CDKN2A and SMAD4 rearrangements, since the breakpoints ranged over 

megabases and the translocation partners were not always in fragile sites themselves 

(Bignell et al., 2010).
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In most cases (CDKN2A: 13/14, 93% and SMAD4: 9/12, 75%), the regions involved in the 

rearrangement are not actively transcribed regions (here defined as having genes within 10 

kb of both sides of the breakpoint), and so chromoplexy is not a dominant mechanism. Only 

one case (CDKN2A interstitial HD in Pa101C) had repetitive elements of the same family 

(in this case, LINE-1) flanking both ends of the breakpoint (Supporting Information Table 

6). A recent report by Startek and colleagues highlights the requirement of an absolute 

minimum of 96% homology between LINE elements for mediating NAHR (Startek et al., 

2015). The LINE-1 elements flanking the interstitial deletion of CDKN2A in Pa101C 

(L1PA4, chr9:21,297,268-21,300,617 and L1MA5A, chr9:22,121,352-22,123,446), have 

only 72% homology, arguing against a LINE-LINE-mediated NAHR event. L1 3′ 
transduction was not obvious at any CDKN2A or SMAD4 rearrangements, since all deletion 

junctions lacked the signatures of a non-templated polyA insertion and TT/AAA ORF2p 

endonuclease recognition sequence.

DISCUSSION

TransFlip mutations are more prevalent in CDKN2A and SMAD4 deletions than simple 

interstitial deletions, in contrast to deletions elsewhere where the opposite is the case. The 

rearrangement breakpoints in TransFlip mutations are often in gene-free regions (they do not 

produce fusion transcripts), but TransFlip mutations always result in the deletion of one or 

more genes, with enrichment at TSGs. All translocations in TransFlip mutations were non-

reciprocal, which is typical of epithelial tumors (Mitelman Database of Chromosome 

Aberrations and Gene Fusions in Cancer, http://cgap.nci.nih.gov/Chromosomes/Mitelman). 

The inversions associated with TransFlip mutations could be either centromeric or telomeric 

to the TSG, ranged from 47 bp to 3.4 kb in length, and only one was a fold-back inversion. 

Fold-back inversions have been reported in PDAC, but not in combination with 

translocations (Campbell et al., 2010).

To the best of our knowledge, TransFlip mutations have not been described in a somatic 

disease setting, but the combination of an inversion and translocation at a deletion 

breakpoint has been reported in recurrent translocations of renal cell carcinoma cell lines 

(Ali et al., 2013). Unlike TransFlip mutations, the inversions described in these lines were 

centromeric and the genetic material distal to the breakpoint was deleted on the derivative 

chromosome (in TransFlip mutations, the distal sequence participates in a separate 

translocation event). It is of interest to note that there are a couple of reports of 

translocations associated with TSG HDs, but these studies were done at the cytogenetic level 

and did not report inversions (Misawa et al., 2004; Herholz et al., 2007). It is possible that 

these represent unidentified TransFlip mutations that would have been recognized if the 

investigators had more detailed information, such as that provided by WGS.

Previous analyses of CDKN2A deletion breakpoints found that the likely mechanism of 

repair was tissue-specific. Illegitimate V(D)J recombination was implicated in the majority 

of CDKN2A deletions in lymphoid leukemia, while evidence of NHEJ and MMEJ were 

seen in lung and other non-lymphoid cancers (Cayuela et al., 1997; Sasaki et al., 2003; 

Raschke et al., 2005). While microhomology was present at most breakpoints of both 

TransFlip mutations and interstitial deletions, the significance of the few bases involved 
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seems insufficient to explain the mechanism, given the expected microhomology length of 

1.35 bases genome-wide by chance alone. A microhomology length of less than 7 bases is 

statistically insignificant, based on a geometric distribution and accounting for GC content. 

Only one junction of a TransFlip mutation (the inversion half of the CDKN2A TransFlip 

mutation in Pa231C) had 7 bases of microhomology at the junction, but the corresponding 

translocation half of the TransFlip mutation had only 1 base of microhomology. No one 

mechanism (NHEJ, MMEJ, chromothripsis, chromoplexy, LINE-LINE-mediated NAHR, L1 

3′ transduction, or BFB cycles) explains the prevalence of complex rearrangements, 

specifically TransFlip mutations, as a mechanism of CDKN2A and SMAD4 inactivation in 

our cohort.

We propose that TransFlip mutations occur by a novel mechanism, given their unique 

signature (Table 3). It is possible that the translocation and inversion occur simultaneously to 

resolve breaks in the DNA strand, or occur sequentially (Fig. 5). It remains to be determined 

if TransFlip mutations are the result of an inversion that requires a telomere (possibly via 

translocation) to survive (or vice versa), or if TransFlip mutations are a manifestation of a 

specific DNA repair pathway defect currently unknown. What is clear is that TransFlip 

mutations are associated with the inactivation of TSGs, not just HDs.

It is possible that TransFlip mutations are unique to pancreatic cancer. In 2007, in their 

seminal work, Griffin and colleagues revealed the particularly high level of genomic 

instability in pancreatic cancer cell lines, which was also evident by the complex karyotypes 

of these distinct pancreatic cancer cell lines (Supporting Information Table 5) (Griffin et al., 

2007). Genomic instability is a main driver of complex rearrangements in cancer, and often 

leads to the inactivation of tumor suppressor genes, including CDKN2A and SMAD4, which 

were also recurrently lost in the cell lines reported by Griffin in 2007. Future studies should 

explore the prevalence of TransFlip mutations in other cancers, to determine if Trans-Flips 

are a manifestation of a pancreatic cancer specific type of genomic instability.

Given the lack of TransFlip mutations associated with germline HDs in our cohort, we are 

keenly interested in whether TransFlip mutations underlie any human genetic disease, or 

whether they are completely unique to cancer. TransFlip mutations could be the result of an 

endogenous process possessed by all cells that are selected for in cancer because of TSG 

deletions. Alternatively, TransFlip mutations could manifest in cancer because of a 

fundamental defect in cancer cells, such as DNA repair, cell cycle regulation, or chromatin 

remodeling, or even the manifestation of the reaction of cells to a specific mutagen.

Complex rearrangements like TransFlip mutations will impact PARE (personalized analysis 

of rearranged ends) analysis for early detection and minimal residual disease testing (Leary 

et al., 2010). For monitoring minimal residual disease in a patient using PARE, it is 

imperative to use tumor-specific rearrangements that are under positive selection. TransFlip 

mutations are ideal PARE molecules since they often delete TSGs, thus providing selective 

advantage to the tumor cell, and have two novel junctions that can be assessed in the testing. 

One challenge of Trans-Flip mutations and other complex rearrangement is reliably 

detecting them from WGS data, and it remains to be seen if SV calling algorithms detect 

them as well as they do interstitial deletions, especially in primary tumors where DNA from 
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stromal cells may obscure the detection of structural variants. We emphasize the utility of 

high density SNP microarray to first identify the approximate breakpoints of deletions that 

aid in locating the junction in WGS data.

The most exciting implication of TransFlip mutations is that they are potentially targetable 

via synthetic lethality, similar to BRCA mutations conferring sensitivity to poly ADP ribose 

polymerase (PARP) inhibitors or by exploiting genes in the HD, like in the co-deletion of 

MTAP with CDKN2A (Farmer et al., 2005; Hustinx et al., 2005).

Our study underscores the high complexity of structural rearrangements that can occur and 

which may not be fully appreciated without the combined use of multiple techniques, 

including conventional cytogenetics, high density SNP microarray, and WGS. Further work 

is needed to elucidate the mechanisms that underlie these complex rearrangements and 

determine the prevalence of TransFlip mutations as a mechanism of TSG inactivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Signature of a HD in IGV. Shown is an interstitial deletion (0.8Mb) of CDKN2A in Pa101C 

(hg19: chr9:21,298,029; chr9:22,123,396), visualized with IGV and the reference sequence 

shown above each side of the breakpoint. The reads upstream (A) and downstream (B) of the 

CDKN2A HD are aligned, with the solid black line indicating the HD breakpoint. Colored 

bases indicate mismatched bases from reference, since they align to the other side of the 

breakpoint. Red-colored reads have an aberrant insert size with their pair, indicative of a HD. 

For this HD, there is no microhomology at the breakpoint and no non-templated bases 

inserted at the breakpoint. (C) Bidirectional Sanger sequencing confirms the novel junction. 

[Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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Figure 2. 
Most somatic HDs are simple interstitial deletions, but TransFlip mutations are more 

prevalent in CDKN2A and SMAD4 deletions. (A) Somatic HDs were categorized as 

interstitial, where breakpoints were directly end-joined, or complex structural variants (SV). 

The majority (69/85) of somatic HDs were interstitial. The 16 complex SVs were further 

characterized as TransFlip mutation (translocation at one breakpoint and inversion at the 

other breakpoint, 7/16), INV (inversion at both breakpoints, 6/16), TRANS (inter-

chromosomal translocation at both breakpoints, 2/16), or ICT (intra-chromosomal 

translocation at both breakpoints, 1/16). (B) When looking at just CDKN2A and SMAD4 
deletions, the majority (12/18) are complex rearrangements, and most frequently TransFlip 

mutations (7/18). There are no ICT SVs underlying CDKN2A and SMAD4 deletions.
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Figure 3. 
Derivative chromosomes for CDKN2A and SMAD4 deletions. Shown are the derivative 

chromosomes 9 (A) and 18 (B). Deletions are indicated by gap of blue chromosome 

material, on the short arm of chromosome 9 for CDKN2A and the long arm of chromosome 

18 for SMAD4. Translocations (TRANS) are indicated by non-blue-colored chromosome 

partners (all are non-recurrent), inversions (INV) are indicated by blue striping, point 

mutations (FS: frameshift, SS: splice site, MS: missense) are indicated by yellow starbursts. 

TransFlip mutations (*) underlie 3 CDKN2A deletions (Pa222C, Pa229C, and Pa231C), and 

2 SMAD4 deletions (Pa102C and Pa227C). Simple interstitial deletions (ID) and loss of 

heterozygosity (LOH, including copy-neutral events, or CN-LOH) also underlie CDKN2A 
and SMAD4 deletions in our cell lines. [Color figure can be viewed in the online issue, 

which is available at wileyonlinelibrary.com.]
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Figure 4. 
Fold-back inversion seen in one TransFlip mutation. High density SNP microarray of 18q21 

in Pa222C reveals a copy number increase (green arrow) associated with the inversion side 

of the Trans-Flip mutation that results in the homozygous deletion of SMAD4 (black box). 

This is indicative of a fold-back inversion, and was not seen in any of the other inversions. 

[Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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Figure 5. 
Proposed sequential mechanisms for TransFlip mutations. It is possible that the translocation 

and inversion occur simultaneously to resolve the deletion of B (boxed). Here we propose 

two stepwise mechanisms, with the TSG indicated by “B” on an example chromosome 

(blue). (A) An inversion of “BCD” (yellow) results in a DNA break and deletion of B, which 

is then resolved by a non-reciprocal translocation (red, green). (B) A DNA break between 

“D” and “E” (lightning bolt) is repaired by a non-reciprocal translocation (red, green) and 

followed by an inversion of “BCD” (yellow) and a deletion of “B”. [Color figure can be 

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 1

Summary of CDKN2A and SMAD4 Deletions

Gene Sample HD Size (Mb) CNV SV(s)

CDKN2A Pa101C 0.8 2Xa-HD-2Xa ID

Pa102C . 3X-1X-3X ID

Pa222C 0.1 1X-HD-1X ID+TransFlip

  Pa227Cb . . .

Pa228C 0.5 1X-HD-1X IDc

Pa229C 4 2Xa-HD-2Xa TransFlipc

Pa230C . 1X-2X INVc

Pa231C 0.7 1X-HD-2Xa TransFlip

SMAD4 Pa101C . 3X-2Xa INV

Pa102C 6 1X-HD-1X TransFlip+TransFlip

  Pa222Cb . . .

Pa227C 5 2Xa-HD-1X TransFlipc+TransFlipc

Pa228C . 3X-1X to qtel INVc

Pa229C 1.4 1X-HD-1X IDc

Pa230C . 1X to qtel INVc

Pa231C 0.6 1X-HD-1X ID+TRANS

a
2X = Copy-Neutral LOH

b
CDKN2A is not deleted in Pa227C and SMAD4 is not deleted in Pa222C, Dots (.) indicate that the structural or copy number alteration was not 

detected.

c
Confirmed in resected primary tumor samples.
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TABLE 2

Structural Variants that Underlie CDKN2A and SMAD4 Deletions

Tumor suppressor gene Interstitial deletion TransFlip (TRANS+INV) TRANS alone INV alone

CDKN2A (p16) 4 3 0 0

SMAD4 (DPC4) 2 4 1 3

Genes Chromosomes Cancer. Author manuscript; available in PMC 2016 November 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Norris et al. Page 18

TABLE 3

TransFlip Mutations

Characteristics of TransFlip Mutations

Non-recurrent breakpoints

Not present in the germline of these PDAC patients

Enriched at TSGs

Inversion size ranges from 47bp to 3.4kb

Fold-back inversions are uncommon

Inversions can be telomeric or centromeric to the affected TSG

Translocations are inter-chromosomal and non-reciprocal

Non-recurrent chromosome partners in translocations

Can occur with LOH, a second TransFlip mutation, or an interstitial deletion to produce a TSG HD
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