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Introduction 

Malignant pleural mesothelioma (MPM) is most commonly 
associated with exposure to the carcinogen asbestos, 
although some cases develop after therapeutic radiation or 
are inherited due to loss of function mutations in BRCA1 
associated protein 1 (BAP1) (1,2). Consistent with the 
carcinogenicity of asbestos, previous studies frequently 
identified recurrent, structural chromosomal abnormalities 
in MPM using karyotyping (3). In contrast, more recent 
studies that used next-generation sequencing (NGS) 
to evaluate MPM reported a very low mutation burden 
overall (4,5). This finding was unexpected given that other 
carcinogen exposure associated tumors such as malignant 

melanoma and non-small cell lung cancer (NSCLC) are 
known to have a high mutation loads related to ultraviolet 
radiation and tobacco exposure respectively (6). A high 
tumor mutation burden is thought to be a surrogate for 
an increase in expression of tumor neoantigens that can 
be recognized by the immune system. In this context it 
has been demonstrated that patients with NSCLC with a 
high tumor mutation burden have superior progression-
free survival compared to those with a low tumor mutation 
burden when treated with an immune checkpoint inhibitor 
that disrupts signaling between programmed cell death 1 
ligand 1 (PD-L1) and its receptor PD-1 (7). Interestingly, 
despite reportedly very low tumor mutation burdens in 
patients with MPM, response rates and survival of patients 
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with MPM treated with PD-1 inhibitors are similar to those 
of patients with NSCLC for second or later lines of therapy 
(8,9). Therefore, in our prior work we investigated the 
presence of structural chromosomal variations, not detected 
by conventional NGS techniques and their contribution to 
neoantigen expression in MPM (10). 

Sequencing structural variants

While NGS is a powerful technique, based on its most 
common applications it is optimized for the detection of 
nucleotide variants. There are areas of the genome that 
are difficult to sequence (e.g., repetitive sequences), and 
genomic abnormalities that are not readily detected by 
standard NGS approaches (e.g., rearrangements) (11). 
Mate-pair sequencing (MPseq) differs from standard 
sequencing approaches namely in the library preparation 
step and bioinformatics analysis. For MPseq, large DNA 
fragments (>2 kb) are generated and their ends are labeled. 
These ends are then circularized, thus mating the ends of 
these longer fragments and giving the name mate-pair. 
These circularized fragments are then sheared, the mated 
ends are purified and sequenced as usual. Even though 
only a few hundred base pairs of sequence are generated, 
these results can identify structural events. Concordant 
reads map to a reference genome in the proper orientation 
and appropriate distance from one another, whereas 
discordant reads map closer or further to one another than 
expected and possibly with an incorrect orientation. Thus, 
chromosomal rearrangements (balanced and unbalanced), 
insertions and deletions can be robustly identified with 
MPseq.

Genomic array platforms may also be used to infer 
the presence of structural abnormalities; however, their 
ability to detect specific patterns can be limited. Whereas 
oscillating copy-number states might be identified, events 
involving multiple chromosomes will not likely be detected. 
Furthermore, prior work has shown that array platforms 
that consist of more than 250k probes are preferred for the 
detection of chromothripsis like events (12).

Structural abnormalities in mesothelioma

Recurrent chromosomal alterations such as losses of 1p and 
9q were reported in MPM in prior karyotypic analyses (3).  
More recently, in order to resolve discrepancies in the 
detection of BAP1 mutations, a team of investigators 
identified that 3p21 (where BAP1 is located) is frequently 

involved with chromothripsis using a high-density 
comparative genomic hybridization array (13). These 
results suggested that standard NGS which detects 
nucleotide abnormalities cannot always detect structural 
abnormalities. Chromothripsis results from numerous 
double strand breaks of a large segment of a chromosome 
or a whole chromosome (Figure 1). The subsequent repair 
of these chromosomal breaks results in multiple novel 
rearrangements that are out of sequence from normal. 
The micronuclei that form around lagging chromosomes 
during cell division are not able to incorporate nuclear pore 
complexes and other non-core nuclear envelope proteins 
that protect chromosomes from fragmentation (14), and 
the loss of nuclear envelope integrity fosters chromosome 
fragmentation (15). Chromoplexy on the other hand 
represents a series of linked translocations, or a weaving 
of chromosomal fragments (Figure 1). Chromoplexy was 
first described in prostate cancer (16) and commonly 
involves the well-known TMPRSS2-ERG translocation (17).  
Chromoplexy likely results from the inappropriate ligation 
of chromosomal breaks of co-expressed loci; however, 
the inciting event is not well understood. Whereas 
chromothripsis typically involves a single chromosome, 
chromoplexy usually involves multiple chromosomes. 
These findings and statistical modeling support that 
chromothripsis and chromoplexy likely represent single, 
lineage-defining, catastrophic events during the evolution 
of a tumor (16). We previously reported that an ALK 
rearrangement in an inflammatory myofibroblastic tumor 
resulted from a complex chromoplectic rearrangement. 
Whereas that event involved the ALK oncogene (18), most 
of the rearrangements we have observed in MPM involve 
tumor suppressor genes and non-coding DNA (10). We 
currently do not know if the ALK rearrangements reported 
in peritoneal mesothelioma result from chromoplexy or 
other complex, structural events (19).

In order to resolve the reported discrepancy between 
the numerous chromosomal abnormalities detected by 
karyotyping and the low tumor mutation burden detected 
by standard exome sequencing in MPM we leveraged 
MPseq and RNAseq to detect transcribed structural 
variants. In a series of 22 MPM specimens, we found 1,535 
chromosomal rearrangements that resulted in junctions or 
novel fusions of non-coding DNA or genes (median 41, 
range 3–298) (Figure 2). For comparison, prior work only 
identified 43 rearrangements in 211 specimens. We further 
characterized the abnormalities detected by MPseq and 
observed that many rearrangements were part of a pattern 
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Figure 1 Patterns of chromosomal structural variations detected in malignant pleural mesothelioma (MPM). If we use books as a 
metaphor for the genome, there would be two copies of each chromosome and chapters would represent genes (top and bottom left of 
figure). Chromothripsis would be equivalent to pulling out the chapters of one book, throwing some out, rearranging the remaining 
chapters and placing them back into the binding (top right of figure). Chromoplexy would be equivalent to pulling one chapter each out 
of two to three books, rearranging them in a new order and placing them back into a book (bottom right of figure). We often find that 
only parts of genes are involved in these events rather than whole genes, but this metaphor helps to illustrate the concept of complex 
rearrangements (This image is used with permission by Mayo Clinic). 

of chromoanagenesis consistent with chromothripsis 
(present in 10/22 specimens, 45%), chromoplexy (present in 
9/22 specimens, 41%), or both (present in 7/22 specimens, 
32%). In nine out of ten cases with chromothripsis, there 
were multiple chromothriptic events.

Although MPseq can robustly detect chromothripsis and 
chromoplexy, other techniques can infer the presence of 
chromothripsis. More specifically, chromothripsis was first 
identified in the malignant cells of a patient with chronic 
myeloid leukemia (20) and subsequent work screened for 
chromothripsis using single-nucleotide polymorphism 
array data (12,21). Accordingly, criteria for the inference 
of chromothripsis have been developed to aid in the 
appropriate identification of this event (Table 1) (22).

Since standard NGS approaches are not optimized to 
detect chromosomal rearrangements, the frequencies of 
chromothripsis and chromoplexy are likely underestimated 
in human cancers. Since chromothripsis results in 
oscillating copy number changes in a relatively small 
chromosomal region of high-quality genomic array data, 
methods have been developed to infer the presence of these 
events. CTLPScanner is a scan-statistic based algorithm 
that identifies clusters of copy number status changes called 
chromothripsis-like patterns (CTLPs) (23). We analyzed 
the copy number segmentation data of the mesothelioma 
cohort (n=87) in The Cancer Genome Atlas (TCGA) for 
chromothripsis using CTLPScanner (5). We used this 
approach since the DNA library preparation steps in TCGA 
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Clipped CNVs ME022

Figure 2 Genome plot of malignant pleural mesothelioma (MPM) with chromothripsis and chromoplexy. In this genome plot of specimen 
ME022 the chromosomes are plotted in order by size as numbered near the margins. Curved pink lines represent intra-chromosomal 
rearrangements whereas light green lines represent inter-chromosomal rearrangements. Deletions are represented in red and amplifications are 
represented in blue. Some genes relevant to MPM or cancer in general are labeled in blue. Accordingly, the multiple pink lines on chromosome 
7 represent chromothripsis and the green lines between chromosomes 7 and 11 represent chromoplexy. This figure was previously published 
and is used with permission from the International Association for the Study of Lung Cancer (10).  CNV, copy number variation.

Table 1 Criteria for inference of chromothripsis [adopted from (22)]

1. Clustering of breakpoints

2. Regularity of oscillating copy-number states

3. Interspersed regions of loss and retention of heterozygosity

4. Prevalence of rearrangements affecting a specific haplotype

5. Randomness of DNA segment order and fragment joins

6. Ability to walk the derivative chromosome
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Figure 3 Survival based on chromothripsis-like patterns in 
malignant pleural mesothelioma (MPM). In this analysis subjects 
with mesothelioma in The Cancer Genome Atlas (TCGA) were 
classified by the presence of 0–2 chromothripsis-like patterns 
(CTLPs) (n=64), or 3 or more CTLPs (n=23). Survival was 
significantly worse for patients with 3+ CTLPs (HR =2.002, 
P=0.006). This figure was previously published and is used with 
permission from the International Association for the Study of 
Lung Cancer (10).

were not compatible with MPseq. We identified that 
69% of the mesothelioma specimens in TCGA had copy 
number changes consistent with chromothripsis. Subjects 
with 3 or more CTLPs had a significantly worse prognosis 
than those with 2 or fewer CTLPs (HR =2.002, P=0.006) 
(Figure 3). This analysis of CTLPs in the mesothelioma 
cohort of TCGA complements the results of our Mayo 
Clinic cohort with MPseq: both suggest that chromosomal 
rearrangements, and more specifically chromothripsis, are 
common in mesothelioma.
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Neoantigenic potential of chromosomal 
rearrangements in mesothelioma

To determine whether transcription of chromosomal 
rearrangement-related junctions have neoantigenic 
potential, we used NetMHC-4.0 to predict whether any 
of the expressed junctions could encode peptides that 
could be presented by a patient’s HLA molecules (24,25). 
NetMHC uses artificial neural networks to predict the 
binding of peptides to MHC class I molecules. In one 
case of MPM (ME018) a total of 1,146 9mer, 10mer, and 
11mer peptides were identified from 6 protein products of 
expressed chromosomal rearrangements with at least 10 
RNAseq reads. Of these peptides, 75 were predicted to bind 
to that patient’s specific HLA molecules (HLA-A*02:05, 
HLA-A*24:02, HLA-B*15:01 and HLA-B*35:01), yielding 
87 distinct epitopes. To evaluate whether the candidate 
rearrangement-related peptides with neoantigenic potential 
bind patient-specific HLA molecules, the 9mers of two 
candidate peptides (NYLETTSDF, CYGETYQNI) and 
the 11mer (NYLETTSDFHF) of one candidate peptide 
were selected based on their predicted immunogenicity. 
These candidate peptides resulted from the rearrangement 
of non-coding DNA with CADPS2 or non-coding DNA 
with NOD1. An MHC-peptide competitive binding assay 
was performed and demonstrated that all three peptides 
bound HLA-A*24:02 very well. These results suggest that 
the predicted peptide-MHS class I binding affinities were 
accurate.

To determine the effects of chromosomal rearrangements 
on tumor-infiltrating T cells, we used T cell receptor 
sequencing. We found a significant correlation between 
the number of T cell clones and predicted chromosomal 
rearrangement-related neoantigens. For each specimen we 
also calculated a productive clonality score which provides 
a measurement of clonal distribution. Pielou’s evenness 
index is used to derive the productive clonality score (26). 
In regards to T cell clones, Pielou’s evenness index scores 
the relative abundance (number of detected copies) of 
each clone. Productive clonality is the inverse of Pielou’s 
Evenness Index and ranges from 0 to 1, where 0 represents 
an even distribution of clones and 1 represents an uneven 
distribution of clones (aka clonal expansion of one or a few 
T cell clones). We detected a positive correlation between 
productive clonality with chromosomal rearrangements, 
rearrangements involving genes and predicted neoantigens. 
In other words, an increase in predicted neoantigens 
resulting from chromosomal rearrangements was correlated 

with clonal expansion of tumor-infiltrating T cells.
To determine whether there are patient T cells 

responsive to these predicted neoantigens we prospectively 
collected the peripheral blood mononuclear cells (PBMCs) 
and tumor from an additional patient who underwent 
surgery for mesothelioma at our institution. The tumor 
was analyzed as per the prior 22 cases and 86 potential 
neoantigens were predicted from the chromosomal 
rearrangements. We then synthesized eight peptides of 
these potential neoantigens that correspond to 20 epitopes 
(cross-presented on 1–4 patient HLA alleles, with a median 
of 2 neo-epitopes per peptide) for an interferon-γ enzyme-
linked immunospot assay. This assay demonstrated that T 
cells responsive to these predicted neoantigens were present 
in this patient’s PBMCs. These results are the first to our 
knowledge that suggest chromosomal rearrangements have 
neoantigenic potential (Figure 4).

Beyond mesothelioma 

The prevalence of chromothripsis is likely higher across 
malignancies than previously reported. With the use of low-
density array platforms, it was suggested that chromothripsis 
was present in 1–5% of cancers (21). This rate was observed 
using CTLPs in a more recent study of 402 GEO series, 
encompassing 22,347 high quality genomic arrays of human 
cancer samples. CLTPs were identified in 918 cases and 
involved 1,269 chromosomes (12). These events were not 
related to chromosome size and were most commonly 
observed on chromosome 17. Also, TP53 mutations were 
more common in cases with CTLP events than without, 
although CTLP events were present in the absence of TP53 
mutations. Furthermore, among the patients with available 
survival information, CTLP events were associated with 
worse outcomes than patients without CTLP events. Other 
approaches using whole genome sequencing with single 
nucleotide resolution have suggested that chromothripsis 
can be detected in 50% or more of several cancer types (27). 

In regards to non-small cell lung cancer in which subsets 
of patients have chromosomal rearrangements that can 
be targeted therapeutically, a recent analysis of 138 cases 
of adenocarcinoma of the lung identified that 74% of the 
fusions of known oncogenes were related to chromothripsis 
or chromoplexy (28). These results suggest that complicated 
chromosomal rearrangements may play a significant role 
in oncogenesis. Whereas prior version of “Signatures of 
Mutational Processes in Human Cancer” did not include 
chromosomal rearrangements, the latest version recognizes 
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Figure 4 Presentation of neoantigens by tumors. This drawing illustrates how mutant proteins may be processed by the proteasome and 
transported into the endoplasmic reticulum by transporter associated with antigen processing (TAP). Peptides typically of 8–12 residues are 
loaded onto class I major histocompatibility complex (MHC) proteins, migrate to the cell surface and are presented. We hypothesize that 
the expression of chromosomal rearrangements provides a source of neoantigens that can be presented by tumor cells for recognition by the 
immune system. This figure was published previously (1) and is used with permission by Mayo Clinic.

these events (6). 
Chromothripsis has also been identified in a patient 

with severe congenital abnormalities (29). Multiple de novo 
breakpoints on chromosomes 1, 4 and 10 were identified in 
this patient and were thought to be related to this patient’s 
congenital abnormalities. There are not many reports in the 
literature of chromoanagenesis in germline DNA; however, 
the application of sequencing techniques that can detect 
rearrangements may help identify congenital abnormalities 
when standard approaches fail.

Conclusions 

Despite a low tumor mutation burden determined 
by single nucleotide changes,  MPM is commonly 
characterized by unique chromosomal rearrangements 
that often fit a complex pattern of chromoanagenesis. 
Standard NGS sequencing strategies, optimized to detect 
nucleotide variants, are sub-optimal for the detection of 
these events while MPseq provides an excellent means 
for their detection. These chromosomal rearrangements 
can result in novel, unique gene junctions that can be 
expressed and potentially result in the presentation of 
several neoantigens. These predicted neoantigens can be 
presented by tumors on major histocompatibility complex 

(MHC) proteins and are correlated with clonal expansion 
of tumor infiltrating T cells. T cells responsive to these 
neoantigens have been identified in the circulation of a 
patient. These findings may have several implications for 
the use of immunotherapy. The predictive values of NGS-
based tumor mutation burden measurements may be 
significantly enhanced by the addition of MPseq and the 
identification of rearrangement associated neo-antigens. 
Furthermore, rearrangement associated neo-antigens 
may also represent valuable targets for future anti-tumor 
vaccine strategies.  Finally, chromosomal rearrangements 
are now recognized as a mutation signature in cancer and 
these events are likely to be important in the oncogenesis 
and immune recognition of not only in MPM but multiple 
malignancies including non-small cell lung cancer.
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