Curr Oncol Rep (2017) 19: 78
DOI 10.1007/s11912-017-0641-2

@ CrossMark

SARCOMAS (SR PATEL, SECTION EDITOR)

The Role of Next-Generation Sequencing in Sarcomas: Evolution
From Light Microscope to Molecular Microscope

Roman Groisberg' « Jason Roszik” - Anthony Conley® - Shreyaskumar R. Patel” -

Vivek Subbiah*

Published online: 13 October 2017
© Springer Science+Business Media, LLC 2017

Abstract

Purpose of Review Sarcomas are rare, heterogeneous group of
soft tissue and bone tumors. Precise diagnosis of specific sub-
types is challenging using conventional methods. Herein, we
review the role of next-generation sequencing (NGS) technol-
ogy that is used for rapid sequencing of DNA and RNA.
Recent Findings Recent sarcoma specific studies recommend
that molecular genetic testing should be added at diagnosis for
appropriate clinical management in addition to diagnosis by
expert pathologists. NGS has already been used to identify
potentially actionable mutations, copy number alterations,
and gene fusions. Rationally, choosing a drug based on an
individual patient profile aka: “precision oncology” has been
so far limited to few case reports in sarcomas.

Summary As we improve our ability to deliver personalized
medicine using all modalities including conventional therapy,
more patients may eventually benefit. As the cost and capacity
of NGS outpace Moore’s law, so does the probability of
success.

This article is part of the Topical Collection on Sarcomas

> Vivek Subbiah
vsubbiah@mdanderson.org

Division of Cancer Medicine, The University of Texas MD Anderson
Cancer Center, Houston, USA

Departments of Melanoma Medical Oncology and Genomic
Medicine, The University of Texas MD Anderson Cancer Center,
Houston, USA

Department of Sarcoma Medical Oncology, The University of Texas
MD Anderson Cancer Center, Houston, USA

Department of Investigational Cancer Therapeutics (Phase I Clinical
Trials Program), Unit 455, Division of Cancer Medicine, The
University of Texas MD Anderson Cancer Center, 1515 Holcombe
Blvd., Houston, TX 77030, USA

Keywords Sarcoma - Bone sarcoma - Soft tissue sarcoma -
Next-generation sequencing - Targeted therapy - Precision
oncology - Mutation - Fusion - Driver aberration

Introduction

Sarcomas are a heterogeneous group of over 100 tumors.
Broadly, they arise from cells of mesenchymal origin and
are generally tumors from non-epithelial cells. They are clas-
sified as either soft tissue sarcomas (STS) or bone sarcomas.
The former make up about 12,000 cases per year and the latter
about 3000 with 4700 and 1500 deaths, respectively [1]. The
scarcity makes sarcomas difficulty to study, a matter compli-
cated by over 70-100 different histologic subtypes. This rarity
makes even a diagnosis difficult and often results in divergent
pathologic interpretations [2]. Traditionally, sarcomas are
managed with a combination of surgery and radiation when
localized and occasionally involve neoadjuvant or adjuvant
chemotherapy. When the disease recurs or metastasizes, a
few chemotherapy options exist and have waning efficacy
over subsequent cycles [3]. Therefore, a need exists for more
precise diagnosis and new actionable drug targets in this lethal
disease. The precise diagnosis of specific sarcoma subtypes
requires expert pathologists and has been quite challenging
using conventional methods. Given the unprecedented ad-
vances in molecular biology, we are at an exciting time where
we can interrogate different pathologies at the cellular level.
Next-generation sequencing (NGS) is a technology that
allows for fast and inexpensive sequencing of both DNA
and RNA. This technology led to a rapid decrease in the cost
of sequencing an entire genome from $340,000 in 2008 to just
$4200 in 2015 and sub-$1000 in 2016 [4]. Herein, we review
the current evidence from the literature for using NGS in
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sarcomas as a research and diagnostic aid as well as a clinical
decision tool that can guide therapy determination (Fig. 1).

NGS in Sarcoma Research: Review of Literature

After a drastic cost reduction in sequencing, the technology
became available to cancer researchers. Specifically with sar-
comas, this presented an opportunity to investigate genomes
beyond the known translocations. Most investigators have
shied away from whole genome sequencing partly because it
introduces additional cost and complexity, and partly because
of the limited number of potentially therapeutic options.
Instead, investigators have chosen targeted next-generation
sequencing of a limited number of cancer-associated genes.
As NGS became more robust, the number of genes in the
targeted sequencing panel has increased from approximately
50-gene to 400+ gene panels. Researchers have turned to NGS
in specific sarcoma subtypes to identify recurrent mutations
with potential therapeutic implications. Brenca and Maestro
reviewed massive parallel sequencing in sarcoma pathobiolo-
gy [5]. Their comprehensive work is a compendium of over
130 different cytogenetic aberrations. Many of these were
discovered using older techniques, but nearly a quarter were
identified using NGS. Since the publication of this work in
2015, the preferred method of novel genomic aberration de-
tection has become NGS.

Jour et al. [6] evaluated the utility of NGS in identifying
targetable mutations in sarcomas. They used a validated
multiplexed panel to fully sequence the coding regions of
194 cancer-related genes. They analyzed 25 soft tissue sarco-
mas and were able to identify both actionable and non-
actionable mutations. The most frequent aberrations in their
data set included TP53, PTEN, and CDKN2A. More impor-
tantly, they found potentially actionable pathway aberrations
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in MAP2K4, AURKA, and C-MYC, as well as NOTCH]I,
PIK3CA, and PDGFR-{3. These findings are consistent with
our own reports of 102 diverse sarcoma patients who received
NGS as part of their clinical care and demonstrate the potential
clinical use of many targeted agents in the treatment of sarco-
mas [7e].

While a shotgun approach may be appropriate for person-
alized treatment of sarcomas in general, Behjati et al. [8¢]
focused on a specific subtype. They used whole genome se-
quencing and an initial set of only three angiosarcomas to
identify truncating mutations in PTPRB gene, a tyrosine phos-
phatase specific to vascular endothelium. The truncation pre-
vents inhibition of angiogenesis and is postulated to be inte-
gral to development of angiosarcomas. They expanded this
finding to a validation set of 36 angiosarcomas and found that
26% had mutations in the PTPRB gene, thus identifying a
potential, although difficult, therapeutic target. Perhaps the
most important lesson from their work is that NGS allows a
very small number of patient samples, as few as three, to lead
to new discoveries about the mechanisms of a rare disease.

Perry et al. [9] took a similar approach with osteosarcomas.
They used a comprehensive approach of whole genome se-
quencing, whole exome sequencing, and RNA sequencing in
59 tumor/normal pairs. They found the genome of osteosar-
comas to be complex with high mutation rates and a median of
230 genomic rearrangements. 7P53 and RBI were frequently
altered. Importantly, the PI3K/MTOR pathway was altered in
24% of patients and 34% of patient samples had an alteration
with potential clinical implications. They further characterized
the PI3K/MTOR pathway in a mouse model and found it
integral to proliferation of osteosarcoma and a possible thera-
peutic target. Indeed, a phase II trial was completed using
mTOR inhibition in advanced sarcomas [10] and advanced
to a phase III trial. Unfortunately, the phase III SUCCEED
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Fig. 1 MindMap outlining the use of NGS in sarcoma research, diagnosis, and treatment
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trial of mTOR inhibitor ridaforolimus did not succeed leading
to rejection by the US FDA for approval owing to clinically
insignificant results [11]. The patients with sarcoma assigned
to ridaforolimus had a median PFS of 17.7 weeks, compared
with 14.6 weeks for placebo (P = .0001). The difference in
median OS (20.8 months for ridaforolimus vs. 19.6 months
for placebo) was non-significant. One major drawback for the
study was it did not have a biomarker selection for sarcomas
that have aberrant activation of mTOR pathway.

Harnessing the ability of NGS to yield clinically relevant
results in a small number of patients, Kohsaka et al. [12]
examined embryonal origin thabdomyosarcomas. This is a
disease without the characteristic PAX-FOXO! fusions. They
applied matched normal-tumor whole exome and whole tran-
scriptome NGS to 11 patient samples. In addition to previous-
ly identified RAS and FGFR4 genes, they identified two pa-
tients with identical c.365T > G point mutations in the
MYODI gene. An expansion dataset of 93 samples found 8
additional cases with the same mutation. These cases also had
frequent co-occurrence of alterations in PI3K-AKT pathway.
Review of survival data showed an overall poor prognosis for
these patients reflecting a need for more aggressive therapy.

Because of the high yield of data from a small amount of
DNA, NGS presents an opportunity to study rare neoplasms.
De la Vega et al. [13¢] applied an NGS 409 gene panel to a small
cohort of 11 soft tissue sarcomas characterized by CIC-DUX4
fusion. While they did not find any recurrent driver mutations,
they were able to identify copy number alterations of chromo-
some 1P corresponding to specific non-sense mutations of
ARIDIA pointing to a potential epigenetic driver of this disease.

Vlenterie et al. [14] used NGS to evaluate mutations in
synovial sarcomas other than the well-characterized t(X;18).
They used a 409 cancer gene panel to sequence 26 synovial
sarcoma samples. They found that while all of the tumors
possessed the canonical translocation, other mutations were
not conserved among different patient samples. This led the
authors to conclude that the t(X;18) is both the initiating event
and driver for synovial sarcoma development and growth.
They were able to correlate higher mutation load with adult
rather than pediatric tumors and also with a worse overall
prognosis. They could not, however, make the same correla-
tion with response to chemotherapy.

Hong et al. [15] attempted to answer the question of drug
resistance using NGS. They performed whole exome sequenc-
ing on a single patient with dermatofibrosarcoma protuberans
(DFSP) that previously responded to imatinib, but eventually
had disease progression. The pre- and post-progression biopsies
were sequenced with identification of the classic COLIAI-
PDGFR{ fusion gene in both samples. Additionally, eight
new non-synonymous mutations were found, none in the fusion
gene. The authors postulated that activation of NF-kB pathway
via mutations in CARD (0 gene was potentially responsible for
imatinib resistance and creates a novel therapeutic target.

Missiaglia and Sheperd et al. [16] used high-throughput se-
quencing to derive miRNA expression profiles which help
characterize the behavior of rhabdomyosarcomas. They were
able to cluster miRNA expression to fusion protein as well as
non-fusion protein rhabdomyosarcomas. This led the investiga-
tors to postulate that there is an interplay between these fusions
and miRNA that contributed to a malignant phenotype.

Challenges With Heterogeneity

One of the challenges to designing a “one-size-fits-all” ap-
proach is the tremendous heterogeneity within a single histo-
logic subtype. Zhang et al. [17] illustrated this with a NGS-
based 50-gene panel on Ewing sarcoma samples. In just 20
patients, they identified 62 non-synonymous mutations in 26
cancer-related genes. Five of the mutations were previously
unidentified in Ewing sarcoma. More than half of the patients
had a potentially treatable mutation, but these were not con-
served among different patients. This study highlights the
need for a truly personalized rather than a disease wide ap-
proach using NGS.

NGS for Diagnosis: the Molecular Microscope

Sarcoma heterogeneity and rarity makes establishing a diag-
nosis difficult. Mathias et al. [18] described a case of a poorly
differentiated round cell sarcoma that was originally diag-
nosed as Ewing sarcoma. Next-generation sequencing was
performed and showed a complex genome without character-
istic Ewing-associated rearrangements; instead, RBI, PTCHI,
and ATRX inactivation pointed to a diagnosis of osteosarcoma.
The patient’s chemotherapy was changed to an osteosarcoma
regimen, demonstrating the ability of NGS to alter the diag-
nosis and treatment. Similarly, Doyle et al. [19] describe a case
of an atypical carcinoid tumor that, upon performing NGS,
was found to have EWSRI-ERG fusion. That patient’s therapy
was changed to the Ewing sarcoma regimen.

Italiano et al. [20+°] conducted a multicenter observational
study of sarcoma tissue. A sarcoma-expert pathologist used
tissue to establish a primary diagnosis as well as up to two
alternative diagnoses based on histology alone. The patholo-
gist then classified their certainty of diagnosis. The investiga-
tors used comparative genomic hybridization, FISH, and RT-
PCR to molecularly characterize the tissue. A total of 384
sarcomas were included. The diagnosis was modified in 53
patients based on molecular genetics. Ultimately, this would
have led to change in prognosis or initial management in 45
cases. The authors concluded that molecular diagnosis should
be mandatory in the diagnosis of sarcomas, even when the
diagnosis is made by an expert pathologist. While corrections
in diagnosis were made in all levels of certainty, the lower
pathologic certainty specimens benefited most from molecular
diagnosis.
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Identifying Fusion Proteins

Fusion genes are a defining feature of many sarcomas. When
pathogenic, they combine a regulatory segment with a protein-
coding segment to create a new RNA-expressing protein that
has downstream oncogenic effects. The classic Ewing sarco-
ma EWSRI-FLII fusion protein is a transcription factor in the
activation of a myriad of downstream genes that are not yet
fully mapped out. Transcription factors are notoriously diffi-
cult to develop drugs for, and while the EWSRI-FLII fusion
was first reported by Aurias et al. in 1983 [21], no drug has
been able to exploit this clinically.

Fusion proteins can be used for diagnostic purposes. For
example, some sarcomas have bimorphic histology such as
mesenchymal chondrosarcoma. Biopsy samples may contain
only the well-differentiated cartilage component or the small
round cell component. This may result in the erroneous diag-
nosis of osteosarcoma, Ewing sarcoma, or another round cell
sarcoma. Wang et al. detected such a chondrosarcoma with
recurrent fusion of Hey/-NCOA2 by NGS and demonstrate
the utility of NGS in diagnosing fusion protein sarcomas [22].

Guseva et al. [23] describe a particular scenario where
fluorescent in situ hybridization (FISH), the traditional meth-
od of detecting fusions, fails. They describe a solitary fibrous
tumor which has a recently discovered NAB2-STAT6 fusion
protein. The two genes are located in close proximity on chro-
mosome 12 and this proximity makes detection by FISH dif-
ficult. Instead they used a NGS-based RNA fusion detection
kit to identify this fusion in ten patients with a single base pair
resolution.

NGS for Prognosis

Often, sarcoma histology can be divided into low-grade and
high-grade subtypes. Li et al. [24] used an NGS-based fusion
transcript detection assay as a prognostic platform for endo-
metrial stromal sarcomas. They differentiated low- from high-
grade tumors based on the presence of JAZFI fusion genes in
the former and YWHAE-NUTM?2A/B fusion genes in the latter.
All of the low-grade tumors were correctly identified based on
this panel and the authors concluded that an NGS-based fu-
sion assay can detect endometrial stromal sarcoma fusions.
Similarly, Hoang et al. [25] used NGS in endometrial stromal
sarcomas to identify ZC3H7B-BCOR fusion genes with a par-
ticularly high-grade and aggressive phenotype. While not
used in clinical practice yet, this is an example of NGS applied
in prognosis of sarcomas.

Lesluyes et al. [26] attempted to reestablish the complexity
index in sarcomas (CINSARC) gene expression signature
using NGS (RNA seq expression). CINSARC is a prognostic
algorithm based on microarray expression in soft tissue sarco-
mas. The advantage of NGS is that formalin-fixed, paraffin-
embedded tissue can be used instead of frozen tumors. They
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found that overall there was 77% agreement between the orig-
inal microarray-based score and their NGS-based technique.
They were able to validate their expression signature using
TCGA. CINSARC needs to be prospectively validated in a
clinical context and the RNA extraction technology needs to
be perfected.

Yang et al. [27] performed targeted NGS of 44 cancer-
related genes on 54 leiomyosarcoma cases. Leiomyosarcoma
is a prototypical complex karyotype sarcoma. They found
only two recurrent gene aberrations: 7P53 and ATRX. While
TP53 mutations correlated with a uterus or retroperitoneal
primary and larger size, it did not have prognostic signifi-
cance. ATRX mutations, on the other hand, correlated with
poor differentiation and worse overall survival, thereby iden-
tifying a potential prognostic marker for this disease. While
prognosis is important to patients, it is not able to change the
natural history of a disease.

Recurrent Mutations Identified by NGS

Lee et al. [28] applied an NGS-based comprehensive cancer
panel consisting of 151 canonical cancer genes to
leiomyosarcomas. They selected 25 cases with either primary
or metastatic disease to examine for recurrent potentially tar-
getable alterations. The majority were uterine or pelvic in
origin. They found that copy number losses were common
especially on chromosomes 10 and 13, and gains were seen
on chromosomes 7 and 17. They saw missense mutations in
TP53, ATM, ATRX, EGFR, and RBI. The frequent loss of
tumor suppressors among a complex genomic landscape is
postulated to be a hallmark of leiomyosarcomas and this can
be used as a differentiating factor in difficult to characterize
cases.

Similarly to Lee, Asano et al. [29] used an NGS panel of
104 cancer-associated genes to evaluate liposarcomas—the
most common soft tissue sarcoma in adults. MDM?2 and
CDK4 gene amplifications are a hallmark of this disease, but
single agent MDM2 or CDK4 inhibitors do not have sufficient
clinical activity. Genomic profiling was applied to 19 well-
differentiated and 37 de-differentiated liposarcomas.
Applying their results to the COSMIC database, they found
a very low number of potential driver point mutations. These
occurred frequently in TP53, KIT, FGFRI, ARIDIA, CHEK?,
and ROCK]I. None of these point mutations was recurrent.
Other than MDM2/CDK4 amplifications, the authors identi-
fied a high number of receptor tyrosine kinase (RTK) ampli-
fications (32% of samples). These RTK genes had highly in-
creased expression by RT-PCR suggesting that the amplifica-
tion is relevant. One patient had a previous well-differentiated
liposarcoma that recurred as a de-differentiated liposarcoma
years later with new amplification of RTK genes, suggesting
that this may be a necessary step in acquiring malignant po-
tential. The diversity of these RTK amplifications indicates
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that a personalized approach may be necessary in treating this
neoplasm.

Murali et al. [30] sought to identify novel genetic alter-
ations in a cohort of 34 angiosarcomas. They used NGS-
based sequencing consisting of 341 genes involved in tumor-
igenesis. While 7P53 was the most commonly mutated gene
(35%), MAPK pathway aberrations were identified in a ma-
jority of patients (53%) and all mutations were mutually ex-
clusive. Previously described MYC and KDR amplifications
were seen in a third of patients, as well as previously identified
PTPRB and PLCGI gene mutations. MYC amplifications
were seen only in radiation-associated angiosarcomas and
were mutually exclusive with CDKN2A loss. Their study sug-
gests that the MAPK pathway is a rational therapeutic target in
angiosarcomas.

NGS for Precision Oncology Treatment Decisions

Driver Aberrations and Matching Patients to Targeted
Therapy

Andersson et al. [31] used an NGS-based panel covering 50
cancer-associated genes to look for driver mutations in 55
sarcoma samples. The majority of these were Ewing, synovial,
GIST, or myxoid liposaroma. They were not able to identify
recurrent driver mutations in their cohort. However, they were
able to identify individual potential driver mutations in nine
cases including a BRAFV600E mutation in a Ewing-like sar-
coma which is a target for BRAF inhibitors [32].

Our own sequencing of diverse sarcomas [7+¢] in a similar
fashion to Andersson led to finding substantially more poten-
tially actionable mutations. We used a larger NGS panel of
236 or 315 cancer genes to sequence 102 patients with diverse
sarcomas. We found that more than half (62%) of all patients
had a potentially actionable mutation targetable by a drug
either available on the market off label or in a clinical trial
for other indications. While such sequencing results are en-
couraging, from a practical perspective, matching them to a
targeted therapy was limited by patient access to these drugs
either by paucity of trials in sarcomas for that particular aber-
ration or lack of insurance coverage for off label use of FDA-
approved drugs in other indications.

NGS in a patient with chemoresistant sarcoma identified a
KIAA1549-BRAF fusion gene with PTEN loss [33¢]. The pa-
tient was started on a matched therapy with Sorafenib,
Temsirolimus, and Bevacizumab targeted the fusion and
mTOR pathway likely activated by PTEN loss. She had a
25% reduction in her lesions, along with clinical improvement
for 11 cycles.

Doebele et al. [34+¢] published a similar report of an unde-
fined soft tissue sarcoma. NGS identified an LMNA-NTRK1
fusion protein. This was suspected to be a driver fusion and
she was referred for a phase I clinical trial of LOXO-101, an

NTRK inhibitor. She had dramatic clinical and radiographic
tumor regression after cycle one, and almost complete re-
sponse after cycle five. This case demonstrates the power of
NGS to detect fusions and the ability of fusion proteins to be
oncogenic drivers.

Similar to Doebele, Subbiah and Holmes [35] reported a
fusion-driven sarcoma that responded to targeted therapy. The
case was a malignant gastrointestinal neuroectodermal tumor
that recurred in the liver and bones after a primary resection.
That patient underwent NGS-based comprehensive genomic
profiling of 405 cancer-related genes which resulted in iden-
tification of an EWSR1-CREBI fusion. She was treated with a
combination of crizotinib and pazopanib as part of a clinical
trial and achieved a partial response that was durable for
2.8 years with minimal toxicity. The authors, in an attempt
to identify more patients with this fusion, used a large database
of comprehensive genomic profiling to find 11 others with the
same profile that could have benefit from similar therapy.

In another demonstration of fusion protein-driven sarco-
mas, Subbiah et al. [36] reported a case of smooth muscle
tumor of uncertain malignant potential (STUMP). The patient
had multiple metastatic recurrences after resections and finally
underwent NGS-based comprehensive genomic profiling of
315 cancer-associated genes. A DCTNI-ALK fusion protein
was identified. Based on ALK expression, this was
reclassified as an inflammatory myofibroblastic tumor with
myxoid features. The patient was treated on a phase I trial with
crizotinib and pazopanib and achieved a partial response
based on RECIST. When the authors looked at 139 cases of
leiomyosarcoma, they found five additional ALK rearranged
tumors.

Jiang et al. [37] applied whole exome sequencing to
Ewing sarcoma and desmoplastic small round cell tumors.
They identified several novel mutations including PTPRD
and GRBI10 genes that seem to predispose to IGFIR sen-
sitivity. Two patients treated with an IGF1R inhibitor ex-
perienced a complete response and one achieved a partial
response when treated on a clinical trial, again identifying
a target for personalized medicine [38].

In a recent study, NGS showed response mechanisms of
Ewing sarcoma to pazopanib. Responder vs non-responder
analysis revealed divergence in the genotype of Ewing sarco-
ma in a three-gene signature consisting of FGFR3, FGFR4,
and FLT4, which are all targets for pazopanib [39].

Failure of NGS to Provide Therapeutic Benefit

We reported two cases of osteosarcoma patients that were
treated based on NGS, but without therapeutic benefit [40].
Both patients had chemotherapy-resistant metastatic osteosar-
coma. The tumors were sequenced with NGS capture of > 300
genes. Patient no. 1 was shown to have MET amplification,
PIK3CA mutation, CCNE1 amplification, and PTPRD
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mutation. Immunohistochemistry-based analysis showed c-
met, COX-2, and SPARC expression as well as mTOR/AKT
pathway activation. The patient was treated with sirolumus,
crizotinib, nab-Paclitaxel, and celecoxib. Unfortunately, his
best response was progressive disease. Patient no. 2 had
NF2 loss, PDGFR«, and TP53. He was treated with
Temsirolumus, Sorafenib, and Bevacizumab, but had no clin-
ical benefit from this regimen. These two cases illustrate that
targeted therapy is more complex given the complicated sig-
naling networks in refractory patients showing that simple
drug matching may not yield benefit in most patients. Such
negative studies need to be published too as we see a publica-
tion bias of only positive cases that may not reflect the real-
world patients who do not benefit from targeted therapy.

NGS for Identification of Resistance Mechanisms
to Immunotherapy

George et al. [41e°] describe a case of previously untreated
uterine leiomyosarcoma that had a remarkable response to
Pembrolizumab. She had multiple metastases with regression
as well as one that had continued growth during this period.
The single growing metastasis was surgically resected and the
patient continued to have response for over 2 years on
Pembrolizumab. PD-L1 staining was < 5% in the sensitive
metastases and < 1% in the resistant metastasis. The authors
performed RNA seq and whole exome sequencing on both the
responsive and resistant tumors to try to explain the difference
in response to immunotherapy. Both samples had low overall
mutational load and no microsatellite instability defects. The
two tumors shared most mutations with the exception of 12
non-synonymous mutations exclusive to the primary and 16
missense mutations exclusive to the resistant tumor. Only one
of these 16 mutations had oncogenic potential: PTEN gene,
with an additional heterozygous loss of the wild-type copy.
The authors postulated that PTEN loss leads to increased ex-
pression of immunosuppressive cytokines, but this link has
not yet been formally established. George et al. further inves-
tigated predicted neoantigens based on WES and found that
two of the neoantigens were expressed at lower levels in the
resistant sample. With the case report, the investigators de-
scribe a potential method for evaluating resistance to immu-
notherapy using NGS.

Conclusion

Next-generation sequencing is a rapidly evolving technology
that will potentially transform the way we study, diagnose, and
treat sarcomas. We know little about the pathogenesis of sar-
comas beyond the canonical translocations. The ability of
NGS to incorporate not only exome sequencing of large num-
bers of genes but also RNA expression and even miRNA is
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expanding our understanding of this group of diseases.
Already we are discovering new translocations, driver muta-
tions, and predictive signatures. Hopefully, this will lead to
better treatments and even cures for patients [42]. What is
clear is that NGS is redefining the way we diagnose sarcomas,
a disease that is difficult to fully characterize even for an
expert sarcoma pathologist. It is in the hands of the patholo-
gists that NGS will make its greatest near-term impact,
allowing more precision. We hope that diagnostic disambigu-
ation will lead to better clinical outcomes and undoubtedly
there will be patients that benefit. Some of the examples de-
scribed in this review of clinical responses to targeted thera-
pies are astounding. They demonstrate the clear potential of
rationally choosing a drug based on an individual patient pro-
file. These cases need to become the norm rather than the
exceptional responder. As we enhance our ability to deliver
personalized medicine, more sarcoma patients will undoubt-
edly benefit. In order to demonstrate the utility of personalized
medicine, prospective trials need to be done. The groundwork
has already been laid in early pilot trials and as the cost and
capacity of NGS outpaces Moore’s law, so does the probabil-
ity of success.
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