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ABSTRACT

Comprehensive molecular profiling of the genomic, transcriptomic, and epigenetic
landscape of cancers is rapidly evolving due to increased accessibility to next-generation
sequencing (NGS) technology and inter-institutional collaborations such as The Cancer Genome
Atlas (TCGA). Currently, precision medicine approaches in oncology are being guided by NGS
due to the clinical implications of genomic data on directing patient care. Here, we use targeted
NGS on routine formalin-fixed, paraffin-embedded (FFPE) tissue to conduct comprehensive
molecular profiling to address translational research opportunities. Targeted NGS of FFPE
material provides greater access to patient samples, the ability to select for a specific tissue region
to maximize tumor content in cases of small lesions, and a more cost-effective method focused on
cancer-related genes. By using this approach, we were able to answer a wide-range of questions
regarding tumor progression and the genomic landscape of rare cancers.

Since the molecular events driving low-grade endometrioid endometrial carcinoma
(LGEC) and squamous cell carcinoma (SCC) development are incompletely understood—Ilike in
many cancers—we assessed tumor progression in these two cancers by profiling a series of
presumed precursor and invasive lesions. Multi-region profiling of LGEC populations using a
highly scalable approach demonstrated clinically-relevant multiclonality and intratumoral
heterogeneity. Additional DNA profiling of two models of invasive SCCs and their precursors
suggested that the presumed genomic complexity primarily found in invasive disease was also
found at the precursor stage. Although we used transcriptomic data to compare precursors and
invasive disease in LGECs and SCCs to expand our study, our conclusions were limited due to the
need for a greater sample size and additional functional studies. Importantly, however, we
demonstrated that our methodology is broadly scalable to enable high-throughput genomic and
transcriptomic characterization of precursor and invasive cancer populations from FFPE
specimens.

Additionally, we characterized three types of rare cancers where driving alterations that
could have diagnostic, prognostic, and therapeutic implications were still largely unknown. First,
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we focused on a rare class of soft tissue sarcomas defined by a gene fusion between CIC and
DUX4, which resemble Ewing sarcomas at the histological level. Like Ewing sarcomas, we
identified limited somatic driver mutations. However, we identified recurrent known chromosome
8 gain, a deleterious mutation in ARID1A (chr 1p36), and novel copy-number alterations (CNAS)
including chromosome 1p loss, which is also the locus of ARID1A. Therefore, we identified
genomic aberrations that can be used to refine the classification of CIC-DUX4 sarcomas. We also
focused on Merkel cell carcinoma (MCC), an aggressive cutaneous neuroendocrine carcinoma,
where the development of an additional cutaneous MCC tumor can clinically be interpreted as a
second primary MCC tumor or a cutaneous metastasis. Due to the important treatment and
prognostic implications of this distinction, we assessed clonality. We identified cases with tumors
that were non-clonal (second primary) and clonal (metastasis) and observed that tumors from the
same patient arose via the same mechanism (via virus or UV-damage). Lastly, olfactory
neuroblastomas (ONBSs), also known as esthesioneuroblastomas, are aggressive round-cell tumors.
Despite their aggressive course, molecular studies of ONBs have been limited, and targeted
therapies are lacking. Here, we identified recurrent potential targetable FGFR3 alterations
associated with overexpression that may represent a novel therapeutic target in ONBs. Through
these projects involving the molecular characterization of cancer progression and rare cancers, we

identified important basic and clinical insights with the potential to improve patient care.
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CHAPTER 1: Introduction

1.1 The Genetic Landscape of Cancer

1.1.1 Etiology of Cancer

Cancer is one of the leading causes of death. In 2015, there were approximately 8.7 million
deaths associated with cancer (1). Although tumorigenesis has not been completely characterized,
genetic and environmental factors have been found to play an essential role in cancer etiology. The
first indication of genetic variation underlying human cancer was the discovery of single-base
substitution in HRAS (2,3). Likewise, a study on scrotal cancers led to the discovery of
carcinogenic effects of tar (4). Further investigation found that the combination of environmental

and genetic factors are underlying causes of cancer.

1.1.1.1 Environmental Carcinogens

The development of certain cancers is known to be associated with a combination of
external factors, such as air and water pollution, poor diet, obesity, and high concentrations of
chemical substances, which can cause genetic alterations. Similarly, in some cases, alcohol and
other chemicals such as aflatoxins can cause cancers such as those affecting the liver and colon
due to the dysregulation of cell processes as a result of toxic metabolites (5,6). Importantly, each
carcinogen is associated with different types of mutation signatures present in the tumor genome,
with some factors such as smoking and UV radiation leading to high levels of mutation burden.
Specifically, lung, bladder, and oral cancer can harbor a mutation signature unique to tobacco
(7,8). Likewise, skin cancers, such as melanoma, basal cell carcinoma and squamous cell
carcinoma, can harbor a mutation signature unique to UV induced DNA-damage caused by UVA

and UVB rays (9). Mutation signature will be further discussed in Chapter 1.1.2.

1.1.1.2 Cancer Causing Viruses
Cancer causing DNA or RNA viruses result in cancer in approximately 15% of infected

people (10). DNA viruses transform infected cells by integrating their DNA into the host cell’s



genome, often through deregulation of cell division mediated by inactivation of TP53 (p53) and
RB1 (pRb) (10,11). In contrast, RNA viruses reverse-transcribe their RNA before it becomes
incorporated into the host cell’s genome. Although relatively rare in the USA, RNA viruses include
Human T-lymphotropic virus-1 (HTLV-1) and hepatitis C virus (HCV), which are associated with
adult T-cell leukemia and hepatocellular carcinoma, respectively (12,13).

Certain DNA viruses are known to cause cancer by encoding proteins that bind and
inactivate p53 and pRb. Specifically, high risk strains of the human papilloma virus (HPV) such
as E6 and E7 can mediate p53 degradation or inhibit pRb, respectively (14,15). As detected by
molecular testing, infection by high-risk HPV strains can lead to cancers such as head and neck
squamous cell carcinomas (HNSCCs) and cutaneous SCCs (16,17). Importantly, while most HPV
infections are self-resolving, some adults develop anogenital cancers due to infection. In fact,
HPV-16 and -18 DNA is detected in approximately 70% of cervical cancers (18-20). Therefore,
this prompted the development of a vaccine now commonly known as Gardasil 9, which covers 9
HPV strains including HPV-16 and HPV-18, to decrease infection by HPV in hopes of reducing
the incidence of cervical cancer (21).

People infected by the herpes virus, such as the Epstein Barr virus (EBV) or human herpes
virus 8 (HHV-8), can also develop cancer. The EBV increases the risk for nasopharyngeal cancer,
lymphomas, possibly Hodgkin lymphoma, and some cases of stomach cancer (22). HHV-8 is
associated with Kaposi sarcoma, a rare slow growing cancer just underneath the skin in patients
with a weakened immune system (23). Additionally, the hepatitis B virus (HBV) can cause
hepatocellular carcinoma (24).

Merkel cell carcinoma (MCC), a rare cutaneous neuroendocrine cancer later discussed, can
be caused by UV-mediated DNA damage or the integration of the Merkel cell polyomavirus virus
(MCPyV) which deregulates pRb (25-27). The incidence of MCC in the USA almost doubled from
2000 to 2013 and is expected to continue rising. Therefore, the rising incidence rates and estimated
33-46% disease-specific mortality due to metastasis is increasing interest in raising awareness of

MCC diagnosis and management (28).

1.1.1.3 Genetic Predisposition

In a recent study, 8% of 10,389 adult cases across 33 cancer types harbored
pathogenic/likely pathogenic germline mutations and CNVs in 21 genes associated with cancer
(29). Some of the more common germline variants include those in BRCA1, BRCA2, ATM, PALB2,
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RET, NF1, and MSH6 (30,31), as well as, TP53, APC, BRCA2, NF1, PMS2, and RB1 as reported
by the Pediatric Cancer Genome Project (32). Although Huang et al. identified 435 pathogenic
and 418 likely pathogenic variants in these genes, there were still 640 prioritized variants of
uncertain significance (VUS), of which they nominated 47 to be likely pathogenic (29). Therefore,
there are still many germline variants that have not been well characterized in terms of cancer
predisposition.

Some of the most well-established cancer predisposing germline variants occur in BRCA1
and BRCA2, involved in DNA double-strand break repair, which are best characterized in terms of
increasing the risk of breast and ovarian cancer. While 12% of women will develop breast cancer,
72% and 69% of women with a BRCAL and BRCA2 mutation, respectively, will develop breast
cancer (33). Similarly, while 1.3% of women will develop ovarian cancer, 44% and 17% of women
with a BRCAL and BRCA2 mutation, respectively, will develop ovarian cancer (33). Other cancers
can also be linked to BRCA1 and BRCA2 such as prostate cancer (34), and pancreatic cancers (35).
Currently physicians use both single gene testing and panels for genetic sequencing to inform
patients of a hereditary predisposition to certain cancers. For example, the U.S. Preventative
Services Task Force recommends to conduct genetic testing for breast/ovarian cancer-related
germline variants on women either diagnosed before the age of 50 or with a history of breast cancer
in the family. Specifically, genetic testing would be conducted using panels including BRCA1/
BRCA2, ATM, CDH1, CHEK2, PTEN, PALB2, and TP53, among others (36,37).

Additionally, people with Lynch syndrome, associated with defects in genes involved in
DNA mismatch repair such as MLH1, MSH2, MSH6, and PMS2, have an increased risk of cancers
such as colorectal, endometrial, and ovarian cancer. Li-Fraumeni syndrome is caused by a
germline mutation in TP53 and is known to increase the risk of breast cancer, osteosarcoma,
leukemia, adrenal gland cancer and soft tissue sarcomas. Furthermore, other syndromes that can
predispose a person to cancer involve germline mutations in PTEN, APC, and RB1 (38). In addition
to germline mutations, there are also germline CNVs, most of which still need to be characterized
(39,40).

1.1.2 Genomic Aberrations Characteristic of Cancer

Exploration of the cancer genome has demonstrated how characterizing genomic aberrations
can impact cancer treatment. For example, breast cancers over-expressing ERBB2 (HER2)
benefited from treatment with the anti-HER2 specific monoclonal antibody trastuzumab (41).
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Similarly, activating mutations and fusions of other protein kinases have led to development of
small-molecule inhibitors. Unfortunately, only some cancers are driven by the activation of highly
targetable oncogenes, while a large fraction of cancers are driven by tumor suppressor loss of
function (LOF). Since therapies for LOF alterations would require tumor suppressors to regain
function, this presents challenges for therapeutic targeting.

Comprehensive molecular profiling of different cancers conducted by large-scale projects,
such as The Cancer Genome Atlas (TCGA) which followed the Human Genome Project, has
deepened our understanding of the cancer genome. TCGA was initiated in 2006 as a pilot program
by the National Institutes of Health (NIH). While their initial goal was to characterize the genomic
landscape of brain and ovarian cancers, they also wanted to test whether a national network of
researchers at 20 institutions could collaborate to generate large-scale genomic data. TCGA’s first
pilot study conducted integrative analysis of DNA copy-number (CN), gene expression, and DNA
methylation in 206 glioblastomas, of which 91 were selected for detection of somatic mutations
(42). The success of this project motivated TCGA to continue to profile over 30 additional tumor
types across 11,000 patients which was conducted between 2006 and 2017. This large-scale project
characterized tumor types, defined pan-cancer similarities/differences, gave insight into tumor
evolution, and identified novel mutations and mechanisms of therapy resistance with a foundation
of next-generation DNA and RNA sequencing to characterize the cancer genome and
transcriptome (43). In fact, TCGA inspired the creation of international programs, such as the
International Cancer Genome Consortium (ICGC), to characterize the genomic landscape of a
wide-range of cancers world-wide (44). Together, these efforts have deepened our knowledge of

the genetic events at the chromosome and single-base pair level that characterize cancer.

1.1.2.1 Types of Somatic Chromosomal Abnormalities

Chromosomal abnormalities in cancer cells include structural aberrations and copy number
alterations (CNAs). The discovery of the Philadelphia chromosome, t(9;22), in chronic
myelogenous leukemia (CML) initiated interest in identifying aberrations at the chromosome level
in cancer (45,46). Here, the identification of BCR-ABL gene fusions in CML led to the
development of imatinib, which inhibits ABL tyrosine kinase and its activated derivatives (47).
Additional studies identified similar abnormalities in other types of leukemia and lymphomas, and
critically, exploitation of these gene fusions has led to the improvement of treatment and clinical
outcomes (48,49).



Translocations have also been observed in solid tumors. Some examples of chromosomal
rearrangements generating fusions with potential clinical implications include TPMRSS2-ETV1,
TMPRSS2-ETV4, and TMPRSS2-ETV5 fusions in prostate cancer (50,51), RET-NTRK1 fusions in
papillary thyroid carcinoma (52), and PRCC-TFE3 fusions in a molecularly defined subtype of
renal cell carcinoma (53). Soft tissue sarcomas are rare and heterogeneous due to the different
types of fusions identified in each subtype such as those seen in Ewing family (54) and CIC-DUX4
(55) sarcomas.

CNA:s are also recurrently found in solid tumors. For example, colorectal cancer (CRC)
has been associated with recurrent CNAs at the chromosomal level. Specifically, genomic gains
affect chromosomes 7, 8q, 13, and 20q while losses are found in chromosomes 4, 8p, 17p, and 18q
(56). In CRCs, recurrent CNAs at the chromosomal level have been found to be driven by a
potential selection of genes in each region that are associated with colon cancer (57,58).
Additionally, CNAs are also seen in focal regions. Specifically, this type of aberration is normally
seen as focal amplifications of oncogenes driving cancer such as MDMZ2 in liposarcoma and MYC
and ERBB2 in breast cancer (59,60). On the contrary, there are recurrent homozygous deletions of
CDKNZ2A and RB1 leading to the deregulation of CDK4 and p53 which induces cell cycle G1
progression (61,62).

1.1.2.2 Somatic Mutations

As previously described, cancer development is associated with a wide-range of
carcinogens which initiate the deregulation of many cancer-related genes through DNA-damage
in the form of somatic variants. Therefore, large-scale analysis was conducted to link the common
causes of cancer to different mutation signatures. This analysis identified 30 types of recurrent
mutational “signatures” linked to different mutational processes (63).

While most signatures have been linked to a particular etiology, the etiology for signatures
5,8, 12, 14, 16-19, 21, 23, 27, 28, and 30 remain unknown (63-65). Signature 24 is found in a
subset of liver cancers exhibiting high rates of C>A mutations associated with exposure to
aflatoxin. Signature 11 is found in melanoma and glioblastoma which exhibit C>T substitutions
associated with alkylating agents. While Signature 1 is found in all cancer types, the spontaneous
deamination of 5-methylcytosine, in addition to small insertions and deletions, are correlated with
age of cancer diagnosis. Signature 9 has also been associated with cancers that have undergone

immunoglobulin gene hypermutation such as chronic lymphocytic leukemia and malignant B-cell
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lymphomas, associated with the AID family of cytidine deaminases. Signature 22 is found in
urothelial carcinomas and liver cancer which exhibit T>A substitutions associated with exposure
to aristolochic acid. Bladder and cervical cancers exhibit APOBEC mutation signatures (Signature
2 and 13) which is associated with the conversion of cytosine to uracil through the process of
deamination (63-65).

Two common mutation signatures are caused by exposure to UV-light (Signature 7) and
smoking/tobacco chewing (Signature 4 and 29). Both are also characterized by a very high
mutation burden. Specifically, skin cancers and cancers of the lip are associated with DNA-damage
induced by UV radiation. Not only do these cancers have a high mutation burden, but also most of
the mutations are primarily C>T and CC>TT dinucleotide variants. The smoking (and tobacco
chewing) mutation signatures, are primarily composed of C>A and CC>AA dinucleotide
mutations, and are found in liver cancer, esophageal cancer, head and neck cancer, cancers in the
lung, and oral squamous cell carcinoma (63-65).

Additionally, there are mutation signatures associated with mutations of certain genes. Due
to germline BRCA1 and BRCA2 mutations that predispose patients to breast and ovarian cancer,
mutation Signature 3 is characterized by the failure of DNA double-strand break repair by
homologous recombination. As mentioned, an important signature to note is the signature of
mismatch repair deficiency (Signatures 15, 20, 26) found in stomach cancers, breast cancer,
cervical cancer, and uterine carcinoma. Defective DNA mismatch repair induced by aberrations in
MLH and MSH genes cause high mutation rates due to repairing errors during DNA replication.
Tumors that exhibit impaired mismatch repair (MMR) can exhibit microsatellite instability (MSI)
mutation signatures (Signature 6) characterized by short repetitive sequences in the genome mainly
found in colorectal and uterine cancer (63-65). Similarly, recurrent POLE mutations (Signature
10), causes a mutation signature associated with deficient DNA proofreading. These mutation
signatures are important to note due to the therapeutic implications linked to MMR and MSI status
enabling us to predict response to immunotherapy (66,67).

Interestingly, somatic genomic aberrations in conjunction with germline variants in cancer-
related genes can inactivate tumor suppressors (68). For example, Huang et al. showed cancer
samples harboring a pathogenic germline variant also have a somatic mutation in the other copy
of the same gene as seen in ATM, BRCA2, and MSH6 (29). Similarly, the study also showed that

there is strong loss-of-heterozygosity in cancers with a hereditary disposition. In this case, samples



with a BRCAL germline mutation had lost their WT allele (29). These results emphasize the

importance of incorporating germline and somatic events when characterizing a set of samples.

1.1.3 Tumor Heterogeneity and Cancer Evolution

Tumors show genetic heterogeneity at multiple levels, with increasing interest in
intratumoral, interpatient, intermetastatic, and intrametastatic heterogeneity; all which have
clinical implications. The presence of different subclones in different metastatic lesions from one
patient is intermetastatic, while multiple subclones within a single metastasis is referred to as
intrametastatic heterogeneity. The idea that no two patients harbor the same set of genomic
alterations is defined as interpatient heterogeneity. Although patients may share a small number of
mutations that are in the same gene, many times the actual position of mutations are often different
(69-71). In these cases, the recurrently altered genes would most likely harbor driver mutations in
either tumor suppressors or oncogenes resulting in the deregulation of cell survival, cell fate, or
genome maintenance (72).

Intratumor heterogeneity is characterized by multiple subclones within a primary tumor.
Specifically, studies focused on multi-region profiling in a single tumor sample have revealed the
diversity of somatic events found within a tumor in multiple cancers including pancreatic (73),
ovarian (74), colorectal (75), kidney (76), and breast (77). In the first large scale study, multiregion
sequencing and phylogenetic analysis of a renal carcinoma conducted by Gerlinger et al. showed
that the only genomic alteration found at the trunk of the phylogenetic tree was VHL, a known
driver of renal carcinoma. This event was followed by different sets of KDM5C, SETD2, and
MTOR mutations at different branches of the tree, suggesting convergent evolution in these
additional driver genes. More importantly, these studies may explain how sampling bias may lead
to the challenges in the validation of biomarkers, since one sample may not capture the full
complement of mutations present in the tumor and since subclonal pre-existing alterations may
drive therapeutic resistance (76). As an example, patients with colorectal cancer showed resistance
to anti-epidermal growth factor receptor (EGFR) therapies in the presence of KRAS mutations
(78,79). Here, resistance to therapy may not only emerge from the selection of pre-existing KRAS
mutant clones but also from new mutations arising as a result of continuing mutagenesis (80).
Hence, KRAS mutation testing is recommended for these patients and future studies may aide in

linking genomic data to therapy response.



The evolution of these tumors through selection may result in the outgrowth of certain
clones. Due to selective pressures occurring throughout tumor development, studies suggest that
while some tumors show a neutral evolution, other tumors may be undergoing positive selection
of subpopulations with the greatest fitness. Although driver mutations are normally seen as clonal
events since they most likely arise early in tumor evolution, subclonal expansions may occur if
later genomic alterations increase tumor fitness, potentially leading to progression (81). In many
clinical scenarios, it is important to understand the genetic differences that arise throughout
tumorigenesis and to assess clonality by evaluation of shared somatic events, such as the presence
or absence of identical mutations and CNAs. As an example, it would be essential to determine
whether potentially targetable alterations are clonal, since targeting subclonal mutations would not

apply selective pressure to all tumor cells.

1.2 Cancer Progression

1.2.1 Precursors

Colon, pancreatic, breast, and cervical cancers, among others, arise from histologically
defined lesions known as precursors. These lesions include colorectal adenoma, pancreatic
intraepithelial neoplasia (PanIN), ductal carcinoma in situ (DCIS), and cervical intraepithelial
neoplasia (CIN), respectively. Pathologists routinely classify these lesions through assessment of
abnormal histological and immunohistological/molecular features (82,83). Precise diagnosis is
often critical as the presence of precursor lesions defines clinical management in several scenarios
(e.g. follow-up screening is different for patients with colorectal adenomas vs. hyperplastic
polyps). As discussed in Chapter 2 and 3, these lesions are classified according to a spectrum of
malignancy that leads up to a diagnosis of invasive cancer.

Due to the subjectivity in assessing the histologic criteria defining precursor lesions, it can
be challenging to correctly classify these lesions. Challenges in diagnosing precursor lesions due
to intra-observer and inter-observer affect reproducibility of diagnosis, as seen in cases of potential
endometrial carcinoma (84,85). Therefore, molecular characterization of precursors and their
invasive counterparts can provide insight into the molecular differences that may improve the
accuracy of diagnosis and treatment. Here, we will characterize the genomic alterations in low-
grade endometrial carcinoma (LGEC) (Chapter 2) and squamous cell carcinomas (SCC) (Chapter

3), as well as in their respective precursors.



1.2.2 Examples of Recent Molecular Studies Conducted on Precursors

Recent analysis of Barrett’s esophagus, a precursor to esophageal adenocarcinoma, and
esophageal adenocarcinoma established that the majority of driver genes are mutated at similar
frequencies in both lesions. A study using exome sequencing on tumor and adjacent Barrett’s
esophagus suggested that esophageal adenocarcinomas developed by acquisition of TP53
mutations followed by genomic instability and oncogene amplification. Additionally, this study
also identified cases where the Barrett’s esophagus did not share somatic mutations with its
associated tumor, suggesting that multi-region sampling is necessary to capture a more accurate
picture of the alterations leading up to the development of invasive disease (86).

Shain et al. sequenced primary melanomas and adjacent precursor lesions and proposed a
sequence of key events. By sequencing melanoma in situ and invasive melanomas, this study
suggested that BRAF V600E and a series of events affecting the MAPK pathway are all early
events. However, TERT mutations and CDKNZ2A biallelic inactivation is characteristic of invasive
melanomas since they were found in intermediate lesions and invasive melanoma (87).

Teixeira et al. characterized the genomic, transcriptomic, and epigenomic landscape of
precursor and invasive lung squamous cell carcinoma (LUSC). Their analysis provided one of the
most comprehensive studies on precursor lesions. By distinguishing between lesions that will
regress and the ones that progress, they found chromosomal instability observed through a high
rate of copy number gains or losses and differences in methylation to be predictive of which lesions

will regress or progress to invasive disease (88).

1.2.3 The Pre-Cancer Genome Atlas (PCGA)

Due to the initial focus on characterizing invasive and advanced disease, there have been
little comprehensive efforts towards defining the molecular landscape of precursor lesions. Given
that the dynamics of tumor progression can potentially be understood through characterizing
precancerous lesions, the National Cancer Institute (NCI) has recently proposed to sequence
normal, hyperplastic tissue, dysplastic tissue, carcinoma in situ and invasive cancer through the
PreCancer Genome Atlas (PCGA). By understanding and predicting the molecular events that
cause precursor lesions to transition to invasive cancer, we can develop biomarkers for early-
detection and risk stratification (83). Therefore, the PCGA proposes to conduct deep
characterization of precursor lesions to capture genomic, spatial, and structural changes involved

in cancer initiation and progression (82,83,89). Through DNA and RNA sequencing, among other
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methodologies, comprehensive molecular characterization can enable the detection of alterations
that can help distinguish between lesions that regress or remain benign, and lesions that are likely
to progress to invasive cancer. Factors to also consider involve the tumor microenvironment, since
it may help mediate signaling between the tumor and stromal cells for growth and survival, as well

as the interaction of tumor cells with the host immune cells (90).

1.3 Clinical Implications of Sequencing Methods

1.3.1 Evolution of Various Sequencing Platforms

In part driven by the desire to genomically characterize cancer, an increasing number of
sequencing techniques has been developed over the past two decades. As such, many sophisticated
DNA sequencing methods followed Sanger sequencing, the first-generation sequencing method
(91). Today, sequencing platforms are cheaper, provide parallel processing of samples (i.e
multiplexing), and require lower amounts of DNA/RNA compared to when they were initially
developed.

For TCGA to conduct integrative analysis of the cancer genome, they applied a wide-range
of techniques involving whole genome sequencing (WGS), whole-exome sequencing (WES),
DNA methylation, reverse-phase protein array for protein expression (RPPA), RNA-seq for
MRNA and micro-RNA gene expression, and single nucleotide polymorphism (SNP) arrays for
somatic CNAs. TCGA started by using high-throughput WGS methods based on Sanger
Sequencing to identify variants and SNP-based platforms (Agilent 244K Array, Affymetrix 500L
SNPChip, HHlumina Infinium 550K BeadChip) to define SNP and copy number variation (CNV5s).
They also used high-throughput methods to assess MRNA (Affymetrix HT U133A, Affymetrix
GeneChip Human Exon 1.0 ST Array, Agilent 244K) and miRNA (Agilent miRNA array) gene
expression, in addition to DNA methylation studies using Illumina GoldenGate BeadArray (42).
As advances were made to sequencing technology, TCGA shifted their sequencing methods to
more novel and efficient methods. More recent TCGA studies have used Affymetrix SNP Arrays
for copy number (CN) and loss of heterozygosity (LOH) analysis and Illumina platforms for
WGS/WES and RNA-seq, allowing for a more robust analysis of the cancer genome and
transcriptome (92,93). Specifically, WGS targets all 3.3 GB in the human genome and provides
data on non-coding regions and WES targets the 30 MB in the human exome. While WGS profiles
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provide a global view of the cancer genome, WES is more cost efficient for most projects since it
targets a smaller region of the human genome and requires less data storage.

While there are many different sequencing platforms available, Illumina and lon Torrent
offer two commonly used sequencing platforms that differ in multiple ways. For example, unlike
Illumina which emits light to register sequencing reactions, lon torrent measures changes in pH
during sequencing. lon Torrent sequencers release deoxynucleotide triphosphates (ANTPs) over
the surface of template-bearing beads. When the dNTPs are incorporated to the growing DNA
strands, ionic sensors monitor the hydrogen release since protons released during incorporation
induce a change in pH of the bead-containing-well (94,95). In contrast, Illumina uses sequencing
by synthesis (SBS) technology which uses four different fluorescently labelled dNTPs that are
added to the nucleic acid chain. Once the dNTP is incorporated, the fluorescent tag is imaged for
base calls and then cleaved to allow the next nucleotide to be added to the chain. In addition to the
difference in detection methods, there are also other features that differ between each technology
as shown in Table 1.1 (96).

Table 1.1 Comparison of two common Illumina and lon Torrent platforms (95,96)

System lon Torrent Illumina
(Targeted NGS on lon Proton) (WES/ WGS Hi Seq)

Input 10-50 ng (DNA or RNA) 0.1 -1 pg (DNA or RNA)
Amplification Method  Emulsion PCR Bridge PCR
Detection Method pH Light
Average Read Length 200 bp 2x150 bp
Reads per run 40- 80 million 5-6 billion
Run Time (hours) 2-4 hours 4-72 hours
Systemic Errors Indels in homopolymer regions (DNA)  substitutions in GGC and GGT context (DNA)

Due to the differences in sequencing technology, there are different applications and
limitations for each (97,98). Specifically, one of the advantages of multiplexed PCR-based
sequencing performed on lon Torrent sequencers is its compatibility with low-input low-quality
DNA/RNA (Table 1.1). The DNA/RNA extracted from FFPE tissue have lower concentrations
and are of lower quality due to fragmentation, degradation, and formalin fixation induced
mutations when compared to DNA/RNA from fresh frozen (FF) tissue. Therefore, multiplexed

PCR-based sequencing on lon Torrent is the most suitable when profiling minute lesions from
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FFPE tissue. While using FFPE tissue has other disadvantages, including the lack of standardized
FFPE preparation procedures assuring the same fixation process, which are not present when using
FF tissue, we find the advantages offered by the use of FFPE tissue to often outweigh the
disadvantages. Unlike FF tissue, which requires expensive specialized equipment for storage to
prevent sample deterioration at room temperature, FFPE blocks can be stored at room temperature
and are required to be archived by pathology laboratories for at least 10 years. Therefore, the
collection of well-preserved FPPE blocks is much larger when compared to the limited collection
of fresh frozen tissue. Additionally, the use of FFPE tissue allows for histological analysis of
hematoxylin and eosin (H&E) slides and tissue scraping through macrodissection or microdissection
of consecutive unstained sections or punching from FFPE blocks. Therefore, the highly accessible,
routinely available FFPE tissue provides researchers with a greater resource of tumor samples and
allows for the molecular characterization of the cancer genome from a diverse set of tissues, including
very minute lesions.

Hovelson et al. described the development and pre-clinical validation of an lon Torrent
platform based highly-scalable NGS-based assay, called the Oncomine Comprehensive Panel
(OCP), which profiles previously identified common somatic genomic aberrations, as illustrated
in Figure 1.1 (99). Using our DNA panels, we generate copy-number (CN) plots and identify high
confidence somatic variants by applying extensive filtering using in-house pipelines and a series of
established filters conducted manually that exclude potential sequencing artifacts (99-101). Therefore,
our lab routinely uses the OCP (99) and the Comprehensive Cancer Panel (CCP), now two
commercially available panels. Recently, we shifted toward customizing disease specific targeted
DNA and RNA panels that allow us to focus on larger sets of recurrent alterations identified in different
tumor types. Due to the different targets and differences in the amount of DNA/RNA required between
panels, we identify the most appropriate panel by assessing the amount of DNA and RNA isolated
from each sample, and by how well the disease has been previously characterized. For example, rare
cancers are more adequately profiled by the CCP which targets 409 genes since the OCP only targets
143 genes. In contrast, the OCP would be applied to cancers that have been previously identified to
harbor driver alterations in the genes it profiles, such as endometrioid endometrial carcinoma with
recurrent PTEN, PIK3CA, and PIK3R1 mutations (102) and lung cancers with recurrent TP53, KRAS,
and EGFR alterations (103). Likewise, RNA-seq panels later discussed in Chapter 2 and 4, need to be
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chosen carefully. These approaches enable assessment of gene expression and fusion detection
depending on panel composition.

Altogether, WES and WGS were necessary during initial studies of the cancer genome.
Now that TCGA and other programs have provided tremendous insight and identified genes known
to be recurrent cancer drivers as well as important mutational signatures, focus has shifted to
implementing genomic testing in the clinic. Therefore, increasing accessibility, improving
applicability to routine tissue samples, and decreasing costs of clinical testing could be facilitated
by targeted DNA and RNA sequencing methods incorporating these fundamental characteristics

of the cancer genome.

Targeted DNA and RNA Sequencing on Formalin-Fixed Paraffin-Embedded Tissue (FFPE)
L B e

DNA : —/ RNA
FFPE Tissue Multiplexed
20-40 ng I PCR based NGS 10-20 ng
Pan-Cancer DNA Amplicon based Pan-Cancer RNA,
Prioritized Oncogenes (GoF) RNAseq Disease Specific
Sequenced . . .
Variants Tumor Suppressors (LoF) Differential Measures expression
expression analysis and identifies gene
52 fusions
E 1 A A:
é 07 =
E:- - d w
Copy—nu_rnber | High Level Amplifications | ) i
Alterations E )
(CNAs) | Two-copy Deletions | el

FIGURE 1.1 Summary of NGS Workflow.

lon Torrent targeted next-generation sequencing allows for the use of very low amounts of DNA and RNA extracted
from routine formalin-fixed paraffin embedded (FFPE) tissue for sequencing using a wide range of DNA and RNA
panels. Figure adapted from [Hovelson et al. (99)].

1.3.2 Characterization of Rare Cancers Using NGS

Approximately 20% of cancer patients are diagnosed with a rare cancer, whereas the
remaining cancer patients are primarily diagnosed with the more common prostate, breast, lung,
and colon cancers (104). Since they are often more aggressive than common cancers, rare cancers

account for about 25% of cancer related deaths (105). However, each type of rare cancer is defined
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as those with fewer than 6 cases per 100,000 people per year (106). Although rare cancers have
been defined by their unusual cell of origin or differentiation state or as a histologically defined
subtype of a common cancer, due to the rarity of the cancer, precise and accurate diagnosis is often
challenging. Clinically, this can lead to the need to see specialists, misdiagnosis, and many times
delayed diagnosis. Altogether, rare cancers represent a field with a very high unmet need (107).
Importantly, two of the first insights into general cancer principles were from studies of rare
cancers. Percival Pott’s study on scrotal cancers led to the discovery of the carcinogenic effects of
tar (4), and studies of retinoblastoma discovered the RB1 gene leading to Knudson’s two-hit
hypothesis (108,109).

The genomic landscape of common cancers is often biologically and clinically more
complicated than rare cancers (71,110). Since rare cancers tend to have a simpler genomic
landscape, these models allow us to focus on the oncogenic processes driving these cancers (111).
For example, Shah et al. identified a novel recurrent somatic FOXL2 p.C134W mutation in all four
of the adult granulosa cell tumors sequenced (112). Although FOXL2 was already known to be
important for the development of ovaries, this study was the first time FOXL2 mutant was linked
to having a potential role in driving pathogenesis of adult granulosa cell tumors (112,113).
Likewise, if rare tumors are shown to harbor a known targetable driver previously identified in
more common cancers, this may support referral to a basket trial, if available, to treat the patient
according to their tumor’s genomic landscape (114). Not only would this nominate more patients
eligible for clinical trials but also direct patients with limited therapeutic options to relevant clinical
trials, as done in a recent study where 27 patients with rare gynecologic cancers were directed to
clinical trials after genomic profiling (115). Profiling of rare cancers has also identified many
different subtypes among the soft tissue sarcomas that harbor a different fusion such as cases that
were found to harbor BCOR-CCNB3 fusions, defining a novel sarcoma subtype (116). Altogether,
these examples show that profiling rare cancer can lead to the discovery of new insights into cancer
and are therefore important tumors to characterize. With research institutions, such as the
University of Michigan, having an established expertise in rare cancers, such as adrenal cancer
which has a poor prognosis, efforts are being made to genomically characterize and translate these
findings to improve the care for patients with rare cancers.

Examples of rare cancers discussed in this thesis include CIC-DUX4 sarcomas, Merkel cell

carcinomas (MCCs), and olfactory neuroblastomas (ONBSs), where we performed comprehensive
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multiplexed PCR based NGS to define the genomic landscape in the context of important clinical

questions.

1.3.3 Biomarkers and Clinical Applications of NGS

While traditional molecular testing approaches have involved IHC (117), FISH, and PCR
(118), we are now capable of conducting comprehensive molecular profiling of the cancer genome
very quickly using NGS. Through the years, TCGA has used NGS to provide us with enormous
amounts of data on the genomic landscape of each type of cancer, demonstrating that each cancer
can harbor its own unique set of alterations. By using multiplatform analysis, TCGA identified the
somatic molecular aberrations driving cancer that have guided the development for new targeted
therapies and diagnostic tests (119). However, they also show the importance of classifying cancer
according to genomic profile. As seen in endometrial carcinoma, integrated genomic
characterization by TCGA identified four different molecular subtypes with different treatment
recommendations (102). Alike, TCGA identified molecular similarities between basal-like breast
tumors and high-grade serous ovarian tumors indicating shared driving events and therefore
similar therapeutic opportunities (71).

Genome-based medicine in oncology has revolutionized our approach to clinical care and is
now guiding precision medicine, which the Precision Medicine Initiative describes as “an
emerging approach for disease treatment and prevention that takes into account individual
variability in genes, environment, and lifestyle for each person” (120). The role of precision
medicine has been limited in the past due to the more traditional one-size-fits-all approach, in
which patients are given treatment and prevention strategies based on the average person (121).
However, clinicians are now recognizing that while this approach is beneficial for some patients,
other patients may not benefit from standard treatment. Therefore, studies have provided new
insights on how to use different types of biomarkers to provide patients the most appropriate
therapy. For example, cancers with EGFR activating mutations and cancers with ALK gene
translocations can be treated with either EGFR kinase inhibitors, such as erlotinib or gefitinib (122-
124), or ALK inhibitors, such as crizotinib (125), respectively. In contrast, patients with lung
cancers that lack these alterations do not benefit from either treatment. Instead, these treatments
would be detrimental to the patient’s health since the patient would only develop the toxic side-
effects of the drug. Therefore, recent studies are applying multiplexed assays assessing these
oncogenic drivers to guide patients to the most appropriate diagnosis and targeted therapy (126).
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In prostate cancer, studies identified diagnostic markers such as the TMPRSS2-ERG gene fusions
that offered novel therapeutic avenues for prostate cancer (50). Biomarkers can also be used to
predict response and resistance to therapy. Tumor mutational burden, mismatch-repair
(MMR)/microsatellite instability (MSI) status, and POLE status, can predict patient response to
immunotherapy (66,67,127,128). KRAS mutations in colorectal cancer, as previously discussed,
confers resistance to EGFR therapies (78,79).

NGS is increasingly becoming more accessible. However, routine panels for characterizing
somatic aberrations in a patient’s cancer has yet to be implemented as part of routine patient care
except at a limited number of health care systems. Although targeted panels are significantly
smaller compared to WES, they provide clinically relevant information and can identify variants
with higher confidence due to greater coverage at each base, enabling detection of rare oncogenic
variants. Hovelson, et al. showed that the OCP identified a range of 6% to 42% of samples in each
cancer type profiled that harbored alterations in a gene that are potentially targetable that were not
detected during routine molecular testing (99). In fact, Memorial Sloan Kettering expanded on this
idea in 2017 when the FDA approved their targeted NGS panel. The Integrated Mutation Profiling
of Actionable Cancer Therapies (MSK-IMPACT) provides a broadly applicable tool suitable for
advancing precision oncology efforts that identifies patients eligible for basket trials through

molecular profiling (129,130).

1.4 Rationale and Goals

Due to the increasing interest in cancer genomics and its clinical utility, this thesis focuses
on discovering clinically useful biomarkers, as well as answering cancer relevant questions using
targeted NGS. As previously discussed, targeted NGS has given us the ability to profile archival
routine FFPE tissue with limited available DNA/RNA. Here, we profile the most common type of
endometrial carcinoma (Chapter 2), ocular and cutaneous squamous cell carcinomas (Chapter 3),
and a set of rare cancers including CIC-DUX4 sarcomas (Chapter 4.1), Merkel Cell Carcinoma
(Chapter 4.2), and Olfactory Neuroblastomas (Chapter 4.3).

Although major advances have led to a very comprehensive understanding of the cancer
genome, most studies have primarily focused on late stage disease and therefore leave a gap in our
understanding of cancer development and progression. Using the current available data, we can

infer the sequence of genetic events in a tumor sample by distinguishing between clonal and
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subclonal genomic aberrations. Clonal mutations could then be inferred to be an earlier event if
present in all cancer cells. Since many driver genes appear to be clonal, there is a need to conduct
comprehensive molecular profiling of precursor lesions to identify the sequence of genomic events
occurring during cancer progression, including when these driving lesions occur and which lead
to progression to invasive disease, as stated by multiple calls for a Pre-Cancer Genome Atlas
(PCGA) (82,83,89). By identifying the genomic events occurring at earlier stages, we would be
able to establish ways to predict the fate of each lesion, develop non-invasive early-detection
strategies, and develop interventions at the precursor stage for each type of cancer.

Due to this interest, my first two chapters focus on two different cancers that are known to
arise from well recognized precursor lesions, endometrioid endometrial carcinomas (EC) and
squamous cell carcinomas (SCCs) from the conjunctiva and skin. In particular, our interest in ECs
originated when two regions profiled from the same case shared clonal PTEN mutations but
harbored discordant CTNNB1 mutations (Figure 1.2) (100). Therefore, based on our observation
of mutational heterogeneity in CTNNB1 in ECs, we hypothesized that endometrial carcinomas may
commonly have intratumoral heterogeneity in other known genetic driving alterations and
predicted that this intratumoral heterogeneity will be observed throughout cancer progression. Our
interest in SCCs originated when our lab profiled a few conjunctival intraepithelial neoplasia
(precursor lesions) that showed very similar genomic characteristics as those seen in invasive
SCCs. Despite SCCs being the most frequent human solid tumor at many anatomic sites, the
driving molecular alterations underlying their development are poorly understood, especially in
the context of photodamage. Therefore, our aim was to characterize progression of both well-

(cutaneous) and poorly-studied (ocular) SCC through comprehensive molecular profiling.

FIGURE 1.2 Endometrioid endometrial
carcinoma clonality analysis.
PTEN (G404A) Two en_dometrial carcinoma regions from
PIK3CA (G1049R) one patient (UT3 and UT4) show clonal
M 314_“215&802_%)@ PTEN and PIK3CA mu_tations and
- . heterogeneous CTNNB1 mutations.

/N
® @

CTNNBT1 (S34E) CTNNB1 (S33C)

17



While my first two chapters involve the characterization of precursor lesions, Chapter 4
focuses on rare cancers, an area that also lacks thorough molecular profiling and characterization.
In fact, rare cancers have a high unmet need primarily due to the late or incorrect diagnosis, lack
of clinical expertise, limited number of clinical studies due to the small number of patients, few
available registries and tissue banks, and challenges that come along with developing new
therapies for a limited population (107,131). Due to the challenges in distinguishing between
different cancer subtypes through pathological assessment, TCGA studies suggest that molecular
profiling provides the most precise way to group cancer types. Hence, we apply this concept to
CIC-DUX4 sarcomas, which highly resemble Ewing sarcomas. Although very similar
histologically, CIC-DUX4 sarcomas have an aggressive course, develop rapid chemoresistance,
and lack of highly efficacious therapeutic strategies (132). Since it is unclear whether CIC-DUX4
sarcomas are similar to Ewing sarcomas at the genomic level, we aimed to identify genomic
aberrations unique to CIC-DUX4 sarcomas that can be used to guide patients toward more precise
treatment options (133). In Merkel cell carcinomas (MCCs), our primary question was whether
genomic profiling could distinguish the clinical scenario of patients who present with two tumors,
which could represent either two primary tumors or a primary with a matched metastasis (134).
Here, we aimed to use clonality studies to assess genetic relatedness since patients with two
primaries versus patients with metastatic disease are treated very differently. Lastly, in our last
effort to characterize rare cancers, we conduct molecular profiling of olfactory neuroblastoma to
identify genetic aberrations responsible for its aggressive course as well as potential therapeutic
targets (135,136).
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CHAPTER 2: Multiclonality and Marked Branched
Evolution of Low-Grade Endometrioid Endometrial
Carcinoma

2.1 Introduction

Integrated genomic characterization of endometrial carcinoma (EC) by The Cancer
Genome Atlas (TCGA) defined four groups based on histology, copy number alterations (CNAS)
and mutations: POLE (ultra-mutated), microsatellite instability (MSI; hyper-mutated), CNA-high
(serous-like) and CNA-low (endometrioid), consistent with clinical/pathological/molecular
endometrial carcinoma classification as type | (usually low-grade, endometrioid [LGEC]) and type
Il (high-grade, non-endometrioid) (102,137). Endometrioid endometrial carcinomas are thought
to develop through hyperplastic precursor lesions characterized by architectural and nuclear atypia.
Although criteria differ, systems based on 1) nuclear atypia and glandular complexity (World
Health Organization [WHO]) or 2) molecular genetics/morphology (endometrial intraepithelial
neoplasia) are widely used (138). Lesions classified by the first as atypical hyperplasia (AH)—
more specifically CAH when glandular complexity is present—and by the second as endometrial
intraepithelial neoplasia (EIN) are now considered similar premalignant processes and the terms
are used interchangeably in the latest WHO classification system (137,138). Endometrial
hyperplasia without atypia, sometimes referred to as complex hyperplasia (CH) is thought to result
from unopposed estrogen stimulation and has a lower risk of progression to LGEC than EIN/AH.
LGEC and its precursors often display foci of squamous differentiation (SqD) a feature that is not
typically seen in other types of endometrial carcinomas, such as serous or clear cell carcinomas.
LGECs are usually CNA-low, non-hyper/ultra-mutated, lack TP53 mutations, and frequently
harbor somatic alterations affecting the PI3K, RTK/RAS, and Wnt signaling pathways (including
recurrent mutations in PTEN, PIK3R1, PIK3CA, KRAS, and CTNNB1) (102).

As reflected in calls to generate a Pre-Cancer Genome Atlas (PCGA), the molecular

progression of EIN/AH to endometrial carcinoma, like in many cancers, is incompletely
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understood in part due to the technical challenges of profiling minute lesions/areas of interest often
available only in routinely processed formalin-fixed paraffin embedded (FFPE) specimens (83).
Driving PTEN mutations occur early in type | endometrial carcinomas since they are generally
found to co-exist with other commonly mutated genes and are critical in defining EIN (139).
However, whether EIN/AH usually progresses to endometrial carcinoma via linear vs. branched
evolution is unresolved. Limited intratumoral heterogeneity with respect to integrative
classification of endometrial carcinomas has been reported, including 96% concordance of
CTNNB1 mutational status (140), and a next-generation sequencing (NGS)- based study of three
pairs of EIN/AH and CNA-low LGEC supported clonal origin in all cases (141). In contrast,
substantial mutational heterogeneity, supporting branched evolution, was reported in a study of 6
cases of matched, but spatially distinct EIN/AH and CNA-low LGEC (141), as well as in a hotspot
NGS-based study of endometrial carcinoma from paired uterine aspirates and multiple regions at
hysterectomy (142).

Understanding intratumoral heterogeneity in LGEC development is critical for the
development of prognostic biomarkers. While most patients with LGEC are cured by surgery
alone, those that recur do poorly, arguing for the identification of prognostic biomarkers. Recently,
Liu et al. and Kurnit et al. both reported that CTNNB1 mutations were prognostic for shorter
recurrence-free survival in patients with low-stage LGEC (143,144). We were intrigued by this
finding, as we had previously observed different CTNNB1 mutations in paired primary uterine EC
(p.S45P) and tubal metastasis (p.S45F) components of a clinically type | high-grade endometrioid
carcinoma that had a shared PTEN (p.R130X) mutation in both components (100). Likewise, we
recently observed discordant CTNNB1 mutations in the different components of a uterine EC that
had areas of conventional histology, as well as, areas with variant histology referred to as “corded
and hyalinized” EC (CHEC) (p.G34E and p.S33C, C.S. Carter et al., manuscript in preparation).
Hence, to comprehensively assess intratumoral heterogeneity in LGEC development, we
performed multi-region profiling of matched spatially defined EIN/AH and LGEC components
from routinely processed FFPE tissue specimens using a highly scalable, comprehensive
multiplexed PCR based NGS approach.
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2.2 Materials and Methods

2.2.1 Cohort
With IRB approval, we retrospectively identified patients with LGEC (FIGO grade I/11) at

hysterectomy using a previously described electronic medical record search engine (EMERSE)
(145). We collected 14 cases with available archived FFPE tissues that had spatially and
histologically distinct foci of both precursor (EIN/AH) or EC. For each case, regions of interest
were identified on hematoxylin and eosin (H&E) stained slides and classified according to the
WHO histologic system by board certified Pathologists (A.P.S. and S.A.T.) as: complex
hyperplasia (CH), CAH, frankly invasive EC, or frankly invasive EC with squamous
differentiation (ECsq). Regions were punched (1-3 punches) from the FFPE block using 21 gauge
dispensing tips (0.510 mm inner diameter) followed by examination of an H&E recut to confirm
localization. DNA and RNA from each punch were co-isolated using the Qiagen AllPrep FFPE
DNA/RNA kit (Qiagen) and quantified using the Qubit 2.0 fluorometer (Life Technologies,
Carlsbad, CA) as described (99).

2.2.2 DNA Next Generation Sequencing

We performed targeted, multiplexed PCR-based DNA next generation sequencing (NGS)
essentially as described (99) using panels targeting >130 cancer related genes, including those
recurrently mutated in LGEC (102). We used 20-24 ng of DNA per sample for library construction
using the lon Ampliseq library kit 2.0 (Life Technologies, Carlsbad, CA) with barcode
incorporation and sequencing on the lon Torrent Proton sequencer as described (99). Data analysis
was performed essentially as described to identify high-confidence, prioritized somatic mutations
and copy number alterations using validated pipelines based on Torrent Suite 5.0.4.0 (99,100,146).
All high-confidence somatic variants were visualized in IGV (Integrative Genomics Viewer), with
selected validation by Sanger sequencing. POLE hotspot mutation status was assessed by Sanger
sequencing as they are not targeted by our panels. High-confidence somatic variants occurring at
hotspots (>3 observations at that residue in COSMIC) in oncogenes, in-frame indels in oncogenes
or tumor suppressor genes, or hotspot or deleterious (nonsense/frameshift/splice site altering
variants) in tumor suppressor genes were considered driving variants (99,100). Case identity was

confirmed in all populations by assessment of rare high-confidence SNPs.
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2.2.3 Sanger Sequencing for CTNNB1, POLE, and to Validate Called Somatic

Variants

Bidirectional Sanger sequencing was conducted with 10 ng of genomic DNA as template
in PCR amplifications with Invitrogen Platinum PCR SuperMix Hi-Fi (Life-Technologies,
Carlsbad, CA) with the suggested initial denaturation and cycling conditions. PCR products were
then subjected to bidirectional Sanger sequencing for both primer pairs by the University of
Michigan DNA Sequencing Core after treatment with ExoSAP-IT (GE Healthcare) and sequences
were analyzed using SeqMan Pro Software (DNASTAR). Sanger sequencing was conducted for
POLE mutations using previously published POLE primers (147) to sequence at least one
representative sample from every case, to validate CTNNBI mutations, as well as other selected

somatic mutations using custom designed primers made with the IDT PrimerQuest tool.

2.2.4 Phylogenetic Analysis

We conducted evolutionary analysis using PHYLIP v 3.695. For each tumor sample, the
mutation status of non-synonymous somatic mutations was considered a character (absent or
present) for this analysis. Evolutionary trees were constructed using Dollop (Dollo and

polymorphism parsimony methods) using polymorphism parsimony with default parameters.

2.2.5 Amplicon-Based Whole Transcriptome Sequencing

We performed amplicon-based whole-transcriptome sequencing using the lon Ampliseq
Transcriptome Human Gene Expression Kit (Life Technologies, Carlsbad, CA) according to
manufacturer’s instructions with 17.5 ng of RNA per sample, allowing for interrogation of ~21,000
RNA transcripts. Library preparation was performed according to the manufacturer’s instructions
and as described above for DNA sequencing. Technical replicate libraries and templates were
independently constructed and sequenced on separate chips. Reads were mapped and quantified
using version 5.0.4.0 of TorrentSuite’s (Life Science Technologies) coverageAnalysis plugin with
the uniquely mapped reads option and default parameters. End-to-end reads were used for
differential gene expression analysis using the R package edgeR (148,149). Principal component
analysis was used on a log-normalized count table after library size normalization to detect batch
effects. DEG analysis was performed using the R package edgeR (148,149). Filters used on these
data prior to DEG analysis included one for non-expressed genes, and one for genes with
inconsistent expression between technical replicates. The first filter required a gene to be expressed
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in at least two biological samples. The second filter required at least 80% of technical replicates
between samples to be concordant in either being above or below 5 reads per million (rpm). A
threshold of 5 rpm was estimated to be real gene expression from plotting reads per gene between
samples. The filters were applied after combining the technical replicates to represent a single
sample. Library normalization using a trimmed mean of m-values method, and DEG analyses were
performed using edgeR’s generalized linear models. The linear models used to fit the contrasts for
precursor versus cancer and CTNNB1 wild-type versus mutant did not have an intercept term and
followed the model “~0 + factor.” The adenocarcinoma versus adenocarcinoma with squamous
contrast controlled for CTNNB1 status using CTNNBL1 as a blocking factor with the following
model “~0 + factor + blocking factor.” Volcano plots were made using the R-package ggplot and
multiplicity was corrected by calculating a Q-value using Benjamini and Hochberg’s false
discovery rate (150).

2.2.6 Transcriptome Analysis

Functional analysis of differentially expressed transcripts between CTNNB1 mutant vs.
wild-type populations was performed using Database for Annotation Visualization and Integrated
Discovery (DAVID) (151). Likewise, Gene Set Enrichment Analysis, developed by the Broad
Institute (Cambridge, MA), was also done on differentially expressed genes from indicated
comparisons using version 3.0 of GSEA (152,153) . The enrichment was done using a pre-ranked
list with the ranking metric being the corrected p-value divided by the sign of the fold-change. The
expression data was tested against the hallmark gene set to evaluate enrichment with “Wnt-B-
catenin pathway (HALLMARK WNT BETA CATENIN SIGNALING: M5895)”.

To determine if genes identified as differentially expressed between EC with and without
squamous differentiation were consistent with known squamous transcripts, we identified the top
50 genes most over-expressed in TCGA lung squamous cell carcinoma vs. lung adenocarcinoma
using batch corrected, uniformly processed TCGA data generated by Wang et al. (ranked by fold
change, with two-sided student’s t-test p-value < 0.001 and FPKM > 0 in at least 300 of the 489
lung squamous cells) (154). Significance in the overlap with the 18 genes identified by differential
expression analysis as significantly over-expressed in EC with vs. without squamous
differentiation was assessed by a two-sided fisher’s exact test using R (from 10,882 genes

expressed in our LGEC cohort).
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2.2.7 Immunohistochemistry (IHC)

Polyclonal rabbit anti-amylase (AMY 1A) primary antibodies (HPA045399 [562], 1:800;
HPA045394 [560], 1:2000) were selected based on confirmation of expression in expected tissues
(pancreas and salivary glands) in the Human Protein Tissue Atlas (155). IHC staining was
performed on 4-5 um unstained FFPE slides using an automated protocol on the Ventana
Benchmark XT System using ultraView Universal DAB Detection Kit (Cat no. 760-500, Ventana
Medical Systems). Staining was optimized and confirmed to show expected staining in pancreas

and salivary gland tissues prior to staining EC samples.
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2.3 Results

2.3.1 Comprehensive Genomic Profiling of LGEC Development

To assess the molecular landscape of LGEC development, we performed comprehensive
DNA and RNA based NGS of 14 cases of FIGO grade 1 or 2 EC with spatially defined minute
precursors and/or EC components using a highly scalable approach optimized for routine FFPE
material (Fig 2.1). We obtained between 130-1,850 ng of extracted DNA (mean 987 ng), consistent
with tens of thousands of cells from the punched regions. To identify oncogenic and tumor
suppressive somatic mutations and CNAs, we performed multiplexed PCR-based DNA NGS
(mxDNAseq) on 70 spatially-defined, minute (~1-2mm? surface area) cell populations using
panels targeting >130 genes, including essentially all recurrently altered genes in LGEC using
extensively validated approaches. As described below, to validate the impact of observed
histologic and somatic mutational heterogeneity, we also performed multiplexed PCR based
transcriptome NGS (mxRNAseq) on co-isolated RNA from 12 cell populations.

Out of the 14 cases, one was classified as ultra-mutated. In the remaining 13 cases, no high
level, focal somatic CNAs were identified in any cell populations; hence, these cases were
considered CNA-low LGEC. After exclusion of populations failing QC metrics, our cohort
represented the full spectrum of LGEC development, including 2, 23, 27, and 12 populations (n=64
total) classified as CH, CAH, invasive EC, or invasive ECsq, respectively.

Across the 13 CNA-low LGEC cases, all cell populations harbored at least one clear
driving somatic mutation in PTEN, PIK3R1, or PIK3CA (Fig 2.2) consistent with the nearly
universal deregulation of this pathway as a driving event in LGEC. Ten of 13 cases had at least
one driving PTEN mutation detected in all cell populations (4 and 3 cases also had PIK3CA and
PIK3R1 mutations, respectively, in all cell populations) consistent with prior single gene and
TCGA studies (102,156-158). In the remaining three cases, no cell populations harbored PTEN
mutations, but two invasive EC/ECsq cases harbored somatic driving clonal PIK3R1 mutations
(Cases 6 and 9), and one CAH case had somatic driving clonal PIK3CA mutations (Case 7).

We also identified recurrent, driving mutations across our LGEC cases in CTNNBIL,
FBXW7, KRAS and FGFR2, consistent with bulk sequencing of LGEC (102). Importantly, across
the 64 populations, we identified an average of 4 (range 2-5) driving somatic mutations in the

above described seven genes, making LGEC an ideal system to assess clonality and intratumoral
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heterogeneity using a very limited subset of the genome. Of note, no significant difference in the
number of prioritized mutations was observed between CH/CAH and EC/ECsg populations

(average 3.0 vs. 3.3, two-tailed unpaired t-test, p=0.18).
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FIGURE 2.2 Somatic mutations across LGEC development.

Heatmaps showing all prioritized somatic mutations identified in endometrial cell populations, per LGEC case, with
lesion histology indicated in the top row (according to the color scale at the bottom right). Individual somatic mutations
are shown in rows, with the variant allele frequency (VAF) indicated by the color hue gradient at the bottom right
(gray=not present, * = well supported reads on manual review and considered present but VAF<5%).

2.3.2 Multiclonality in LGEC Development

While 11/13 LGEC cases were clonal based on shared PTEN, PIK3R1, or PIK3CA
mutations across all cell populations, two cases (Cases 3 & 4) showed clear multi-clonality in
spatially distinct cell populations. In Case 3 (Fig 2.3A), 5 of 6 profiled cell populations (four CAH
and one invasive EC; from anterior and posterior aspects of the uterus) shared driving PTEN,
PIK3CA and FBXW7 mutations; however, a population of invasive EC (UT-25) lacked these
alterations but harbored two distinct driving PTEN mutations and a PIK3R1 mutation. In Case 4
(Fig 2.3B), we profiled 4 regions of CAH from the uterine anterior, posterior and fundus. Of note,
while the CAH populations from the anterior and posterior aspect (UT-28 and UT-31) harbored
the same driving PTEN and KRAS mutations, the two CAH populations from the fundus (UT-29
and UT30) harbored distinct driving PTEN and PIK3CA mutations. Taken together, even with
sampling of only an average of 5 spatially distinct cell populations per case, our results demonstrate

that true multiclonality is relatively frequent during LGEC development.
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2.3.3 Marked Intratumoral Heterogeneity in Presumed LGEC Driving Mutations
Beyond multiclonality, we observed marked heterogeneity in presumed driving somatic
mutations across LGEC and precursor populations in 10 of 13 cases, particularly those with both
precursor and invasive EC populations. For example, in Case 13 (Fig 2.3C), we profiled separate
populations of CAH (UT-87) and EC (UT-83, 86, 87) from the posterior aspect. All populations
shared driving PTEN (two mutations) and KRAS mutations. While all EC populations in this case
also shared PIK3R1 mutations, the CAH population harbored a distinct PIK3R1 mutation.
Likewise, a separate PIK3R1 mutation was only present in two of the three EC populations.
Similarly, in Case 2 (Fig 2.3D), we profiled separate populations of CAH (UT-19, anterior;
UT-20, posterior) and ECsq (UT-21 and UT-22; fundus), all of which shared a driving PTEN
mutation. Both ECsq populations also shared driving CTNNB1 and PIK3R1 mutations, neither of
which were present in the CAH populations. However, both CAH populations shared a different
driving PIK3R1 mutation, while one CAH population harbored an additional missense PIK3R1
mutation of unclear pathogenicity not present in the other CAH or ECsq populations. Case 11
showed similar intratumoral heterogeneity and branched evolution between precursor and invasive

EC populations.

2.3.4 Intratumoral Heterogeneity in Candidate Prognostic CTNNB1 Mutations

As described above, a motivator of this study was our previous observation of discordance
in driving CTNNB1 mutational status in two different EC cases. Seven of 13 cases in our cohort
showed no CTNNB1 mutations in any cell population (clonally absent). In the remaining 6 cases
where at least one population harbored a CTNNB1 mutation, only one showed clonal CTNNB1
mutations in all profiled populations (Case 9, with EC and ECsq populations). In Case 8, a shared
CTNNB1 mutation in all EC populations was not present in the CAH sample (however low tumor
content in this sample precluded definitive exclusion). The remaining four cases showed: 1) a
private (present in only one population) CTNNB1 mutation in one precursor population but not in
other precursor or EC populations (Case 3), 2) shared CTNNB1 mutations in all EC/ECsq
populations but not in precursor populations (Case 2), 3) private CTNNB1 mutation in only one of
6 EC populations (Case 6), and 4) private CTNNB1 mutation in one ECsqg population but not in
the EC or multiple precursor populations (Case 10) (Fig 2.2). All mutations were observed at
essentially clonal VAF and mutational presence/absence was confirmed by Sanger sequencing.

Taken together, these results demonstrate the existence of intratumoral heterogeneity in potentially
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prognostic CTNNB1 mutations both 1) within precursor and EC populations and 2) within EC

populations in a given case.
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FIGURE 2.3 Multifocality and marked intratumoral heterogeneity in LGEC development.

For selected cases, location of isolated cell populations (indicated by stars) in the uterus are indicated on anatomic
diagrams and corresponding H&E slides. Phylogenetic trees for these cases are shown, with shared mutations for each
clone indicated. A-B. Cases showing multiclonal LGEC development. C-D. Cases showing marked intratumoral
heterogeneity in LGEC precursor and invasive cell populations.
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2.3.5 Clonal Sweep of Heterogeneous Mutations is Common in LGEC
Heterogeneous mutations (those present in not all cell populations from a given case) may
represent 1) subclonal alterations present but variably detected in all populations due to sampling
or 2) clonal alterations present and selected for in the population. Through assessment of the
variant allele frequency (VAF; # variant containing reads / total # reads) of truncal PI3K pathway
driving mutations which inform on the estimated tumor content (VAF ~ % and ~ equivalent to the
tumor content for heterozygous and homozygous variants, respectively), essentially all of the
homogeneous and heterogeneous driving mutations observed in our cohort were present in all cells
in the population (clonal cancer cell fraction [CCF]). These results are consistent with selection of
the variants due to increased fitness and “sweep” through the tumor cell population(159). Of note,
the only gene that frequently showed less than clonal CCF was CTNNB1, further complicating its
potential use as a prognostic and/or predictive biomarker. Importantly, however, the presence of
numerous heterogeneous or private driving mutations in both precursor and EC populations, most
at clonal CCF, indicates a fitness advantage to these mutations regardless of histologic appearance
or spatial proximity. Phylogenetic analysis thus supports extensive branched evolution in both
precursor and EC populations, consistent with branched evolution in LGEC development, in

agreement with mechanisms in most other profiled cancers (160,161).

2.3.6 Confirmation of Intratumoral Heterogeneity in CTNNB1 Mutation Driven

Pathway Activation through Transcriptome Sequencing

We next sought to further confirm the relevance of the often heterogeneous CTNNB1
mutations by looking for transcriptional evidence of Wnt pathway activity in populations with and
without CTNNB1 mutations. Given the challenges of performing conventional or capture based
whole transcriptome RNA-seq with minute quantities of FFPE isolated RNA (162), we attempted
mxRNAseq using <20ng of co-isolated RNA from 12 cell populations. Samples were selected to
represent the spectrum of precursor vs. EC lesions with and without CTNNB1 mutations. Across
the 12 sequenced populations (with technical replicates in different batches), we generated an
average of 8,891,762 end-to-end reads with the 10,882 transcripts across the cohort showing >5
RPM used for further analysis. Technical replicates showed highly correlated normalized
expression (median per pair Pearson r = 0.9, range 0.92-0.99) with principal component analysis

showing expected clustering of technical replicates (Fig 2.4A). Differential expression analysis
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between profiled EC (n=6) and ECsq (n=2) populations identified 18 transcripts over-expressed in
ECsq vs. EC; Comparison to transcripts over-expressed in TCGA lung squamous cell carcinoma
vs. adenocarcinoma (154) confirmed significant enrichment (Odds ratio 66.9, two-sided Fisher’s
exact test, p=1.15E ), including squamous epithelial specific transcripts PRR9, KRT31 and
CALMS, further supporting the validity of our approach. Likewise, we observed marked over-
expression of AMY1A in profiled CAH (n=4) vs. EC/ECsq (n=8) populations and confirmed
AMY1A protein over-expression in these samples by IHC (Fig 2.4B).

We thus assessed differentially expressed transcripts in profiled CTNNB1 mutant (n=6) vs.
wild-type (n=6) precursor and EC populations. Importantly, we identified 21 transcripts
significantly over-expressed in CTNNB1 mutant samples, including the known canonical Wnt
target genes NOTUM(163), CXCL14(164), GAD1(165), DKK4(166), and NKD1(167) (Fig 2.4C).
Database for Annotation Visualization and Integrated Discovery (DAVID) functional annotation
assessment(151) also identified “Wnt signaling pathway” as the most significantly enriched
biological process in the over-expressed CTNNB1 mutant gene set (p = 5.2x10”7, Benjamini
corrected g value = 4.2x107°). Gene set enrichment analysis (GSEA) of the hallmark gene sets also
confirmed enrichment of the Wnt-f catenin signaling pathway (FDR g-value=0.032 [NES: 2.08]).
Taken together, these results support the applicability of transcriptome wide mxRNAseq to minute
FFPE isolated cell populations and confirm the functional relevance of shared and private CTNNB1

mutations in both precursor and EC populations.
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FIGURE 2.4 Whole transcriptome sequencing
confirms deregulation of Wnt signaling in
CTNNB1 mutated LGEC precursor and
invasive populations.

For the indicated LGEC cell populations with
attributes indicated in the heatmap on top
according to the legend, whole transcriptome
amplicon based RNA-seq was performed in
duplicate from co-isolated FFPE RNA. A.
Principal component analysis (PCA) biplot of all
sequenced samples, with samples colored
according to the heatmap (PCA plot), and mutation
status (filled vs. empty) and lesion type (shape)
indicated. B. Volcano plot visualizing
differentially expressed genes (false discovery rate
[Q] value <0.05) between precursor (n=4) and
invasive LGEC (n=8) with genes of interest
labeled. C. As in B, but showing differentially
expressed genes in CTNNB1 mutant (MT, n=6) vs.
wild-type (WT, n=6) populations, with canonical
Wnt/B-catenin pathway genes circled and labeled.
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2.4 Discussion

Here, to better understand the development of LGEC, we performed multi-region,
comprehensive somatic molecular profiling of minute cell populations ranging from presumed
precursor lesions through invasive LGEC. Through this high depth (average >1,000x coverage)
approach on spatially defined populations with variable histology from 13 cases, we identified
marked intratumoral mutational heterogeneity in presumed cancer driving genes in the vast
majority of cases. Our work builds on two small series of LGEC precursors and invasive
components, which support substantial intratumoral heterogeneity and branched evolution in
LGEC development (141,142); however, our study is the first to definitively demonstrate
multiclonality in both spatially defined precursor and invasive populations. Our findings have
important implications for understanding LGEC development, as well as efforts to identify
prognostic and predictive biomarkers, such as CTNNBL.

Consistent with the known role of PI3K pathway deregulation in EIN/LGEC development,
all profiled cell populations harbored clear driving PTEN, PIK3CA or PIK3R1 mutations. In three
cases, all populations harbored only PIK3CA or PIK3R1 mutations, demonstrating that LGEC
development does not absolutely require a PTEN mutation, consistent with TCGA data (102).
Likewise, in 7 of 10 cases with driving clonal PTEN mutations in all populations, we only observed
PTEN point mutations, in-frame short deletions, or splice site mutations, consistent with the lack
of sensitivity of PTEN immunohistochemistry for EIN identification in pathological practice
(138,168). Importantly, in several cases, we observed continued selection for, and convergent
evolution in, driving mutations in the above three PI3K pathway members and AKT1 in
histologically presumed precursor lesions.

Through analysis of driving PI3K pathway mutations, we identified a case that developed
two clonally distinct, multifocal LGECs (Case 3) and a case with clonally distinct precursor
populations (Case 4). To our knowledge, such multiclonality has not been previously described in
spatially defined populations. Remarkably, in Case 3, the two clonally distinct EC populations
were on the same FFPE block (< 2 cm away), with no clear morphologic distinction between the
invasive EC populations (Fig 2.3). In Case 4, where we could only sample superficial CAH
appearing populations, distinct clones were present in the uterine fundus vs. anterior/posterior

aspects. Given the relatively limited sampling performed in our study, we expect the observed rate
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of 15% multiclonality to be an underestimate, with more women developing multiple transformed
LGEC populations.

As described above, the two cases showing discordant CTNNB1 mutations in paired
endometrial carcinoma samples ((100) and C. Carter et al., manuscript in preparation) partly
motivated this study. Importantly, Kurnit and Liu et al. recently described CTNNB1 mutations as
prognostic in low-stage LGEC (143,144). Similarly, a Phase Il clinical trial of everolimus and
letrozole (NCT01068249) in women with endometrial carcinoma found particularly high response
rates in those with endometrioid histology and CTNNB1 mutations (169). Remarkably, in our
LGEC cohort profiled herein, we observed clonal CTNNB1 in only one of five cases (where at
least one population harbored a CTNNB1 mutation and tumor content was sufficiently high in all
samples to enable confident assessment). In the remaining cases, we saw diverse intratumoral
heterogeneity, with CTNNB1 mutations being observed privately in precursor and not EC
populations (Case 3), shared in EC but not precursor populations (Case 2), and private in EC
populations (Cases 6 and 10). Mutations in CTNNB1 were also frequently subclonal in a given cell
population, in contrast to essentially all other homogeneous or heterogeneous mutations in LGEC
driver genes observed herein. Taken together, given that trials assessing CTNNB1—as well as PI3K
members—as correlative biomarkers in women with EC are ongoing (e.g. NCT02228681), our
results suggest that sampling and assessment strategies have the potential to substantially impact
results and should therefore be carefully considered during future trial design.

In addition to comprehensive DNA-based profiling, we also conducted amplicon-based
whole transcriptome sequencing on a subset of samples both to validate the approach, as well as
determine whether subclonal CTNNB1 mutations show evidence of transcriptional activation.
Importantly, to our knowledge, this amplicon based whole transcriptome sequencing, which has
the advantage of requiring <20ng RNA, has only been reported in a single study of FFPE tissue
(170). In addition to high pairwise concordance in technical replicates supporting the validity of
our transcriptome data, we also confirmed expected differential transcript expression in ECsq vs
EC populations (over-expression of squamous epithelial transcripts) and CTNNB1 mutant vs. wild-
type populations (Wnt/p-catenin target genes). In an exploratory analysis of precursor vs. invasive
EC populations, we identified amylase (AMY1A) as markedly over-expressed in precursor
populations and confirmed these findings in the same samples by immunohistochemistry using

two anti-AMY 1A antibodies. By IHC, amylase has been reported as only occasionally expressed
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in both benign secretory phase endometrial glands and well-differentiated endometrial
adenocarcinomas (171-173), and hence we hypothesize that differential expression of AMY 1A in
paired precursor vs. invasive populations likely reflects differentiation (AMY 1A expression was
not diffusely present in individual precursor appearing glands across individual sections or cases)
rather than a driving event in invasive EC development. Importantly, through numerous lines of
validation, our results demonstrate the applicability of amplicon-based whole transcriptome
sequencing to minute cell populations isolated from routine FFPE specimens, which may be
particularly useful in scalable profiling of precursor lesions.

One of the major limitations of our study, which confounds most efforts to understand
cancer development through precursors, is the use of concurrent presumed precursor and invasive
populations to understand molecular features and drivers of invasive disease development.
However, a more informative study design, where precursor populations with or without
subsequent development of invasive disease are compared is confounded by the lack of clinical
scenarios where precursor lesions are followed rather than completely excised. Our results herein
combined with other studies highlight additional confounders including the potential of invasive
disease to histologically mimic in situ precursors (174), the presence of multiclonal precursor
and/or invasive clones, and the continued selection for driving mutations in precursor populations.
Lastly, until studies profiling cases with confirmed non-progressing precursor lesions are profiled,
it is unclear whether such intratumoral heterogeneity in LGEC precursors and/or invasive
populations is ubiquitous, or a more specific feature of “aggressive” behavior that may be exploited
for diagnosis (as has been shown feasible in uterine aspirates (142)) or prognosis (175). Supporting
this concept, co-occurring PTEN and PIK3CA mutations have been reported to be extremely rare
in CAH vs. invasive EC (176). However, consistent with another study assessing PIK3CA and
PTEN mutation frequency in CAH from cases with co-occurring EC (177), we found co-
occurrence of PTEN and PIK3CA/PIK3RL1 in at least one cell population with CAH histology in
6/8 cases (with PTEN mutations) with a co-occurring LGEC.

In summary, through comprehensive DNA and RNA profiling of minute, spatially defined
populations from routine FFPE specimens, we demonstrate marked intratumoral heterogeneity and
branched evolution in LGEC and precursors. Importantly, given this heterogeneity, sampling and
sequencing depth may profoundly impact the detection of biomarkers in LGEC, including those

such as CTNNBL1 that have been identified as prognostic in previous studies. Likewise, biomarker-
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based studies (such as those targeting PI3K pathway members) may also need to account for this
heterogeneity. Additionally, we also show relatively frequent true multiclonality, both of which
have important implications for understanding LGEC development, predicting the behavior of
LGEC precursors, and precision medicine for advanced LGEC. More generally, our approaches
are applicable to archived FFPE samples and thus highly scalable, which may enable widespread
sample contribution to efforts such as the PCGA (83), with the potential to transform the

understanding of cancer precursors and early stage disease.

2.5 Future Directions

Different types of endometrial neoplasms resembling each other often affect histological
analysis. Likewise, the presence of endometritis or the differences arising during the cycling of
normal endometrium can make diagnosing endometrial cancer very challenging (178). Recent
efforts have developed methods to detect early stages of endometrial and ovarian cancer through
genomic testing of DNA in fluids obtained during a pap test. Wang et al. reported their ability to
detect endometrial and ovarian cancer through minimally invasive sampling of the uterine cavity
using a test called PapSeek. Here, they used an assay to detect aneuploidy and mutations in the 18
most commonly mutated genes and were able to detect early stage disease. In fact, their detection
of endometrial cancer ranged between 81% and 93%, while their detection of ovarian cancer
ranged between 33%-45%, with only up to 1.4% of false positives (179). While their approach is
promising and is an example on how minimally invasive methods can be developed to detect
disease, it still has limitations relating to the characterization of precursor lesions we conducted in
this thesis. More importantly, since this was a retrospective study conducted on patients diagnosed
with ovarian or endometrial cancer, changes need to be made as it becomes a diagnostic approach.
Since we show that precursor lesions harbor the full complement of somatic alterations in invasive
cancer, cells positive for mutations may not necessarily define invasive cancer. Therefore, the
incorporation of transcriptomic characterization may allow for better distinction between precursor
or cancer cells. To further explore transcriptomic differences, we have to address our
underpowered transcriptome analysis by addition of samples to each classification to make our
analysis more robust.

Furthermore, we propose assessing whether multiclonality and intra-tumor heterogeneity

can predict clinical aggression. As seen in patients with prostate cancer, patients with high-risk
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polyclonal tumors, as determined through phylogenetic analysis, frequently relapse (175). Since
this could also be the case for LGECs, we propose increasing the number of regions sampled for
each case to adequately distinguish between monoclonal ECs and ECs exhibiting multiclonality
and/or intra-tumor heterogeneity. As done by Espiritu et al., we propose using WGS to build
comprehensive phylogenetic trees using high coverage of somatic SNVs to distinguish between
polyclonal and monoclonal tumors. Altogether these analysis would also allow us to assess
whether clinical outcome is linked to the evolutionary landscape of ECs (175).

Alternatively, we could try to understand cancer development through assessing the effects
of sequential events that lead to endometrial adenocarcinoma. A feasible study would be the
characterization of the PI3K pathway in ECs to explore the role of multiple mutations altering the
PI3K pathway in a single population of cells. Compared to other cancers where we normally see
pathways altered by one hit, we see multiple hits in the PI3K pathway. Therefore, we propose
using in vitro and in vivo models to further clarify the role of the PI3K pathway in endometrial
cancer. Future studies could include PTEN null cell lines where we could successively test the
effects of mutations in PIK3CA, PIK3R1, and CTNNB1. In vivo studies showed that PIK3CAES45K/*
mutation causes carcinoma in the setting of biallelic Pten deletion in mice. PIK3CAF*K* alone
did not cause endometrial carcinoma in mice (180). Therefore, we also propose using PTEN- null
mice, to investigate the differences in cooperation of biallelic PTEN deletion with FGFR2,
CTNNBL, and PIK3R1 mutations.
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CHAPTER 3: Invasive Squamous Cell Carcinomas and
Precursor Lesions on UV-Exposed Sites Demonstrate a
Concordant Level of Genomic Complexity in Known Driver
Genes

3.1 Introduction

Squamous cell carcinoma (SCC) is a major cause of cancer mortality, and is the most
common form of human solid tumor in many anatomic sites such as the lung (LUSC), head and
neck (HNSCC), and cervix (CESC) (181). Although some SCCs are associated with human
papillomavirus (HPV), a Pan-Cancer Atlas study of SCCs suggests that most SCCs are driven by
recurrent somatic mutations in tumor suppressors such as TP53 and CDKN2A, as well as copy-
number aberrations (CNA) such as 3qg, 5p and 11q arm-level gain and 9p loss (181,182).
Additionally, studies focused on the molecular characterization of cutaneous squamous cell
carcinoma (CSCC) found a high rate of mutations caused by UV damage, recurrent mutations in
TP53, CDKN2A, and NOTCH1/2, chromosome 3026, 7921, and 11922 gains, and CDKN2A loss
(on chromosome 9p21) (183-186). In addition to well characterized tumors, SCC precursors and
invasive lesions from other sites, such as the ocular surface (ocular squamous cell neoplasms
[OSSN]), are not as well understood (182,187).

SCCs are thought to develop from hyperplastic precursor lesions characterized by
abnormal cell growth from squamous epithelium. SCCs, such as CSCCs and OSSN, arise in the
setting of UV-induced damage or other environmental factors, transforming normal squamous
epithelium into actinic keratosis (AK) on the epidermis and intraepithelial neoplasia on the ocular
surface (conjunctiva and cornea, CIN). Actinic keratoses (AKs) are likely the most prevalent
precancerous lesions in humans (188), generally limited to sun-exposed tissue, and histologically
characterized by keratinocytic atypia involving the basal epidermis and disturbances to cell
differentiation. Although some AK lesions undergo regression, a subset develop into carcinoma in
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situ (CIS), a preinvasive stage of invasive CSCC characterized by full-thickness atypia, or invasive
CSCC (189,190).

Characterization of unusual subtypes, or SCCs arising at uncommon anatomic sites, has
been limited. Amongst them, is the first comprehensive molecular analysis of penile squamous
cell carcinoma (PeSCC) conducted by our laboratory (191), as well as ocular surface squamous
neoplasia (OSSN), a major focus of the current study. OSSN is the most common cancer of the
ocular surface (cornea/conjunctiva) in the U.S. OSSN occurs in two forms: pre-invasive (i.e.
conjunctival/corneal intraepithelial neoplasia [CIN] or carcinoma-in-situ [CIS]) and invasive
subtypes. Risk factors include UV radiation, HIV, heavy cigarette smoking and petroleum
products, immunosuppression, genetic predisposition, and injury (192,193). Some proposed risk
factors for OSSN, such as HPV, remain controversial (194). The incidence of OSSN ranges from
0.2 to 35 cases/million/year (195-197). OSSN can be locally destructive and blinding. Though
unusual, lethal metastatic OSSN cases have been described (198). Despite surgery and adjunctive
chemotherapy (local interferon therapy) (199), OSSNs recur in a third of cases with clear surgical
margins and up to 56% of cases with positive margins (195,200). This high relapse rate indicates
that current treatments do not adequately control disease, which defines an important unmet need.
One path toward improved therapies for OSSN would be the use of agents tailored to the unique
genetic or transcriptional alterations in these tumors. No biologically targeted therapies exist
because such alterations remain obscure. Despite an explosion in our understanding of the genetic
mechanisms related to squamous cancers in other parts of the body (181), only one study has
profiled OSSN (187). This impact of that study was limited by analysis of only CIN and CIS
lesions, small cohort size, lack of treatment-naive tumors, and failure to identify actionable targets
(187). To our knowledge, neither treatment naive, pre-invasive OSSN (CIN/CIS) nor invasive
OSSN has been hitherto molecularly profiled. The lack of these studies limits our understanding
in how these cancers form and hampers our ability to develop molecular therapies against these
highly recurrent squamous cancers.

As shown in calls to generate a Pre-Cancer Genome Atlas (PCGA), the molecular
progression of precursor SCC lesions to invasive cancer is incompletely understood, in part due to
technical challenges posed by the profiling of small areas of interest often only available in
routinely processed formalin-fixed paraffin-embedded (FFPE) tissues (83). To date, the genetic

alterations underlying epithelial in situ lesions have only been comprehensively profiled in a
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limited number of cancers, the largest being a recently published study regarding lung cancer
(201). Obstacles to defining stepwise models for tumorigenesis in cutaneous malignancies include
high burdens of passenger mutations, variability in driver mutations within a given tumor type,
and lack of identifiable precursor lesions for some tumor types such as basal cell carcinoma.
Despite these challenges, progression of precursor lesions to malignancy has been correlated with
tumor suppressor gene inactivation events for a subset of sweat gland carcinomas and some
melanomas (87,202,203). Genetic events associated with progression in cutaneous squamous
neoplasms are less clear. AKs harbor mutations and methylation profiles similar to invasive SCC
(186,204-206). Although AKs display chromosomal aberrations and loss of heterozygosity (LOH)
events (207), these appear to be less numerous than in SCC (208,209). Some have proposed that
tumor suppressor LOH might be a critical step in transition from AK to SCC (205,210); however,
this hypothesis has not been rigorously addressed. Another area of uncertainty relates to genetic
changes in CIS, which is premalignant but has distinct microscopic appearance and clinical
management from AK. Finally, although ocular epithelium is a UV-exposed site and displays a
similar spectrum of precursor neoplasms and invasive SCC, the genomic changes in these
treatment naive or invasive neoplasms remain hitherto uncharacterized.

To better understand genomic changes associated with malignant progression in UV-
exposed squamous lesions, we characterized the genomic landscape of two types of SCC, CSCCs
and OSSNs. In the present study, we used a highly scalable, comprehensive, multiplexed PCR-
based next-generation sequencing approach to profile invasive SCC and its precursor lesions.

3.2 Materials and Methods

3.2.1 Cohort

With local IRB approval, we identified 47 cases of cutaneous squamous cell carcinoma
(CSCC) or precursors, and 36 cases of ocular surface squamous neoplasia (OSSN) with available
archived formalin-fixed, paraffin-embedded (FFPE) tissues. For each case, regions of interest were
identified on hematoxylin and eosin (H&E) stained slides and classified as actinic keratosis (AK)
or conjunctival/corneal intraepithelial neoplasia (CIN), carcinoma in situ (CIS), or invasive and
given a histology-based tumor content by board certified pathologists (S.A.T. and P.W.H.). FFPE
blocks were cut to make 4-8 10-um sections. Although most areas with high tumor purity were

macro-dissected using a scalpel, lesions classified as AK or CIN were mainly dissected under the
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microscope. DNA and RNA from each sample were co-isolated using the Qiagen AllPrep FFPE
DNA/RNA kit (Qiagen) using manufacturer’s instructions and quantified using the Qubit 2.0
fluorometer (Life Technologies, Carlsbad, CA) as previously described (99).

3.2.2 DNA Next Generation Sequencing

Targeted multiplexed PCR-based DNA (mxDNAseq) next generation sequencing (NGS)
was performed using 20 ng of DNA from each sample. DNA libraries were generated as described
using the Oncomine Cancer Panel (OCP) targeting 134 cancer-related genes. We used the lon
Ampliseq library kit 2.0 (Life Technologies, Carlsbad, CA) with barcode incorporation and
sequencing on the lon Torrent Proton sequencer using the lon Pl Hi-Q Sequencing 200 Kit as
described (99,101). Variant calling and identification of high-confidence, prioritized somatic
mutations, in addition to copy number (CN) analysis, was performed as described using well
validated pipelines (101). Sample-level variant allele frequencies (VAFS) were used to determine
tumor content (TC) and were assign each variant as homozygous or heterozygous. Estimated tumor
contents were then used to correct copy-number estimates to account for variability between

samples.

3.2.3 cBioPortal

Selected prioritized variants for all samples were visualized using the public OncoPrinter tool
available from the cBioPortal for Cancer Genomics. Additionally, the MutationMapper tool was
used to map TP53, RB1, and CDKN2A mutations across all samples (211,212).

3.2.4 Amplicon Based Whole Transcriptome Sequencing and Analysis

We performed amplicon-based whole-transcriptome sequencing of samples in singlicate,
as previously described (213). The linear models used to fit the contrasts for AK versus invasive
SCC, in situ versus invasive CSCC, and RB1 Mut vs WT in situ samples did not have an intercept
term and followed the model “~0 + factor.” Overlapping DEGs of AK versus invasive SCC and in
situ versus invasive CSCC were used for heatmap visualization. Functional analysis of
differentially expressed transcripts between RB1 mutant vs. wild-type populations was performed
using Gene Set Enrichment Analysis version 3.0, developed by the Broad Institute (Cambridge,
MA) (152,153). The enrichment was done using a pre-ranked list with the ranking metric being
the corrected p-value divided by the sign of the fold-change. The expression data was tested against

the hallmark gene set.
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3.2.5 RNAscope HPV

To determine HPV status of TP53 wild-type cutaneous and OSSN cases, we used the
RNAscope 2.5 HD Red Reagent Kit and target probes HPV-HR18 (pool probe of 18 high-risk
HPV strains, 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, 82) and HPV-LR10
(pool probe of 10 low-risk HPV strains, 6, 11, 40, 43, 44, 54, 70; 69, 71, 74) (Advanced Cell
Diagnostics Inc., Newark, CA), according to manufacturer’s instructions. HR-HPV and LR-HPV
infected warts were used as positive control samples. Positive (Hs-PPIB) and negative (DapB)
control probes were also used as sample quality control and assay background control. FFPE tissue
blocks were cut into 5-um sections. After deparaffinization and pretreatments, tissue sections were
hybridized with target probes, followed by a series of signal amplification steps and chromogenic
staining with Fast Red dye. Stained slides were then evaluated for HR and LR HPV infection

according to the staining results.

3.3 Results

3.3.1 Comprehensive NGS Profiling of Ocular and Cutaneous SCCs

We performed DNA based NGS using a highly scalable approach optimized for routine
FFPE material to assess the molecular profile of SCCs and presumed precursor lesions. To identify
oncogenic and tumor suppressive somatic mutations and copy-number aberrations (CNAS), we
performed multiplexed PCR-based DNA NGS (mxDNAseq) on a total of 99 spatially-defined,
minute cell populations using the OCP which targets 134 cancer-related genes, including nearly
all genes known to be recurrently mutated or amplified/deleted in SCCs. Our cohort was composed
of 56 FFPE cutaneous tissues (n= 8 AK, n= 30 CIS, n= 18 invasive SCC) from 45 cases and 43
FFPE ocular tissues (n= 2 CIN, n= 22 CIS, n= 19 invasive SCC) from 35 cases from institutions
in the US and Brazil (Table 3.1). Representative images CIS and invasive ocular lesions are shown
in Figure 3.1.

Across the 99 cell populations profiled by mxDNAseq, we achieved an average of
3,183,804 mapped reads yielding 1,253x targeted base coverage across the 102 samples, enabling
detection of high confidence, somatic mutations down to ~5% variant allele frequency (VAF). An
average of 440 variants per high quality sample passed standard low stringency default filters,
however, additional stringent filtering was applied to identify high confidence somatic alterations.
All samples underwent variant analysis, with the exception of eight which were excluded due to
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mutation signatures indicative of over-fixation. Additionally, we assessed CN profiles of all 99
samples using a previously validated approach (99). To account for variability in tumor content,
we used the VAF based TC to adjust CN estimates of all samples, with the exception of nine which

were corrected for the histology-based TC since we were unable to calculate a VAF based TC.

Table 3.1 Summary of cutaneous and ocular lesions profiled by NGS.

Tissue Tvpe Number of[Number|Number Notes
issu
yp Samples | of Pairs | of Cases
Actinic Keratosis (AK) 8 0 Additional 2 pairs
Cutaneous ; . . L
) Carcinoma in situ (CIS) 30 3 45 include in situ and
Lesions - . .
Invasive SCC 18 4 invasive
Co.njun.ctlval/ Corn.eal 2 0 Additional 2 pairs
Ocular Intraepithelial Neoplasia(CIN) . L
. - —— 35 includes in situ and
Lesions Carcinoma in situ (CIS) 22 3 . .
- invasive
Invasive SCC 19 3
OSSN CIS Invasive SCC

FIGURE 3.1 Representative histology of spatially defined OSSN cell populations.
Histology image of a case of (A) OSSN (2X magnification) with paired (B) CIS (10X magnification) and (C) invasive
SCC (10X magnification).

3.3.2 Comparison of Chromosomal Aberrations Present in Ocular and Cutaneous
SCCs

In this study, we observed a combination of alterations involving those previously reported
in non UV-driven SCCs and UV-driven SCCs. CSCCs and OSSNs harbored CDKN2A CN loss
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(n=7/18[39%] CSCC, n=15/19 [79%] OSSNSs) and 3q gain (n=3/18 [17%] CSCC, n=4/19 [21%]
invasive OSSNs), with additional SOX2 focal gains. Furthermore, we observed CCND1 (n=3/19,
16%), MYC (n=4/19, 21%), and EGFR (n=3/19, 16%) gains in invasive OSSNs but not in invasive
CSCCs (Figure 3.2A&B). We also observed CN gains in chromosomes 7, and 119 as well as CN
loss in chromosome 11q in both CSCCs (Figure 3.2A) and ocular SCCs (Figure 3.2B). Although
previously reported aberrations were also found to be recurrent in our cohort, we observed marked
differences between CSCCs and OSSNSs. Gains affecting oncogenes including SOX2 (arm-level or
focal), MYC, CCND1, and EGFR were more highly recurrent in OSSNs. Hence, both CSCC and
OSSN display genomic loss of CDKN2A and 3q gains; however, amplification of other oncogenes

may play a more significant role in OSSN,

3.3.3 Copy Number Aberrations Found in Invasive SCC Lesions are also Recurrent

In in situ Lesions

After correcting for TC, we observed similar, recurrent CNAs within cutaneous and ocular
lesions that were present in all three types of lesions, indicating that these precursor and invasive
lesions were indistinguishable at the genomic level (Figure 3.2A&B). In addition to MYC,
CCND1, and EGFR gains also being present in precursor lesions, CDKN2A loss was observed in
8/8 (100%) AK and in 4/30 (13%) CIS lesions. As an example, pair 9, composed of an in situ
(ID51) and invasive (ID50) lesion, harbors CDKN2A CN-loss in both components, suggesting that
the loss in this case was an early event (Figure 3.2A & 3.3A). A similar finding was observed
with CDKN2A in pair 16 composed of ocular lesions IE140A and 140B (Figure 3.2B).
Additionally, as shown in Figures 3.2B & 3.3B, both in situ and invasive OSSNs can harbor 3q
gains, an arm-level gain characteristic of SCCs. Therefore, here we show that many of the CNAs

presumed to be characteristic of invasive SCC are also found prior to invasion and overt malignant

cytology.
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FIGURE 3.2 Somatic copy-number profiles of (A) cutaneous and (B) ocular lesions generated by targeted
next generation sequencing (NGS).

Somatic, autosomal copy number profiles are presented for (A) 56 CSCCs and (B) 43 OSSN samples. Each copy-
number profile was GC and tumor content corrected. Normalized read counts per amplicon were divided by those
from composite normal tissue, yielding a copy-number ratio for each gene (cancer/composite normal), with red and
blue indicating gain and loss, respectively, according to the log2 color scale (right). Unsupervised clustering was used
on all log2 CN ratios within lesion groups. CN ratios between the range of 1 and -1 were not visualized. Genes part
of low arm-level gains and losses are shown with a different shade and border. Columns represent individual targeted
genes in genome order (from chromosome 1 to 22). Clinicopathologic features are indicated to the right of the heat
map in the figure legend.
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FIGURE 3.3 Copy number aberrations found in invasive SCC lesions are also recurrent in in situ lesions

Somatic copy number plots (log. copy number ratio, Log2CN) are shown for a representative (A) CSCC and (B)
OSSN.
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3.3.4 Prioritized Somatic Variants Recurrent in SCCs

After sequencing, we used filtering criteria as specified in the methods section to identify
and prioritize somatic variants. Across all cutaneous and ocular tumor types with the exception of
CIN (considering each group in aggregate), we observed a predominance of C > T transitions at
dipyrimidine sites among single nucleotide variants, as well as a predominance of CC > TT tandem
substitutions among dinucleotide substitutions, consistent with UV-mediated DNA damage.
Despite reported association with tobacco smoking, C > A substitutions characteristic of tobacco
signature mutations are rare in ocular neoplasms. Prioritized mutations were highly conserved in
multiple samples collected from the same clinical lesion, supporting the clonal nature of driver
mutations, with the exception of one SCCIS-SCC pair from separate blocks from a patient treated
with azathioprine (ID50, ID51) which appeared to represent two clonally distinct neoplasms. As
previously reported in SCC, we observed recurrent mutations in genes such as TP53, CDKN2A,
NOTCH1, PIK3CA, and EGFR (Figure 3.4A&B). TP53 is among the most frequently mutated
genes in non-HPV driven SCCs from all anatomic sites, including 83% of lung SCC, 71% of head
and neck SCC, and 48% of PeSCC. However, second TP53 mutations are infrequent to absent at
other sites, identified 0% of lung SCC, 16% of head and neck SCC, and 8% of PeSCC
(191,211,212). Interestingly, both of our SCC cohorts had a high frequency of TP53 mutations but
also of a second or even third mutation across all types of lesions (Figure 3.4A&B). Upon mapping
the location of the mutations across lesions, we confirmed that TP53 mutations in precursor and
invasive disease are not only somatic but also affect similar hotspot (e.g. p.R248, p.P278) regions

across all types of tissues (Figure 3.5).
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FIGURE 3.4 Integrated heatmap of prioritized mutations and copy number changes identified by
comprehensive next generation sequencing.

Integrated table of prioritized nonsynonymous mutations and CNAs from (A) 56 CSCC and (B) 43 OSSN samples.
Rows represent genes and columns represent individual samples. Clinicopathologic features are indicated in the figure
legend. CNAs and prioritized mutation types are indicated below the table. A total of eight OSSN samples were only

analyzed for CNAs are labeled.

48




A CSCCTPS3 Actinic Keratosis n=8
£
5 R248G/Q
E L4 * . + Actinic
Y L B . .e LA . L ] . . Keratosis
a 100 200 300 393 aa
. CSCC TP53 Carcinoma In Situ n=30
*  R248C
0 1M 7811
.g . [ ] L ]
- .
bl aa o [ I a8 8 s L ]
[} 100 200 300 393 aa
CSCCTP53 Invasive P278F/L/S
7 * n=18
3 s R2480
E . . ' L] . . ee
L . ‘i E ] .
" e
0 100 200 300 393 aa
B OSSN TP53 Carcinoma In situ n=18
5 R248Q/W/X
w [ ]
s .
g L ] -¢' L ]
i [ ] - . [ ] [ ] . =
D = o eeonesnenevenan [EREN
0 100 200 300 393aa
. QOSSN TP53 Invasive n=15
5 R248Q/W . Invasive
2 . ] s OSSN
i . [ ] e » . n=15
" = C o peitNaEndmodemsn
o 100 200 300 393aa

Mutation Type
® |nframe Mutation

® Missense Mutation
@ Truncating Mutation

+ Non-pricritized mutations

Number of TP53 Mutations
0 Mutations

W 1 Mutation
2 Mutations
3 Mutations

FIGURE 3.5 TP53 variant mapping and zygosity analysis of CSCC and OSSN.

TP53 mutations in (A) CSCC and (B) OSSN arranged by amino acid location (NM_0546) and separated by
histological classification. Mutation type is labeled by color according to figure legend. Concentric pie charts, to the
right, show zygosity (each level) and co-occurrence (overlapping regions of the two levels) of TP53 mutations. Outside
circle gives the number of samples with a homozygous (Homo) mutations. Inside circle gives the number of samples
with heterozygous (Het) mutations. The number of heterozygous/homozygous TP53 mutations in each section is
denoted by shading. Overlapping regions of the pie chart is meant to help visualize the samples with multiple mutations
at homozygous and heterozygous mutations.
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3.3.5 TP53 Copy-Neutral LOH (CN-LOH) in SCC Progression

Studies on normal skin have reported the presence of multiple TP53 mutations, consistent
with multiple small clonally independent cell populations largely defined by these mutations (214).
Previous studies have used the ratio of heterozygous to homozygous mutations within a region of
copy neutral loss-of-heterozygosity to identify the temporal order of genomic events (215),
demonstrating that in CSCC, TP53 LOH is an early event and may gate most of the remaining
mutations present in invasive tumors.

Our analysis identified homozygous TP53 mutations in 39% (n=13/33) of invasive lesions
and 25% (n= 14/56) of precursor lesions. A second or even third mutation at a heterozygous VAF
was found in 6 out of the 13 invasive lesions and 4 out of the 14 precursor lesions (Figure
3.4&3.5). In cutaneous lesions, this event was more frequently observed in invasive SCC than
precursor lesions; however, a similar trend was not observed for ocular lesions. Most samples
lacked TP53 CN-loss, consistent with TP53 CN-LOH through a duplication event following the
initial loss of the TP53 wild-type allele. Our data also supports either continued acquisition of
TP53 mutations after the duplication event or the presence of multiple histologically
indistinguishable clonal populations, as heterozygous TP53 mutations were found in both
precursor and invasive samples with homozygous TP53 mutations. Taken together, these results
support TP53 CN-LOH as an early event in SCC development, frequently occurring before

invasion.

3.3.6 CDKNZ2A Loss of Heterozygosity in SCC Progression

As described above, CDKN2A CN-loss is a recurrent event in cutaneous and ocular SCCs
(n=7/18 [39%] cutaneous, n= 15/19 [79%] ocular). However, we report that CDKN2A CN-loss is
also present in cutaneous and ocular precursor lesions (Figure 3.6A & B). Interestingly, cutaneous
AKs had the highest frequency (n=8/8, 100%) of CN-loss and the highest frequency (n=2/8, 20%)
of homozygous CDKN2A mutations. In fact, we found that most samples with a CDKN2A CN-
loss harbor a CDKN2A mutation at a homozygous VAF (Figure 3.6A). Similarly, this observation
was also seen in the OSSNs since we see in situ and invasive samples with a CDKN2A homozygous
mutation and CN-loss (Figure 3.6B). Therefore, like TP53, our analysis supports CDKN2A LOH
as occurring at the earliest stages of cutaneous and ocular squamous neoplasia, however CDKN2A

LOH more frequently occurs through copy loss.
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FIGURE 3.6 Two-level concentric pie charts and CDKN2A variant mapping.

Concentric pie charts show zygosity (each level) and co-occurrence (overlapping regions of the two levels) of
CDKN2A mutations, as done for TP53. CDKN2A variant mapping across (A) AK, CIS, invasive SCC and B) CIS and
invasive SCC. CDKN2A mutations in CSCC and OSSN were arranged by amino acid location (NM_0077).
Histological classification is noted by the color and height of each post. Mutation type is labeled by the colored dot

according to the figure legend.
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3.3.7 RB1 Nonsense and Splice Mutations Found Exclusively in Cutaneous CIS

Lesions

Unexpectedly, one of the most frequent differences between cutaneous CIS and invasive
SCC lesions was the frequency of RB1 mutations (Figure 3.4A), which is frequently mutually
exclusive with CDKNZ2A alterations in many cancers (216,217). Not only did we observe the same
mutual exclusivity, but RB1 homozygous/heterozygous nonsense and splice site mutations were
found exclusively in CIS lesions (n=0/8 AK, n=8/30 [27%] CIS, n=0/18 SCC,) (Figure 3.4A &
3.7; Table 3.2). Comparison to two TCGA studies of invasive cutaneous SCC confirmed that
driving RB1 mutations were infrequently found in either cohort (6/68 samples with deleterious
RB1 mutations, (Table 3.2; Figure 3.7) (183,184). Microscopically, RB1-mutated CIS were
morphologically heterogeneous from tumor to tumor, with no clear difference from lesions lacking
RB1 mutation. Due to the mutual exclusivity between CDKNZ2A and RB1, this observation suggests
that RB1 mutated lesions may display relatively less invasive potential as compared to those with

CDKN2A mutation.
Table 3.2 RB1 mutations present in current CSCC cohort and TCGA (183,184).

# Samples with | Samples
Cohort [Sample| Mutations with

s n % n %
CIS Lesions 30 12 40% 8 | 27%
TCGA CSCC| 68 11 16% 6 9%

RB1 Mutations in carcinoma in situ CSCC n=30
5
£ :
B .
: -
= L ] - [ ] [ ] ] [ ] - [ ]
o
Mutation

° » o o = 2o ® Inframe Mutation

TCGA RB1 Mutations in invasive CSCC n=68 UEIEUTICR T
L ® Truncating Mutation
E £ Non-prioritized mutations
El
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FIGURE 3.7 RB1 mutations in our cohort versus TCGA.

RB1 mutations in carcinoma in situ (CIS) of CSCC (top) and CSCC from two TCGA studies (183,184) (bottom)
arranged by amino acid location (top) (NM_0321). Mutation type is labeled by the colored dot and non-prioritized
mutations are marked according to the figure legend.
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3.3.8 Transcriptome Profiles Distinguish Precursor and Invasive Squamous Cell

Neoplasia

Since cutaneous and ocular SCCs when compared to their precursor lesions did not show
evidence of changes in known driver genes that lead to invasion, we pursued RNA-seq to
determine whether differences arise at the transcriptome level. We found that 129 genes were
differentially expressed when comparing invasive SCC against AK and CIS. These included genes
previously associated with invasiveness in SCC or other cancer types, including MMP1, MMP3,
MMP9, LAMC2, LGALS1, and TNFRSF12A (Figure 3.8). Transcriptome profiling and gene
ontology analysis of RB1-mutated versus wild-type CIS lesions revealed enrichment for interferon
gamma/alpha, inflammatory response, and allograft rejection (Figure 3.9). Although RNA-seq
shows differences in expression levels, we are cautious in the interpretation since tumor content

could be potentially affecting results.
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FIGURE 3.8 Gene expression heatmap generated from CSCC amplicon-based RNA-seq.
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FIGURE 3.9 Assessment of RB1 mutational signatures.
Gene set enrichment analysis (GSEA) of the entire DEG set from the RB1 MUT vs WT comparison showed
enrichment for four hallmark gene set.

3.3.9 HPV in TP53 Wild-Type SCC

Of the subset of squamous neoplasms that lacked detectable TP53 mutation, 3 matched
samples from 1 clinical lesion (IDO05, ID06, and ID27, including the only TP53 wild-type invasive
CSCC) demonstrated HPV-associated viropathic changes and were positive for high-risk HPV
transcript expression. The remaining TP53 wild-type lesions were negative for HPV and lacked
characteristic HPV changes. TP53 wild-type/HPV-negative lesions displayed amplification or
mutation of at least one oncogene, with the exception of one cutaneous CIS with isolated RB1

mutation, and two CIS (one ocular and one cutaneous) with no prioritized variants.

3.4 Discussion

Cutaneous invasive SCCs have been widely characterized but there are very limited studies
on AK or CIS lesions, especially with comparisons to invasive SCCs at the genomic level.
Furthermore, the molecular etiology and genomics of ocular SCC, specifically treatment-naive
CIN/CIS, and invasive OSSNs, remain almost entirely unknown. Therefore, we performed
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comprehensive mxDNAseq of 134 cancer-related genes on a total of 56 cutaneous (45 cases) and
43 ocular (35 cases) AK/CIN, CIS, or invasive SCC samples. We observed that ocular SCC harbors
similar genomic changes to cutaneous SCC, including frequent TP53 mutations and evidence of
UV-mediated genomic damage, but has more frequent copy number gains harboring known
oncogenes. In addition, our study demonstrates that many of the previously reported recurrent
alterations in SCCs—CDKN2A CN-loss and mutations, TP53 mutations with LOH, as well as 3q,
EGFR, CCND1, and MYC gains—are already present well before invasive disease, similar to
reports of LUSC and precursor lesions (201).

Although TP53 alterations are a hallmark of non-HPV driven SCCs, we report a high
percentage of samples harboring a second or even third TP53 mutation in our CSCCs and OSSNE.
Multiple TP53 mutations have also been described in normal skin and in vulvar intraepithelial
neoplasias (214,218), interpreted as multiple intermingled clonal populations with distinct TP53
mutations. Our study suggests that while the presence of multiple non-invasive/invasive tumor
populations present at the CIS or invasive stage may be possible, there may also be a single clonal
population harboring multiple TP53 mutations. In fact, studies report that not only does normal
skin already have a high mutation burden but also that mutations known to drive CSCC, such as
NOTCHL1 and TP53, are already under strong positive selection. Therefore, a clone must acquire
the proper combination of somatic alterations to outcompete all the other clones present in the skin
for malignant transformation to begin (214). Reeves et al, drawing upon observations from
transgenic mouse models of squamous neoplasia, suggests that while a terminally benign
papilloma has a small number of subclones driving growth, a malignant tumor develops after a
clonal sweep followed by the development of additional subclones originating from the
progressing clone (219). Since we identify TP53 mutations mainly at homozygous and
heterozygous VAFs at all stages of squamous neoplasia, our analysis suggests that a similar
selection process in photodamaged human epithelia occurs prior to the formation of
microscopically identifiable neoplastic lesions.

The mechanism and sequence through which the accumulation of genomic events lead to
malignancy is poorly understood. Although one of our limitations is not knowing which lesions
would progress to invasive SCC (precursor lesions on the skin or ocular surface are rarely left in
situ until the development of invasive disease), our data suggests that precursors may already

harbor the full complement of genomic aberrations associated with invasive disease, and may
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require other epigenetic or non-genomic events to trigger a transition to invasive disease. In
support of this, we find gene expression profile differences between precursor and invasive
squamous lesions. However, the mechanism for the shift in transcriptional profile remains unclear.

In addition to these observations, RB1 mutations were identified in a subset of CIS, but not
in invasive SCC. Comparison with other large studies of invasive SCC supports our observation
that RB1 mutations are infrequent in invasive SCC, and hence RB1-mutant CIS may represent a
molecular subclass with reduced propensity for progression.

Our findings confirm and expand upon previous investigations into the mutational
spectrum of UV-associated precursor lesions. Similar to SCCs, AKs have been shown to harbor
mutations in tumor suppressors such as TP53 and CDNK2A (186,205), as well as amplifications
of EGFR and MYC (220,221). In contrast to a previous report describing intratumoral
heterogeneity in pre-invasive squamoproliferative lesions (222), we found that major genomic
events were relatively consistent across multiple areas of a given lesion. Despite a previous
hypothesis to the contrary (205,210), we find that CDKN2A mutation and LOH are frequent events
in AKSs, and thus LOH does not represent a likely candidate driver for transition to invasiveness.
Similarly, despite studies suggesting p53 inactivation to be a late event (223,224), we observed
that the p53 inactivation is already being selected for at early stages of cancer development in
cutaneous and ocular squamous neoplasia, more consistent with a whole genome based study of
CSCC (215).

Published reports comparing expression patterns in AKs and SCCs have had mixed results
(186). This may be due in part to the relatively low power of some studies. The largest such study
identified significant differences in gene expression between AKs and SCCs (225). Our cohort is
of similar size to Lambert et al, and corroborates findings from that report. Our study further
benefits from correlations between gene expression and tumor mutational status, suggesting RB1-
mutated CIS as a molecular subclass with a distinct transcriptional profile.

Previous mutational studies in ocular neoplasms have been limited, with disputed role for
UV-associated TP53 mutations (187,226). A recent exome sequencing study did not comment on
mutational profiles within their cohort (187). We find that conjunctival neoplasms harbor evidence
of UV mutational damage, and drivers of UV-induced squamous neoplasia are fundamentally
similar in both cutaneous and conjunctival epithelia. In addition, our observations in conjunctival

squamous neoplasms, although limited by inclusion of few CIN lesions, suggest that a similar
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process of subclinical mutation accumulation and clonal sweep may occur in conjunctival
epithelia, although we cannot confirm this for lower grades of dysplasia (CIN).

To our knowledge, this is the first next generation sequencing (NGS) study to
comprehensively profile OSSNs at pre-invasive, invasive, and treatment-naive stages. Our results
demonstrate the utility of an NGS-based approach, using of small ocular surface biopsies and
excisions, to nominate precision therapeutic approaches for OSSNs. The current therapies, surgical
excision and topical chemotherapies (i.e. interferon-o2b, mitomycin C, 5-fluorouracil) and surgical
excision, are not genetically tailored and are variably effective inasmuch as OSSN has an unusually
high relapse rate, even when surgical margins are negative. These treatments can also be associated
with ocular pain, limbal stem cell loss, conjunctivitis and other ocular surface toxicities. Such
features create an unmet need that could potentially be addressed by currently available, or, in the
future, topical, adjunctive therapies that target aberrant pathways related to genetic alterations in
EGFR, FGFR, EZH2, and PIK3CA genes present in OSSNs that we have identified for the first
time in this study (227-230).

Our study has several limitations. There was limited follow-up for many patients and few
episodes of recurrence, precluding robust associations between genomic profiles and outcome. Our
approach does not detect events that affect genes not included in our cancer panel; however,
findings from previous exome-wide sequencing studies indicate that our panel encompasses the
highly recurrent drivers of CSCC. Finally, our approach does not address tumor mutation burden
or epigenetic alterations.

In summary, we find that ocular and cutaneous squamous neoplasms demonstrate a similar
spectrum of genetic changes and hence represent parallel models for squamous neoplasia on UV-
exposed epithelia. We have profiled invasive and treatment naive preinvasive OSSNs for the first
time. In both ocular and cutaneous settings, precursor lesions already possess the full complement
of major genetic changes, including tumor suppressor mutations and loss of heterozygosity events,
that are seen in invasive SCC. By contrast, cutaneous precursor lesions demonstrate a distinct
transcriptome profile from invasive SCC. In contrast to the stepwise accumulation of mutations
proposed for some other malignancies, our findings support the hypothesis that transition to
invasiveness in cutaneous SCC may be driven by changes in the transcriptional program rather
than acquisition of additional genomic insults. Finally, the alterations we identify here are

targetable and provide crucial insights toward novel precision therapies for OSSNs, which
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frequently require despite current treatment modalities of surgical resection and topical

chemotherapy.

3.5 Future Directions

After characterizing cutaneous and conjunctival SCCs using our targeted approaches, we
propose a range of future directions that would entail utilizing a diverse set of techniques to further
the current work.

Preliminary immunohistochemistry (IHC) for p53 expression was performed in
representative tumors with concurrent dominant negative and truncating TP53 mutations. We
predicted to see loss of p53 expression in cells with truncating TP53 mutations and p53
overexpression in cells with dominant negative mutations. However, IHC did not clearly show
separate cell populations, as predicted. Instead, p53 overexpression throughout the tumor
suggested against the possibility of tumors having multiple clones with distinct TP53 mutations.
Hence, we would like to establish whether each type of lesion harbors different clones or whether
there is a single population harboring concurrent dominant negative and truncating TP53
mutations. Therefore, we are interested in identifying the genetic abnormalities pertinent to one
cell versus a group of cells by using single cell analysis based on microfluidic methods offered by
C1 Fluidigm to assess the type of selection these lesions may be undergoing (231,232). They may
represent intermingled clonal populations or each lesion may be entirely composed by a single
population at all stages. Alternatively, single cell analysis may also show that earlier lesions harbor
more clones than invasive lesions as suggested by the multiple TP53 clones found in normal skin
(214).

Preliminary targeted and amplicon-based whole-transcriptome RNA-seq data showed
increased expression of immune markers including CCL5, IDO1, TIGIT, and CD8A in invasive
cutaneous lesions when compared to precursor lesions. Previous studies have shown that the
MRNA profile of 18 genes in tumors can predict clinical response to anti-PD-1 therapy with
inhibitors such as pembrolizumab (233). Interestingly, these 18 genes included a few of the
differentially expressed genes, described above, identified in our expression analysis. However,
association of immune makers to clinical response varies between cancers. PD-L1 expression in
melanoma cells is lower than RCC and NSCLC cells, PD-L1 expression in stromal cells in

melanoma samples is more predictive of response to anti-PD-1 therapy than expression in tumor
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cells (234). Therefore, these studies along with our preliminary results calls for further
investigation of the interaction between tumor cells and stromal cells (including immune
infiltrating lymphocytes assessed through TIGIT and CD8A immune expressed genes) to further
determine how tumor-associated inflammation can affect response to immunotherapy in cutaneous
and ocular squamous cell carcinomas and assess whether there are any predictive RNA-based
biomarkers for response to checkpoint blockade immunotherapy.

Since our data suggests that precursor lesions already harbor the full complement of
genomic aberrations associated with invasive disease, we propose focusing on other non-genomic
events, such as epigenetic modifications. A study focused on characterizing the genomic,
transcriptomic, and epigenomic landscape of CIS lesions that progressed to invasive tumors and
those that regressed to normal epithelium, suggested that chromosomal instability and methylation
changes are progression-specific in LUSCs. Specifically, they reported at least one significant
differentially methylated position in NKX2-1, TERT, DDR2, LRIG3, CUX1, EPHA3, CSMD3,
MET, ZNF479, GRIN2A, PTPRD, NOTCH1, CD74, NSD1, and CDKN2A. Since CDKN2A CN-
loss and mutations are already found in our SCC lesions, we propose examining the role of
epigenetic events altering CDKN2A in samples with WT CDKN2A (88).

60



CHAPTER 4: Molecular Profiling of Rare Cancers

4.1 Targeted Next Generation Sequencing of CIC-DUX4 Soft Tissue
Sarcomas Demonstrates Low Mutational Burden and Recurrent

Chromosome 1p Loss

4.1.1 Introduction

Soft tissue sarcomas are potentially aggressive tumors that are challenging to diagnose and
classify due to the morphologic similarities between subgroups (235). Despite advancements in
understanding at the morphologic and genomic level, 5% of sarcomas remain unclassifiable in
clinical practice (55,236-238). Such tumors have been termed “undifferentiated soft tissue
sarcomas” (USTSs) since they do not show histologic or immunohistochemical features
characteristic of a specific lineage (55,236-238). Although a subset of USTSs have been
characterized as “Ewing-like” tumors due to their round cell morphology and immunophenotype
(239), undifferentiated round cell sarcomas (URCS) lack characteristic Ewing sarcoma fusions
involving EWSR1 and members of the ETS transcription factor family (132). In 2006, Kawamura-
Saito et al. reported that some aggressive URCSs harbored fusions of CIC (a human homolog of
Drosophila capicua) to DUX 4 (double homeobox 4), as a result of t(4;19)(g35;913.1)
translocations (240). CIC-DUX4 sarcomas typically have small round cell morphology,
geographic necrosis, coarse chromatin, focal extracellular myxoid matrix, clear cell areas, and
mild-moderate nuclear pleomorphism (132,240-242). Furthermore, most cells lack a well-defined
cell border and contain vesicular nuclei with often enlarged nucleoli (133).

The CIC-DUX4 fusion results in a chimeric protein that includes the majority of the CIC
gene but lacks the homeodomains of DUX4 (240). CIC is a transcription factor member of the
HMG box superfamily that is involved in the development of medulloblastoma (242). DUX4 has
primarily been characterized in the context of muscular dystrophy, where aberrant DUX4

expression due to epigenetic changes are thought to cause facioscapulohumeral muscular
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dystrophy (FSHD) (243). Previous research has shown CIC-DUX4 fusions expose the DUX4 C-
terminus, resulting in increased activation of CIC, even though the DNA binding of the CIC HMG
domain is largely not affected (240). This suggests that CIC downstream targets, such as ETS
family members, may be deregulated, supporting CIC-DUX4 as an oncogenic transcription factor
(240).

Given the rarity of CIC-DUX4 sarcomas, molecular alterations beyond the defining
translocation and their molecular relationship to Ewing sarcomas remain poorly understood
(55,132,236,240-242,244-249). Previous karyotyping and fluorescence in situ hybridization
(FISH) studies support chromosome (chr) 8 trisomy and MYC amplification as recurrent alterations
in CIC-DUX4 sarcomas (132,249), however a more comprehensive analysis of the genomic
landscape of CIC-DUX4 sarcomas, including assessment of somatic point mutations, small
insertions/deletions (indels), and copy number alterations (CNAS), is lacking. Such an analysis is
needed given the aggressive course and rapid chemoresistance of CIC-DUX4 sarcomas and lack
of highly efficacious therapeutic strategies (132). Likewise, it is unclear whether CIC-DUX4
sarcomas are similar to Ewing sarcomas at the genomic level, as Ewing sarcomas have few
recurrent point mutations/indels (most frequently involving TP53 and STAG2) but several
recurrent, broad, copy number alterations (CNASs). Hence, here we profiled the genomic landscape
of eleven formalin fixed paraffin embedded (FFPE) CIC-DUX4 sarcomas (including three pairs of
samples) using targeted next generation sequencing (NGS) of the coding sequence from 409 cancer
related genes to assess somatic mutations and CNAs.

4.1.2 Materials and Methods

4.1.2.1 Cohort

We identified eleven CIC-DUX4 sarcoma formalin fixed paraffin embedded (FFPE) tissue
samples from the University of Michigan Department of Pathology Archives (Table 4.1). IRB
approval was obtained to perform targeted next generation sequencing on clinical FFPE tumor
material. Clinicopathological information for each sample was obtained from the medical record.
Hematoxylin and eosin (H&E) stained slides were reviewed by board-certified Anatomic
Pathologists (R.P and S.A.T.) to ensure sufficient tumor content. Of the eleven samples, three
represented sequential pairs: Samples 5A and 5B represent a pre-treatment primary tumor and a

post radiation therapy pelvic recurrence; Samples 6A and 6B represent a post systemic/adjuvant
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chemotherapy treated primary tumor and a near concurrent (<1 month) brain metastasis; and
Samples 7A and 7B represent an untreated primary tumor resection with no evidence of residual
disease and a rapid (<3 months) local recurrence without adjuvant therapy. CIC-DUX4
rearrangement for all samples was confirmed by RT-PCR and/or FISH as described (132) prior to

inclusion in our sequencing cohort.

4.1.2.2 DNA/RNA Isolation

For each sample, 5-8 x 10um FFPE sections were cut from a single representative block
and macrodissected with a scalpel to enrich for tumor content. DNA was isolated using the Qiagen
AllPrep FFPE DNA/RNA kit (Qiagen, Valencia, CA) as described (101,250). DNA was quantified
using the Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA).

4.1.2.3 Targeted Next Generation Sequencing

We performed targeted, multiplexed PCR based next generation sequencing (NGS) using
the lon Ampliseq Comprehensive Cancer Panel (CCP), which targets 1,688,650 bases from 15,992
amplicons representing 409 cancer genes, essentially as described (101,250). Barcoded libraries
were generated from 40 ng of DNA per sample using the CCP and the lon Ampliseq library kit 2.0
(Life Technologies, Carlsbad, CA) according to manufacturer’s instructions with barcode
incorporation. Templates were prepared using the lon Pl Template OT2 200 Kit v3 (Life
Technologies, Carlsbad, CA) on the Ton One Touch 2 according to the manufacturer’s instructions.
Sequencing of multiplexed templates was performed using the lon Torrent Proton Sequencer (Life
Technologies, Carlsbad, CA) on lon PI chips using the lon Pl Sequencing 200 Kit v3 (Life

Technologies, Carlsbad, CA) according to the manufacturer’s instructions.

63



Table 4.1 Clinicopathologic features of CIC-DUX4 sarcomas profiled by next generation sequencing (NGS)

Sample Reference Sex Age Size Prior Tumor  Metastasis Tumor Karyotype NGS prioritized CIC- CIC-DUX4
(y) (cm) treatment location content mutations DUX4 RT-PCR
FISH

1 New B 21029 None Leg 80% N/A TP53 N/A Yes

C238Y;
TP53

D208fs

2 Choietal F 20 6.0 Chemo  Shoulder — 70% N/A Yes Yes

3 Choietal F 32 140 Chemo  Pelvis - 60% 17 cells: 46-48,X,t(X;1)(q11.2;p34),del(1)(p21p36), Yes Yes

+del(1)(p22p36),4(3;20)(p21;q13.3),
(4;19)(q35;13.1),+8,del(13)(q12.3q14),
—14[cp17];3cells:9193,idemx2,+del(13)(q12.3q14)[cp3]93,
idemx2,+del(13)(q12.3q14)[cp3]

4 New M 14 17.0 None Forearm — 70% 46-47,XY ,del(1)(q32q44),4(3;16)(p21:q22), Yes
der(4)t(4;19)(q35;q13.1),+17,del(17)(q25925),
der(19)t(19;222)(p13;q11.2)t(4;19)(q35;q13.1),

—20,der(22)t(?19;22)(p13;q11.2)[cp9]

SA  Choietal M 43 9.8 None Knee = 70% N/A Yes Yes

5B Radiation — Pelvis 50% N/A

6A  Choietal F 25 110 Chemo Calf - 70% 47,XX,t(4;19)(q35:q13.1),+8[15]* CTNNBI Yes Yes
E54K

6B Chemo  — Brain 70% Yes

7A  New M 13 4 None Flank 60% N/A Yes

7B New M 14 5.5 None Flank 80% N/A ARIDI1A Yes Yes
R693X

8 New M 17 7.4 Chemo Inguinal ~ 70% N/A Yes

LN

Clinicopathologic information for CIC-DUX4 sarcomas profiled by NGS. For each profiled sample, the case number,
inclusion in prior published studies (Choi et al. ref 7), gender, age at original diagnosis, tumor size (greatest dimension,
cm) by imaging at diagnosis, prior treatment, primary tumor location (if sequenced), metastatic/local recurrence
location (if sequenced), estimated tumor content (by histology), and previously determined karyotype (*from primary,
pre-chemotherapy specimen), is included. Prioritized high confidence somatic mutations (see Methods) identified by
NGS in this study are also shown. CIC-DUX4 fusion status for all cases was confirmed as indicated by FISH and/or
RT-PCR.

4.1.2.4 Somatic Variant Identification

Data analysis was performed essentially as described (101,250) using validated pipelines
based on Torrent Suite 4.0.2, with alignment by TMAP using default parameters, and variant
calling using the Torrent Variant Caller plugin (version 4.0-r76860) with low-stringency default
somatic variant settings. Variants were annotated using Annovar (251). Called variants were
filtered to remove synonymous or non-coding variants, those with flow corrected read depths
(FDP) <30, flow corrected variant allele containing reads (FAQO) <6, variant allele frequencies
(FAO/FDP) <0.10, extreme skewing of forward/reverse flow corrected reads (FSAF/FSAR <0.2
or >5), FSAF and FSAR >1, or indels within homopolymer runs >4 bases. Variants occurring
exclusively in reads with other single nucleotide variants or indels and those occurring in the last
mapped base of a read were excluded. Additionally, variants called in >4% of internally sequenced
samples using the same panel and not having a cosmic ID were removed. Variants present in
ESP6500 or 1000 Genomes (from Annovar) as well as samples with EXAC database
(http://exac.broadinstitute.org) at allele frequencies greater than 0.1% were considered germ line
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variants and removed. Variants reported in EXAC with observed variant allele frequencies in our
data between 0.40 and 0.60 or >0.9 were also considered germ line and removed unless occurring
at known somatic mutation hotspots. High confidence somatic variants passing the above criteria
were then visualized in IGV. From these somatic variants, hotspots (>1 observation at that residue
in COSMIC) in oncogenes, or hotspot or deleterious alterations (nonsense/frameshift variants) in

tumor suppressors were then considered as prioritized variants.

4.1.2.5 Copy number analysis

Copy number analysis was performed as described using a validated approach (146,250).
Briefly, normalized GC content corrected read counts per amplicon for each sample were divided
by those from a composite normal male DNA sample (composed of multiple FFPE and frozen
tissue, individual and pooled samples) to identify CNAs through the copy number ratio for each
amplicon. Genes with less than four amplicons or a wide distribution of gene-level CN estimates
across a large panel of tumor and normal samples internally sequenced on the CCP were removed

from all CN analyses.

4.1.2.6 Copy Number validated with quantitative PCR

ARID1A copy numbers were assessed by quantitative reverse transcription PCR (QRT-
PCR) for a subset of the cohort with sufficient DNA. Primers and probes (5° FAM; ZEN/Iowa
Black FQ dual quenchers) were designed using PrimerQuest
(http://www.idtdna.com/Primerquest/Home/Index, hg 19 genome assembly) and obtained from
IDT (sequences available upon request). After assay specificity was confirmed using BLAST and
BLAT, we excluded primers/probes in areas of SNPs. Each qPCR reaction (15ul) used 5 ng of
genomic DNA per reaction, a final concentration of 0.9 uM for each primer and 0.25 uM for each
probe in TagMan Genotyping Master Mix (Applied Biosystems). Triplicate reactions were
performed using 384 well plates on the Quantstudio 12K Flex (Applied Biosystems). Automatic
baseline and C;thresholds were set using QuantStudio 12K Flex Real-Time PCR System Software.
Logz copy number of the genes were determined by the AACT method using the average Ct of
FBXW7, DNMT3A, and IGF1R as the reference (copy number neutral by NGS in all samples) and
an unrelated FFPE isolated male genomic DNA sample (copy number neutral by NGS) as the

calibrator.
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4.1.2.7 Sanger sequencing to validate called somatic variants

Bidirectional Sanger sequencing was performed over the prioritized mutations with variant
allele frequencies >0.15 on all tumor samples. Genomic DNA (10ng) was used as template in PCR
amplifications with Invitrogen Platinum PCR Supermix Hi-Fi (Life-Technologies) with the
suggested initial denaturation and cycling conditions. PCR products were subjected to
bidirectional Sanger sequencing for both primer pairs by the University of Michigan DNA
Sequencing Core after treatment with ExXoSAP-OT (GE Healthcare) and sequences were analyzed
using SeqMan Pro Software (DNASTAR).

4.1.3 Results

4.1.3.1 Targeted next generation sequencing (NGS) demonstrates a lack of recurrent driving
mutations in CIC-DUX4 sarcomas

To assess the genomic landscape of FISH and/or RT-PCR confirmed CIC-DUX4 sarcomas,
we performed targeted NGS on eleven routine FFPE samples from eight patients whose clinical
characteristics are presented in Table 4.1. Representative histology of three CIC-DUX4 sarcomas
subjected to sequencing are shown in Figure 4.1. Amongst the eleven samples, we sequenced two
samples from one case (Samples 6A and 6B), representing a primary tumor (located on the calf)
and a near concurrent, brain metastasis, both of which had been exposed to prior systemic
chemotherapy. We also sequenced two samples from a second case representing a primary pre-
treatment tumor (located at the knee) and a post-radiation pelvic metastasis/local recurrence
(Samples 5A and 5B). The last sample pair (Samples 7A and 7B) represented a primary, untreated
tumor resection from the flank (which obtained pathological confirmed lack of residual disease)
and a rapid local recurrence (in the absence of adjuvant therapy).

Targeted NGS from isolated DNA on each sample generated an average of 10,309,255
mapped reads yielding 634x targeted base coverage across the eleven samples. An average of 1,347
variants per sample passed standard low stringency default filters, however after stringent filtering
to identify high confidence somatic alterations, we identified a total of twenty high confidence
somatic mutations across the eleven samples. Importantly, no genes were recurrently mutated
across patients (Samples 7A and 7B harbor the same KMT2D A3318G variant at near 0.50 variant
allele frequency, which although passing our somatic filtering is likely to be germline; Sample one

also harbors a KMT2D mutation that is a known rare germline variant, but the observed variant
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allele frequency (0.39) is just below our germline filtering threshold (0.40) used herein.)

Likewise, across the eleven samples, we identified only four total prioritized variants
(Table 4.1). An activating CTNNB1 E54K was identified in Sample 6A; however, as this variant
was present at low variant allele frequency (0.11) and was not detected in the matched brain
metastasis from this case (6B), this alteration likely represents a subclonal alteration. TP53 C238Y
and D208fs mutations were identified in Sample 1, with variant allele frequencies of 0.32 and 0.68,
respectively, consistent with loss of TP53 function. Lastly, a prioritized ARID1A R693X mutation
was identified exclusively in Sample 7B (variant allele frequency 157/417=38% vs. 1/355=0.3%
in 7A, Table 4.1). The three prioritized mutations with variant allele frequencies >15%
(approximate lower limit for Sanger sequencing) were confirmed by Sanger sequencing. Taken
together, these results support a lack of candidate driving somatic mutations in CIC-DUX4

sarcomas.

4.1.3.2 Copy number profiling from NGS data demonstrates recurrent copy number alterations
(CNAs) in CIC-DUX4 sarcomas

In addition to mutations, we also assessed our NGS data to identify somatic copy number
alterations (CNAs) using a validated approach from NGS amplicon read counts. As shown in
Figures 4.2 and 4.3A, in contrast to the limited mutational landscape of CIC-DUX4 tumors, we
identified CNAs in all samples, including areas of recurrent gain/loss. Consistent with previous
karyotyping/FISH studies that demonstrated chromosome (chr) 8 gain and focal MYC (8qg24)
amplification in CIC-DUX4 sarcomas (132,249), we observed broad, low-level chr 8 gain in 4 of
8 cases (Figs 4.2 and 4.3A); focal high-level MYC amplification was only seen in Sample 1,
suggesting that this alteration may be subclonal. Importantly, of the three cases previously
karyotyped (3,4 and 6), chr 8 gain by karyotyping (Table 4.1) and NGS was concordant in each
case (Samples 6A and 6B showed concordant chr 8 gain by NGS).

Both broad and focal low-level gains centered on ETV4 (chr 17) were observed in 6 of 11
samples; however, this alteration may also be subclonal given that it was only observed in Samples
5B & 6A and not the matched sample from these patients (Fig 4.3A). As multiple groups have
shown that CIC-DUX4 sarcomas (and the CIC-DUX4 fusion protein more directly) over-express
ETS transcription factors (239,240,249), including ETV4, our results support low level/subclonal

ETV4 gains as contributing to over-expression as well.
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Of note, we also identified recurrent, low level deletions centered on the tumor suppressor
ARID1A on chr 1p36 (Fig 4.2 and 4.3A), which were present in 4 of 8 profiled cases (including
concordant loss in Samples 6A & B; loss in case 5A but not 5B). Importantly, case 3, which
harbored this chr 1p deletion by NGS, was previously reported to harbor a deletion of chr 1p21-
p36 by karyotyping (Table 4.1), consistent with our NGS results. In addition, gPCR analysis of
genomic DNA on Samples 2-6 supported recurrent ARID1A loss across our cohort (Fig 4.3B).
ARID1A protein expression by immunohistochemistry (IHC) was assessed on a tissue microarray
(TMA) containing CIC-DUX4 sarcomas and Ewing sarcomas; no consistent differences in
ARID1A expression was observed in CIC-DUX4 sarcomas with or without ARID1A loss or
deleterious mutation by NGS (data not shown), supporting 1p single copy loss (or subclonal two
copy loss) in CIC-DUX4 sarcomas, as well as potential regulation of ARID1A protein expression
by mechanisms other than genomic loss and/or mutation.

Although the pre- and post-radiation samples from case 5 (Samples 5A and 5B,
respectively) showed broad low level chromosome 6p gain (Fig 4.2), consistent with clonality, the
pre-radiation sample (5A) uniquely showed a broad chr 19 gain and chr 1p loss, while the post-
radiation sample (5B) showed a broad chr 7 loss (Fig 4.2 and 4.3A), suggesting that this alteration
may be associated with post-treatment recurrence and supporting heterogeneity between pre and
post-treatment samples. In contrast, other than the low level gain of chr 17 (involving ETV4)
exclusively in the primary tumor (Sample 6A), the paired post-chemotherapy primary tumor and
nearly concurrent brain metastasis from case 6 showed nearly identical copy number profiles
(including gain of chr 8 and loss of chr 18), supporting limited intertumoral heterogeneity (Fig 4.2
and 4.3A). The paired primary and untreated local recurrence in case 7 (Samples 7A and 7B,
respectively) showed similar copy number profiles, with both samples showing CKS1B gain on
chromosome 1 (also observed in Sample 8), PAX5 and SYK loss on chromosome 9, IRS2 gain on
chr 13 (also observed in Sample 8), loss of the X chromosome and evidence of chromothripsis on
chromosome 7. The recurrence sample (7B) showed unique SOX2 gain on chromosome 3, in

addition to the ARID1A non-sense mutation described above.
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FIGURE 4.1 Histology of CIC-DUX4 sarcomas subjected to next generation sequencing (NGS).

Low (A, C & E) and high power (B, D & F) hematoxylin and eosin stained (H&E) stained sections from three CIC-
DUX4 sarcomas, Sample 1 (A&B), Sample 2 (C&D) and Sample 6A (E&F), subjected to NGS. Tumors show typical
small round cell morphology, geographic necrosis, coarse chromatin, and focal extracellular myxoid matrix, with
Sample 1 showing more pleomorphic histology. Original magnifications 10x (A, C & E) and 40x (B, D & F).
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FIGURE 4.2 Somatic copy-number profiles of CIC-DUX4 sarcomas generated by targeted next generation
sequencing (NGS).

Somatic, autosomal copy number profiles are presented for the 11 CIC-DUX4 sarcoma samples from 8 cases assessed
by NGS. Gene-level copy number estimates are shown for all target genes with >= 3 amplicons across samples. Colors
correspond to logz copy number ratios (tumor to composite normal) as indicated in legend. Samples 5A&B represent
a pre-treatment tumor and a post-radiation metastasis/local recurrence from the same patient. Samples 6 A&B represent
a primary tumor and near concurrent untreated brain metastasis. Samples 7A&7B are a primary tumor and rapid local
recurrence.
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FIGURE 4.3 Recurrent copy number alterations (CNAs) identified by next generation sequencing (NGS) of
CIC-DUX4 sarcomas.

A. Logz copy number profiles (tumor to composite normal) for selected chromosomes from the genome wide plots in
Figure 4.3 are shown. Gains and losses are shown in red and blue, respectively, with lighter shades indicating lower
level alterations. Genes are indicated below the copy number profiles with ARID1A (chr 1p) MYC (chr 8q) and ETV4
(chr 17q) bolded and indicated by dashed green lines. B. Confirmation of ARID1A copy number loss by quantitative
PCR (gPCR). Genomic DNA was assessed by qPCR in triplicate for ARID1A copy number normalized to the average
of three reference genes without CNA by NGS (FBXW7, DNMT3A, and IGF1R) from samples with available DNA.
Normalized ARID1A copy number ratio was calibrated to an unrelated benign FFPE genomic DNA sample as the
calibrator control (Con.). Mean + S.E. are shown.
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4.1.4 Discussion

Although morphologically similar to Ewing sarcomas, CIC-DUX4 sarcomas are driven by
a distinct gene fusion. Given the rarity of CIC-DUX4 sarcomas, they are much more poorly
characterized at the molecular level than conventional Ewing sarcomas. Hence, here we performed
targeted NGS on eleven FFPE CIC-DUX4 samples (from eight patients) to identify somatic
mutations and CNAs in CIC-DUX4 sarcomas as well as to assess the molecular relationship to
Ewing sarcomas.

Overall, we did not identify any genes with recurrent driving point mutations. However,
one sample (6A) harbored a prioritized potentially driving activating oncogenic mutation
(CTNNBL1 E54K, likely subclonal), while sample 1 harbored TP53 C238Y and D208fs mutations,
and Sample 7B (local recurrence) harbored an ARID1A R693X nonsense mutation. Our cohort
included six previously treated samples (five post-chemotherapy and one post-radiation),
suggesting that point mutations/indels are not major drivers of treatment resistance in CIC-DUX4
sarcomas. Additionally, our data is consistent with Ewing sarcomas, which shows a very low rate
of somatic mutations; of note, our panel did not target STAG2, which has been shown to be
recurrently mutated in Ewing sarcomas (252-254), however case 7 showed a single copy loss of
the entire X chromosome (location of STAG2, not shown in heatmap), which would result in
complete STAG2 loss in this male patient.

Although we identified limited focal, high level gains or losses in CIC-DUX4 sarcomas by
copy number profiling analysis of NGS data (nearly exclusively in cases 1&8), we identified areas
of broad, low level CNAs, including recurrent gains of chr 8, as we have previously reported in
CIC-DUX4 sarcomas (249) and has been observed in Ewing sarcomas (254). Of note, although
MYC has been nominated as the target of chr 8 gain (and was focally amplified in Sample 1),
Sample 8 harbored a gain of chr 8 with a focal high-level gain exclusively of UBR5 (chr 8qg22),
centromeric to MYC. We also observed low level recurrent gains of ETV4, which were focal in
some cases, which may contribute to ETV4 over-expression as has been observed in CIC-DUX4
sarcomas (239,240,249). Likewise, we identified recurrent low level chr 1p deletions that included
the frequently mutated tumor suppressor AR1D1A (255) (at 1p36), in 4 of 8 cases, in addition to
the ARID1A R693X nonsense mutation exclusively in the local recurrence sample of case 7
(Sample 7B). Of interest, chr 1p, and specifically 1p36, has been identified as recurrently deleted
in 6-22% of FISH/karyotyping based studies of Ewing sarcomas (256-259). Results from our small
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series suggest that this alteration may be more frequent in CIC-DUX4 sarcomas, and the
identification of both ARID1A copy loss in multiple samples and a deleterious mutation in Sample
7B is intriguing. Of note, however, ARID1A protein expression was not correlated with copy
number/mutation status, and the ARID1A nonsense mutation is estimated as heterozygous (variant
allele frequency 0.38 and estimated tumor content of 80%). Likewise, 4 of the 5 samples (from 3
of 4 cases) with chr 1p loss (including ARID1A) were obtained after neo-adjuvant chemotherapy,
although the local recurrence sample harboring the ARID1A nonsense mutation (Sample 7B) was
treatment naive. Hence, although ARID1A alterations have shown to be subclonal in other tumors
through NGS (255), whether ARID1A has a role in CIC-DUX4 sarcoma development or
progression is unclear and requires validation in larger cohorts and through functional studies.

Notably, other recurrent copy number alterations seen in Ewing sarcomas (1q gain, 16q
loss, 12q gain, and TP53 (chr 17) deletion (258)), were not recurrent in our limited cohort.
However, case 3 showed broad 1q gain, while case 1—which showed atypical morphology—
harbored deleterious TP53 mutations and CDKN2A two copy loss. Larger CIC-DUX4 cohorts will
need to be assessed to identify specific CNAs that may occur at different frequencies in Ewing
sarcomas and CIC-DUX4 sarcomas.

Our cohort included three sets of paired specimens, one representing near concurrent, post-
chemotherapy primary tumor resection and a brain metastasis (Samples 6A&B), one representing
a pre-treatment primary tumor and a post-radiation therapy pelvic recurrence (Samples 5A&B),
and one representing a treatment-naive primary tumor resection and a rapid local recurrence
(Samples 7A&B). Samples 6A and 6B showed clonal copy number alterations (including chr 8
gain and 18 loss), however the primary tumor exclusively harbored a CTNNB1 E54K mutation (at
subclonal variant frequency) and low level chr 17q gain (involving ETV4), supporting potentially
relevant intertumoral heterogeneity. Likewise, although Samples 5A and B both showed chr 6
gain, both samples had unique CNAs, including broad loss of chr 7q in the post-radiation
recurrence, supporting intertumoral heterogeneity and potential chr 7q loss as an adaptive response
in the radio-resistant clone. Lastly, Samples 7A and B had similar copy number profiles, with the
recurrence exclusively showing SOX2 gain and the ARID1A non-sense mutation.

Limitations of our study include the small cohort size, requiring validation of our findings
in additional cohorts. Such studies will require intra-institutional collaborations given the rarity of

CIC-DUX4 sarcomas. Likewise, although our NGS panel was designed to assess over 400 known
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cancer genes and is capable of detecting both mutations and CNAs, more comprehensive platforms
will be needed to assess the existence of chromosomal rearrangements or recurrent mutations/focal
CNA s in genes not targeted herein (e.g. STAG2). Lastly, future studies will be needed to evaluate
any potential clinical implications as well as any biological links between these alterations and
CIC-DUX4 sarcoma development/progression, given the general lack of relevant cell line and
animal models.

In summary, using NGS we report the somatic mutation and CNA landscape of eleven
routine FFPE CIC-DUX4 specimens from 8 patients, including three paired samples. Like Ewing
sarcomas, we identify a very low mutational rate amongst a large panel of cancer related genes in
CIC-DUX4 sarcomas. Additionally, we identified known (e.g. chr 8 gain) and novel alterations in
CIC-DUX4 sarcomas, including copy number loss and a deleterious mutation in ARID1A (chr
1p36). Additional studies are needed to confirm these findings.

4.2 Multiple Primary Merkel Cell Carcinoma: Molecular Profiling to
Distinguish Genetically Distinct Tumors from Clonally Related

Metastases

4.2.1 Introduction

Merkel cell carcinoma (MCC) is a rare cutaneous neuroendocrine neoplasm. MCC presents
as a red-to-violaceous nodule, typically on sun-exposed skin of aged individuals (260). At the time
of diagnosis of the primary tumor, there is at least a 15-20% risk of clinically occult metastasis to
the regional nodal basin (261-263). The most common site of metastasis is the regional lymph
node basin, followed by skin, lung, liver, bone and other sites of distant metastasis. Evidence
suggests that MCC may arise via two pathways: a virus-associated pathway mediated by the
integration of the oncogenic MCPyV or a UV-damage pathway associated with a high mutation
burden, UV-signature mutations, and inactivation of the tumor suppressors RB1 and TP53 (264-
266).

The phenomenon of multiple primary tumors has been observed in melanoma, where
distinct cutaneous primary tumors are clonally unrelated (267). Importantly, the designation of an
additional distinct primary melanoma impacts management, as the lesion is treated as a primary

melanoma with excision and possibly additional staging with sentinel lymph node biopsy, rather
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than a distant cutaneous metastasis. Following a diagnosis of MCC, the development of additional
cutaneous tumors, whether adjacent to the treated primary site, within the draining lymphatics or
on distant skin, is usually thought to represent a local, in-transit or distant cutaneous recurrence of
the original tumor. However, in rare cases, patients may present with a second cutaneous MCC
that is spatially and/or temporally separated such that the lesion is clinically designated an
independent primary MCC rather than a cutaneous metastasis (268-275). Given the rarity of
multiple primary MCCs, genetic relatedness has been evaluated only in three cases (270,274,275).
One case demonstrated genetic un-relatedness by analyzing sequences of the integrated MCPyV
(270) and the other cases demonstrated clonality by comparative genomic hybridization analysis
(CGH) of chromosomal copy number changes (274,275). The distinction between two primary
tumors and a primary/metastasis pair has significant impact on treatment and prognosis.

Next generation sequencing (NGS), which provides a broad profile of mutations and
chromosomal copy number alterations (CNAs) within a tumor, is ideally suited for clonality
analysis (101). In this study, we evaluate clonal relatedness in four patients with clinically

designated multiple primary MCCs using NGS.

4.2.2 Methods

4.2.2.1 Cohort

All studies were conducted according to protocols previously approved by the Institutional
Review Board of the University of Michigan. Seven MCC cases (14 tumors) designated as multiple
primary tumors (distant metastases not suspected) were identified from a database of 473 cases at
the Multidisciplinary MCC Program at the University of Michigan from 2006 through 4/2016.
Inclusion criteria were availability of paraffin blocks, adequate tumor for sequencing, and adequate
quality DNA for NGS analysis; 4 cases (8 tumors) met these criteria. For case 4, a matched regional
lymph node metastasis was also sequenced. Metastases in other cases did not yield adequate tumor
purity or DNA quantity/quality for inclusion. Clinicopathologic features are summarized in Table
4.2. Two primary-metastasis pairs previously sequenced by the same methods were included in
analysis (276).
4.2.2.2 Targeted Next Generation Sequencing

Targeted NGS assessing the complete coding sequence of 409 cancer related genes on

archived FFPE (formalin-fixed paraffin embedded) material to identify somatic mutations and
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CNAs was performed using the lon Ampliseq Comprehensive Cancer Panel (CCP) (ThermoFisher
Scientific, Waltham MA\) as described previously (250,276).
4.2.2.3 Somatic Variant Identification

NGS data analysis was performed essentially as described (250,276) to exclude probable
germline mutations and nominate high-confidence somatic single nucleotide variants and
insertions/deletions (indels).
4.2.2.4 Copy Number Analysis

CNAs were identified as described (146,250,276).
4.2.2.5 Clonality Analysis

The fraction of shared somatic mutations and CNAs between samples was determined by
similarity index calculation (277,278).
4.2.2.6 MCPyV PCR

Detection of MCPyV sequences in tumor DNA was performed by gPCR and PCR-Sanger

as described (279-282) using novel or customized primers.

Table 4.2 Case Summaries

Clinical CNA Mutation  Time to

Designation and MCPyV Copy Similarity  Similarity  Second MCC Clinical

Case Tumor Number Site Number CNA  Mutations Index® Index Tumor, mo Clonality Outcome®

1 First primary Left finger 0.57 3 67 NA NA NA NA NA
(MCC 24)
Second primary Right finger 1.45 2 4 0 0.014 6 Nonclonal ANED (72 mo)
(MCC23)

2 First primary Left elbow 671.00 5 30 NA NA NA NA NA
(MCC 26)
Second primary Left thigh 471.00 4 0 0.80 0 19 Clonal ANED (48 mo)
(MCC25)

3 First primary Right ala 260.20 3 2 NA NA NA NA NA
(MCC28)
Second primary Left ala 589.40 2 4 0.67 0 Synchronous Clonal ANED (16 mo)
(MCC29)

4 First primary Left cheek 0 1 60 NA NA NA NA NA
(MCC 30)
Second primary Right cheek 0 4 64 0 0 42 Nonclonal Progression to
(MCC32) visceral

metastases

Similarity index was calculated as number of shared events over number of total events. MCC, Merkel cell carcinoma;
MCPyV, Merkel cell polyomavirus; CNA, chromosomal copy number alteration; LN, lymph node; SLN, sentinel
lymph node; N/A, not applicable. ANED: Alive with no evidence of disease. Months post-treatment: since last surgery.
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4.2.3 Results
4.2.3.1 Cases

Seven cases were identified in which a second MCC tumor was clinically designated a
second primary tumor rather than a recurrence or distant metastasis. Four cases had sufficient
quantity and quality of DNA for clonality assessment. The clinical histories of the 4 analyzed cases
are outlined below and summarized in Table 4.1.

Case 1. A man in his 70s was diagnosed with a primary MCC on the left third finger. He
underwent amputation and sentinel lymph node biopsy (SLNB) revealing clear margins at the
primary site and 2 negative sentinel lymph nodes (SLNs) from the left axilla. He did not undergo
adjuvant radiation therapy. Six months later, biopsy of a lesion on his right (contralateral) first
finger showed MCC. Re-staging imaging was negative for metastatic disease. He underwent
excision and SLNB revealing clear margins at the primary site and 3 negative SLNs from the right
axilla. Adjuvant radiation therapy was not indicated. He has been free of disease since treatment
of the presumed second primary MCC almost 6 years ago.

Case 2. A man in his 80s was diagnosed with a primary MCC on the left elbow. He
underwent excision with clear margins and left axillary SLNB interpreted as negative at an outside
institution. Nineteen months later, biopsy of a cutaneous lesion on his left thigh revealed MCC, at
which time he presented to the University of Michigan for further evaluation. Upon review, the
initial left axillary SLNB was found to be positive for microscopic MCC in 1 of 2 lymph nodes.
Therefore, at the time the newly diagnosed lesion on the thigh was presumed to be a distant
cutaneous metastasis. Re-staging imaging was negative for metastatic disease. The lesion on the
thigh was excised, but SLNB or adjuvant therapy was not recommended based on the presumption
of stage 1V disease. Four months later, he developed a nodal MCC metastasis in the left groin.
Inguinal lymph node dissection revealed 2 of 26 lymph nodes positive for MCC. He did not
undergo adjuvant radiation therapy. At this point, based on patterns of metastasis, the tumors were
considered to represent two primary MCCs, each with regional nodal metastases. The patient has
been free of disease for nearly four years since the left inguinal lymph node dissection.

Case 3. A woman in her 70s was diagnosed with two concurrent MCCs on the left and
right nasal alae. Staging imaging did not demonstrate metastatic disease. The lesions were
designated as 2 primary tumors and she underwent excision and SLNB for both sites. Pathology
revealed clear margins at both primary sites and 2 of 4 positive SLNs in the left neck, and 3
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negative SLNSs in the right neck. Based on the uncertain clinical presentation, the patient underwent
bilateral neck dissection revealing additional 23 and 41 negative lymph nodes in the left and right
neck, respectively. She did not undergo adjuvant radiation and has been free of disease for 1.3
years after surgery.

Case 4. A man in his 70s was diagnosed with a large primary MCC on the left cheek with
a concurrent nodal metastasis in the left parotid gland. He underwent excision, parotidectomy, and
left neck dissection, which revealed a positive deep margin at the primary site and 9 of 20 lymph
nodes positive for metastatic MCC. He underwent adjuvant radiation therapy to the left cheek and
neck. He had no evidence of recurrence until 42 months later, when he developed a second MCC
on the right cheek. Re-staging imaging was negative for metastatic disease. Under the presumption
that the lesion represented a second primary MCC, he underwent excision and SLNB, which
revealed clear margins at the primary site and 2/2 right parotid SLNs positive for MCC. He
underwent right parotidectomy and neck dissection with 22 additional negative lymph nodes in
the right neck. He declined adjuvant radiation therapy due to significant xerostomia from his prior
contralateral treatment. Unfortunately, he had progression of disease with recurrence in the right
neck and liver.
4.2.3.2 Merkel Cell Polyomavirus (MCPyV) Status

75% (6 of 8) of the primary tumors in cases 1-4 harbored MCPyV large and small T antigen
sequences (Figure 4.4, Table 4.2). Both tumors from a given patient had similar MCPyV copy
number (Table 4.2). One patient (case 4) lacked detectable MCPyV in the two primary tumors
(Figure 4.4, Table 4.2). In 5 tumors, adequate DNA remained for partial sequencing of the
MCPyV large T antigen exon 2, revealing identical sequences across all cases, without tumor-

specific mutations in the analyzed region.
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4.2.3.3 Mutational and copy number analysis of MCC

We assessed somatic, high confidence mutations and copy number alterations in 409
cancer-related genes across the primary tumors from the 4 cases, as well as a regional lymph node
metastasis in case 4. Results are summarized in Table 4.2 and 4.3. Recurrent events, which suggest
clonality, were identified in a subset of paired tumors, as described in clonality analysis below
(Figure 4.5).
4.2.3.4 Clonality Analysis of MCC Tumor Pairs

Clonality was evaluated in the clinically-designated multiple primary MCC tumors by
quantitating the fraction of shared genetic events in a pair using the similarity index calculation
(278). To determine the expected range of overlap for clonally related MCC tumors, we first
assessed genetic similarity in the primary MCC tumor and matched regional metastasis from case
4, as well as two primary-metastasis pairs (MCC9-MCC14 and MCC10-MCC16; cases 5 & 6)
previously sequenced using an identical approach (276). Primary MCC tumor-metastasis pairs (n
= 3) displayed similarity indices ranging from 0.21 to 1.0 for CNA and 0.09 to 0.91 for mutational
analysis (Figure 4.6). Thus, CNA and mutational similarity indices > 0.21 and 0.09, respectively,
were used as the minimum scores representing likely clonal relatedness. Analysis of random
pairings (primary tumors from different patients, representing 24 total pairings of cases 1-4),

served as a negative control for clonality analysis and displayed no similarities (similarity index =
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0 for both CNA and mutational analyses). For case 1, similarity indices were zero (not clonal) and
0.014 (not clonal), for CNA and mutational analyses, respectively. For case 2, similarity indices
were 0.8 (clonal) and zero (not clonal) for CNA and mutational analyses, respectively. For case 3,
similarity indices were 0.67 (clonal) and zero (not clonal) for CNA and mutational analyses,
respectively. For case 4, similarity indices were zero (not clonal) for both CNA and mutational
analyses. In summary, cases 1 and 4 were confirmed as independent primary tumors without
genetic overlap, while cases 2 and 3 demonstrated genetic relatedness in chromosomal copy
number changes and were designated as clonally related (Figures 4.5 and 4.6).

To evaluate the discrepancy in the clonality results between CNA and mutational analyses,
we evaluated the allele frequency of mutations. Mutations in MCPyV-negative tumors were
observed at an average allele frequency of 49.2%, consistent with heterozygous mutations present
in most or all tumor cells. In contrast, mutations in MCPyV-positive MCC display significantly
lower allele frequencies (average 14.3%), suggesting mutations affecting only a minority of tumor
cells. This pattern was consistent in an independent cohort of previously sequenced MCC tumors®.
Mutations affecting a minority of cells in MCPyV+ tumors might not be present in tumor cells that
metastasize, and/or might arise after metastasis. Hence, lack of shared mutations is not informative
regarding clonality in this context. Taken together, our results support CNAs as earlier events in
MCPyV-positive MCCs, with the vast majority of somatic mutations being subclonal (thus
passenger mutations).

Prioritized somatic driving mutations were also evaluated in the multiple primary tumor
cases determined to be clonally unrelated tumors. Prioritized driver mutations were not identified
in case 1 which displayed unrelated primary MCC tumors on the left and right fingers. Prioritized
driver TP53 and RB1 mutations were identified in case 4 which displayed unrelated primary MCC
tumors on the left and right cheek and a matched nodal metastasis from the right cheek. The
primary tumor on the right cheek and the matched nodal metastasis harbored the same TP53
(Q317X and P32L) and RB1 (Q637X) mutations. The primary tumor on the left cheek harbored
distinct TP53 (H179Y) and RB1 (R552X) mutations. Together these results support the assessment

of clonally independent tumors based on separate driving mutations.
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Table 4.3 Summary of next generation sequencing results in MCC

MCPyV-Negative MCC  MCPyV-Positive MCC

Result (n=3) (n=16)
Mutations, mean 64.0 17.9
Tumor suppressor genes NOTCH1 NOTCH1
with inactivating RB1
mutations in at least 1 FANCC
tumor ASXL1

ATM

CREBBP

FBXW7

TP53
Oncogene activation None None
mutations
Copy number alterations, 3.0 3.2
mean

Abbreviations: MCC, Merkel cell carcinoma;

MCPyV, Merkel cell polyomavirus.
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FIGURE 4.5 Copy number alterations demonstrate genetic distinct tumors in two (of four) cases and genetic
relatedness in two (of four) cases of clinically-designated multiple primary MCCs.

Somatic copy number plots (log. copy number ratio, Log2CN) are shown for each pair of clinically-designated primary
tumors. For case 4, a matched nodal metastasis from the second primary is also shown. Shared gains are highlighted
by orange arrowheads, and shared losses by blue arrowheads. Genomic copy number for Merkel cell polyomavirus
large T antigen (LTAg) and mutation status of TP53 and RB1 genes are shown at the top of each plot. Mutations are
shown by resulting amino acid substitution. WT: wild type.
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FIGURE 4.6 Clonality in clinically-designated multiple primary Merkel cell carcinomas.

(a) Similarity index analysis of copy number alterations (CNAs). Lack of shared CNAs supports independent primary
MCC tumors in two cases (1 and 4). Shared CNAs support clonality in two cases (2 and 3). (b) Similarity index
analysis of mutational events. Cases 1-4 lack significant overlap in shared mutational events. For (a) and (b), dashed
lines indicate minimum and maximum degrees of clonal relatedness displayed by primary-metastasis pairs (positive
controls for clonal relatedness). (c) Summary of findings. Considering CNA similarity indices, cases 1 and 4 are
deemed non-clonal and cases 2 and 3 are deemed clonally related. Similarity index is calculated as shared events
divided by the sum of shared and unique events for each pair.
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4.2.4 Discussion

The clinical diagnosis of multiple primary MCC tumors is rare, but important for
management and prognosis. Treatment of a second primary MCC includes excision and staging
with sentinel lymph node biopsy, and prognosis depends upon sentinel lymph node status.
Conversely, the diagnosis of a distant cutaneous metastasis is managed as stage IV disease. Here,
we utilized NGS to analyze clonality in four cases of clinically-designated multiple primary MCC
tumors. For maximal sensitivity, we compared tumor mutations, chromosomal copy number
changes, and MCPyV sequence.

Multiple primary MCCs were verified in case 1 (second primary MCC arising on
contralateral hand) and case 4 (second primary MCC arising on contralateral cheek) as the tumor
pairs did not harbor similar copy number alterations or significant mutational overlap (Table 4.2).
In case 4, tumors displayed distinct TP53 and RB1 mutations, consistent with the proposed role
for inactivation of these tumor suppressor genes as driving, early events in MCPyV-negative MCC
(264,283). Of note, in case 1, which was MCPyV-positive, a limited number of discordant CNAS
drove the determination of multiple primary MCC status, as identified mutations in each sample
were non-prioritized and subclonal based on variant allele frequency assessment.

Clonal relatedness was identified in case 2 (MCC on left elbow and subsequently on left
thigh) and case 3 (MCCs on bilateral nasal alae). In case 2, both tumors shared multiple copy
number changes that are predicted to be early events, compared to mutations arising later.
Although speculative, we hypothesize that the second MCC tumor on the left thigh arose from
hematogenous spread from the primary tumor or the untreated left axillary nodal metastasis and
that the nodal recurrence in the left groin was from lymphatic drainage from the left thigh
metastasis.

In case 3, both tumors displayed significant overlap in CNAs. Given the synchronous
occurrence, these tumors likely represent a primary and in-transit metastasis pair. A less likely
scenario is that both tumors represent in-transit metastases from a regressed midline primary
tumor.

Rare cases of multiple primary MCCs have been reported (268-275). The designation of
multiple primary MCC tumors should be assigned carefully. In our multidisciplinary MCC
experience, some cases reported as multiple primary MCC tumors are more consistent with the

presentation of in-transit metastatic disease, such as cases of multiple MCC tumors on the scalp
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(268) and the ankle (269). Importantly, genetic relatedness has been evaluated by alternative
technologies in three cases with findings similar to our current study (270,274,275). Sharma et al.
confirmed the diagnosis of independent primary MCCs by sequence analysis of the MCPyV
genomes in a patient with a MCC on the left upper arm who developed a second MCC on the right
elbow six years later (270). Ahronowitz et al. demonstrated clonality by array CGH in a patient
with a primary tumor on the right cheek and the second tumor on the left leg 2 months later (274).
Nagy et al. used CGH to demonstrate shared and distinct molecular patterns in a primary MCC
tumor on the lip and a second tumor on the palatine tonsil 7 years later (275). Nagy et al. conclude
that the second tumor was an independent primary MCC with a field effect from the first tumor.
Given the genetic overlap, we and others interpret these tumors to be clonally related (284).

MCPyV is found to be integrated in up to 80% of MCCs (26). Interestingly, we found that
tumors from the same patient were consistently MCPyV-negative or MCPyV-positive, regardless
of clonal relatedness. Although our cohort is small, this observation suggests that a given patient
may be predisposed to development of either MCPyV-negative or MCPyV-positive MCC.
Furthermore, MCPyV status alone is not a reliable indicator of clonal relatedness between MCC
tumors.

This study has several limitations. The occurrence of clinically-designated multiple
primary MCCs is exceedingly rare, which limits appropriate cases with tissue suitable for analysis.
However, this series represents the largest to date, the first to use NGS for clonality analysis, and
the only study to analyze clonality in multiple primary MCCs by multiple parameters in parallel:
mutations, CNAs, and MCPyV sequence. Of these, we found CNA similarity to be a more
consistent indicator of clonality than mutations in genetically related tumors, thus mutation
analysis is less informative in this context. In particular, MCPyV-positive MCC has low mutational
burden, with the vast majority of somatic mutations being subclonal, non-driving mutations, which
may explain why examination of tumor mutations was not reliable for demonstrating clonality in
these tumors. Unlike a previous study, we did not find MCPyV sequence analysis to be useful in
evaluating clonal relatedness, as all MCPyV-positive tumors displayed high similarity in viral
sequence. However, coverage of the MCPyV sequence was limited in many cases due to low
remaining material, therefore we cannot exclude the possibility that more extensive analysis of
viral sequences might be informative. Likewise, we only assessed a portion of the tumor genome,

and hence are unable to assess fine subclonal structure in the related tumors. However, the purpose
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of our study was to assess clonal relatedness between two apparent primary tumors, not detailed

intra- or inter-tumoral heterogeneity.

4.2.5 Conclusions

Our findings show that patients with MCC may develop a second genetically distinct
primary tumor, which is likely to develop through similar mechanisms of pathogenesis. Our study
also supports clonality, and hence metastasis, in two cases of presumed multiple primary tumors.
These findings underscore the challenge to correctly distinguish a second primary MCC from an
isolated distant cutaneous metastasis, which has critically important prognostic and therapeutic
implications. Our findings also support copy number analysis as more effective than mutational
analysis for determining clonality in MCC, including MCPyV-positive tumors with low mutational
burden. Given that clinicopathologic criteria may be imperfect, as seen in multiple primary lung
carcinoma (285), copy number analysis by array comparative genomic hybridization or NGS may

assist in the determination of clonality in clinically challenging cases.

4.3 Comprehensive Molecular Profiling of Olfactory Neuroblastoma
Identifies Potentially Targetable FGFR3 Amplifications

4.3.1 Introduction

Olfactory neuroblastomas (ONBs), also known as esthesioneuroblastomas, are malignant
round-cell neuroectodermal tumors which represent up to 5% of sinonasal malignancies (135).
Patients of all ages are affected (range 3-90 years) (136). Clinical course is variable, with some
tumors displaying indolent behavior and others aggressively invading the intracranial cavity and/or
displaying metastatic spread to lymph nodes, lung, or bone (135,136). 5-year survival is less than
50% for tumors with extension beyond the sinonasal cavity (136). Prognostic features are
controversial (286), with patient age, tumor grade, presence of lymph node metastases, and TP53
mutations reported as being associated with poor outcome (287). Critically, management options
for aggressive disease is challenging due to a lack of recurrent, targetable oncogenic drivers, in
part because molecular studies of ONBs have been limited (287).

Cytogenetic studies suggest ONBs are karyotypically complex neoplasms with
chromosomal instability, however recurrent drivers or therapeutic targets have not been

consistently nominated (287-293). More comprehensive molecular approaches, such as next-
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generation sequencing (NGS), have only been reported for three cases of metastatic ONB
(including one with matched primary tumor) (294-296). Hence, here we sought to
comprehensively profile ONB through NGS to identify recurrent driving somatic alterations and
potential therapeutic targets.

4.3.2 Methods

4.3.2.1 Case Selection

This study was conducted according to previously approved University of Michigan
Institutional Review Board (previously only used IRB) Protocols. Retrospective ONB cases were
identified by searching University of Michigan Department of Pathology databases for “olfactory
neuroblastoma” or “esthesioneuroblastoma.” Diagnosis was confirmed by board certified
Anatomic Pathologists (PWH and JBM). Of 48 cases identified, 25 were excluded due to

insufficient quality or quantity of material. Therefore, only 23 ONBs were sequenced.

4.3.2.2 Targeted multiplexed PCR based (mxPCR) NGS

An H&E stained section was used as a guide for dissection from a minimum of 4 formalin-
fixed, paraffin-embedded (FFPE) 10-micron sections by a board-certified pathologist (P.W.H.) to
obtain a minimal estimated tumor purity of 60%. The areas with highest tumor purity were
macrodissected using a scalpel. DNA and RNA were co-isolated using the Qiagen Allprep FFPE
DNA/RNA kit (Qiagen, Valencia, CA) and the Qiagen QIAcube (Qiagen, Valencia, CA),
according to the manufacturer’s instructions and were quantified using the Qubit 2.0 fluorometer
(Life Technologies, Carlsbad, CA).

Targeted mxPCR based NGS was performed as previously described (99,101,297). Forty
ng of DNA per sample was used to generate libraries using the lon AmpliSeq Library Kit 2.0 (Life
Technologies, Carlsbad, CA) and targeted multiplexed PCR with barcode incorporation using the
Comprehensive Cancer Panel (CCP), which targets 1,688,650 bases from 15,992 amplicons
representing 409 cancer genes (http://tools.invitrogen.com/downloads/cms_103573.csv).
Template preparation was performed using the lon PI-Hi-Q Template OT2 200 Kit (Life
Technologies, Carlsbad, CA) and the lon OneTouch ES Instrument (Life Technologies, Carlsbad,
CA). NGS of multiplexed templates was then performed on lon Proton P1 chips using the lon P-

HiQ Sequencing 200 Kit according to the manufacturer’s instructions.
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4.3.2.3 Variant Calling and Prioritization

Data analysis was performed using in-house developed, previously validated pipelines
using Torrent Suite 4.0.2, with alignment by TMAP and variant calling using the Torrent Variant
Caller plugin (298). Annotated variants were filtered to remove synonymous or non-coding
variants, poorly supported calls/sequencing artifacts and germ line alterations. Any variant present
in the 1000 Genomes (Phase Il), Exome Sequencing Project callset, or the EXAC database
(http://exac.broadinstitute.org) at population allele frequencies greater than 0.1% was considered
germline and excluded. Additionally, variants that were present in EXAC with a variant fraction
between 40 and 60% (or >90%) were also excluded unless occurring at a well-supported somatic
mutation hotspot in COSMIC. All retained variants had flow corrected variant allele containing
reads (FAO) counts > 6 and flow corrected read depth (FDP) > 20, with overall variant fraction
(FAO/FDP) > 10%. Additionally, any variants called in >4% of internally sequenced samples
using the same panel and not reported in COSMIC as well as variants with extreme skewing of
forward/reverse flow corrected reads (FSAF/FSAR <0.2 or >5) were removed. High confidence
somatic variants passing the above criteria were then visualized using the Integrated Genomics
Viewer (IGV) for read level confirmation. After filtering and visual confirmation, potential driving
alterations were prioritized using the COSMIC Database, with prioritization of recurrently
reported variants (>2 occurrences) in oncogenes, and recurrent or deleterious (non-sense, splice

site, frame-shifting insertions/deletions [indels]) variants in tumor suppressors.

4.3.2.4 Copy number analysis

Normalized, GC-content corrected read counts per amplicon for each sample were divided
by those from a pool of normal male genomic DNA samples (FFPE and frozen tissue, individual
and pooled samples), yielding a copy number ratio for each amplicon. Gene-level copy number
estimates were determined as described previously by taking the coverage-weighted mean of the
per-probe ratios, with expected error determined by the probe-to-probe variance (146,297). Genes
with a logz copy number ratio estimate of <-1 or >0.80 were considered to have high level loss

(deletion) and gain (amplification), respectively.

4.3.2.5 Mi-Oncoseq
Two ONB cases were also identified from the Mi-Oncoseq program at the University of
Michigan, which performs comprehensive germline and somatic sequencing for adult patients with

advanced cancers or unusual presentations to facilitate clinical trial enrollment and guide precision
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medicine approaches. Clinical grade, hybrid capture-based exome or targeted (1,711 cancer related
genes) sequencing of tumor and normal tissue to identify somatic mutations, fusions, and copy
number alterations was performed as described (299). Potential driving somatic mutations were
classified as for targeted sequencing described above.

4.3.2.6 Expression profiling by RNAseq

Targeted mxPCR based NGS of RNA was performed on co-isolated RNA from all 23 ONB
samples assessed by mxPCR based NGS of DNA (ONB1-23) as previously described using a
custom lon Ampliseq panel assessing 103 target genes and 8 housekeeping genes relevant for
urothelial carcinoma (101), except template preparation and sequencing was performed as
described above for DNA mxPCR. Data analysis was performed essentially as described using the
Coverage Analysis RNA Plug-in (101). Samples with low quality data (<150,000 total mapped
reads or <50% full-length reads) were excluded from all further analyses. For high quality samples,
for each amplicon, full length read counts were log: transformed (read count + 1). Then, to determine
normalized expression for each target gene, the log. count was normalized to the median of the log.
counts (geometric mean) of five housekeeping genes expressed across normal urothelium, urothelial
cancer and ONB (CTCF, TARDBP, HNRNPK, TRHAP3, SAFB). Data from previously sequenced
normal urothelium (n=3) and urothelial carcinoma (n=11) (101) meeting the above quality criteria, as
well as urothelial carcinoma with extensive squamous differentiation (n=2; Hovelson et al., manuscript
in preparation) were processed exactly as for ONB samples. Unsupervised centroid linkage
hierarchical clustering of genes and samples (with median centering of genes) was performed using
Cluster 3.0 and visualized using Java TreeView. Median normalized expression of FGFR3, FOXA1
(luminal subtype marker) and KRT6A (basal subtype marker) was compared across luminal subtype
bladder cancers, basal subtype bladder cancers and ONB by the Kruskal-Wallis test with pairwise
comparisons if results were statistically significant (p<0.05) using MedCalc v14.12.

4.3.2.7 Immunohistochemistry
Immunohistochemical staining for p53 and B-catenin was performed on a Ventana automated

stainer.
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4.3.3 Results

4.3.3.1 ONB cohort

We identified a cohort of 23 ONBs with sufficient available archived FFPE tissue for
targeted mxPCR NGS. Seven and eight samples showed poor quality DNA and RNA sequencing
data, respectively, and were excluded from subsequent analysis, resulting in a final cohort
consisted of 18 tumors from unique patients. The mean patient age was 53 years (median 55, range
26-72 years), with samples from 14 men and 4 women. The tumors were mainly primary from the
sinonasal region (n=9), however there were also recurrent (n=5), as well as locoregional metastases
(4). There was a prior history of radiotherapy for 7 tumors (3 recurrences and 4 metastases). We
also identified two ONBs profiled as part of the Mi-Oncoseq clinical sequencing program at the
University of Michigan to identify precision medicine opportunities for patients with advanced
cancer. Both samples were locoregional recurrences from male patients aged 40-59 who had been
treated with radiotherapy (one with radiotherapy and chemotherapy [cisplatinum/etoposide]).
Considering both archival and Mi-Oncoseq cases, the final cohort size was 20 tumors.

4.3.3.2 NGS demonstrates minimal recurrent driving somatic mutations in ONBs.

Targeted mxPCR NGS of DNA assessing the coding sequence of 409 cancer related genes
from the 16 informative archived samples generated an average of 4,529,551 mapped reads
yielding 263x targeted base coverage. After stringent filtering, we identified an average of 7 high
confidence somatic mutations (range 0-21) and <1 high confidence prioritized driving somatic
mutation (range 0-2) across the 16 samples. In the two Mi-Oncoseq profiled ONBs, we identified
16 (from >1,700 targeted genes) and 45 somatic mutations (from full exome capture), respectively,
with no prioritized driving somatic mutations. All prioritized somatic mutations from the 18 total
informative samples are shown in Figure 4.7.

No genes showed recurrent prioritized somatic mutations, and 6 of the 7 prioritized somatic
mutations were in tumor suppressors. For example, ONB16 (a case from a patient who died of
disease) harbored a TP53 V272M mutation and a deleterious PTEN Y 16X mutation (Figure 4.7).
We confirmed the expected p53 protein over-expression in this case by immunohistochemistry.
Likewise, we also identified inactivating mutations of the lysine methyltransferase genes KMT2C
Y366X (MLL3) in ONB 15 and KMT2A S3702X (MLL1) in ONBS6 (Figure 4.7). ONB6 harbored
an activating CTNNB1 S37F mutation, and we confirmed the expected nuclear beta catenin
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expression by immunohistochemistry (Figure 4.7). Taken together, these results suggest that

driving somatic mutations in known cancer associated genes are infrequent in ONB.

4.3.3.3 ONBs harbor highly recurrent chromosome/arm level copy number alterations and
amplifications in FGFR3 and CCND1

Although driving somatic mutations were rare in our cohort, we found that all ONBs
harbored multiple whole chromosome (or arm level) CNAs, including highly recurrent gains and
losses (Figure 4.8A and 4.8B). Chromosome 20 gains were the most frequent CNA gains
observed in our cohort, present in 16 of 18 (89%) ONBs. Gains of chromosomes 5, 7, and 11 were
similarly common in our cohort (occurring in 78%, 61%, and 67% of tumors, respectively). Losses
of chromosomes 12, 8, 3 and 1 were also frequently observed. In addition to these single-copy
chromosome level gains and losses, we also identified recurrent low-level amplifications of known
oncogenes in our ONB cohort (Figures 4.7 and 4.8), including CCNDL in 4/18 (22%) samples,
respectively. Most intriguingly, we identified focal low-level amplifications of the targetable
receptor tyrosine kinase FGFR3 in 5/18 (28%) ONBs (Figure 4.8). Two samples harbored co-
amplification of CCND1 and FGFR3 (Figure 4.7 and 4.8C), and FGFR3 amplification was also
observed in the absence of broader chromosome 4 gain (Figure 4.8C). Focal, high level deletions
were rare in our cohort, with the only prioritized two-copy deletion in our cohort occurring in
ONB2194, which harbored a focal, two copy deletion of CDKN2A (and CDKN2B), as shown in
Figure 4.8B.
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FIGURE 4.7 Integrated heatmap of prioritized mutations and copy humber changes in olfactory
neuroblastomas (ONB) identified by comprehensive next generation sequencing.

Integrated table of high-confidence, prioritized somatic mutations and copy number alterations (CNAs) identified by
NGS of >400 cancer related genes across a cohort of 18 ONBs. Clinicopathological information for each sample is
shown above the heatmap according to the legend (XRT = radiation therapy; Chemo = chemotherapy). All prioritized
somatic mutations and high level CNAs are shown in the heatmap with alteration type indicated by cell color according
to the legend. FP indel: frame-preserving insertion/deletion. FS indel: frameshift insertion/deletion. Loss: homozygous
copy number loss. Gain: copy number gain.
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FIGURE 4.8 Recurrent copy number changes in ONBs include gains of chromosomes 5, 7, 11, and 20, and
focal amplification of the potential therapeutic target FGFR3.

Genome wide copy number profiles were by multiplexed PCR (mxPCR) based NGS (A) or comprehensive
hybridization-capture based NGS (B). Heatmap of autosomal, gene-level, log base 2 (Log,) copy number ratios (vs. a
composite normal sample) for 371 targeted genes. Genes are sorted in order of genomic position and samples are
clustered by unsupervised hierarchical clustering. Gains and losses are indicated according to the color scale.
Clinicopathological information for each sample is indicated. B. Genome-wide copy number profiles for two ONBs
profiled by comprehensive hybrid capture based NGS (ONB2194 profiled by exome sequencing, ONB2215 profile
by sequencing of over 1,700 cancer related genes). Individual exon-level probe Log, copy number ratio (vs. a matched
normal sample) is plotted for each targeted gene, with data colored by chromosome. Prioritized high level
amplifications and deletions are indicated. C. Recurrent amplifications in the potential therapeutic target FGFR3 were
identified in 5/18 profiled ONBs. Genome-wide autosomal copy number profiles for two samples with FGFR3
amplifications are shown. Data is as in A, except Log, copy number ratios for each gene are plotted. High level
amplifications and deletions are indicated.
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4.3.3.4 Expression profiling of ONBs confirms high FGFR3 expression in amplified cases

To assess the expression of relevant genes in ONB, most notably FGFR3, we profiled co-
isolated RNA from the 23 ONBs subjected to DNA mxPCR sequencing by targeted mxPCR
RNAseq using a previously described custom Ampliseq panel assessing 103 target genes (and 8
housekeeping genes) relevant for urothelial carcinoma (101). Importantly, this panel assesses
FGFR3, and would enable us to compare the expression profiles of our current ONB cohort to our
previously profiled luminal (which is defined in part by high FGFR3, FOXA1l and KRT19
expression (300)) and basal subtypes of urothelial carcinoma (defined in part by high KRT6A and
KRT14 expression (300)). Fifteen of the 23 ONB generated high quality mxPCR RNAseq
sequencing results, with ONB04, ONB15, and ONB10 only having high quality DNA sequencing
data, and ONB14 and ONBO1 only having high quality RNA sequencing data. Across the 15 ONB
samples, we generated an average of 2,593,832 total mapped reads and 2,132,101 full length reads
(77%). Unsupervised hierarchical clustering of the high quality ONB samples and previously
profiled urothelial samples shown unsurprisingly showed clear separation of ONB from all
urothelial samples (n=3 normal urothelial samples, n=7 luminal bladder cancers, n=2 luminal/basal
bladder cancers and n=4 basal bladder cancers), as shown in Figure 4.9A. Likewise, ONB showed
essentially no expression of nearly all canonical luminal and basal subtype markers (Fig 4.9A and
4.9B). For example, normalized logz expression of FOXAL (luminal marker) differed substantially
across luminal bladder cancer, basal bladder cancer and ONB (Kruskal Wallis test p=0.0001,
median log> expression 3.4, -0.2 and -9.2, respectively; all pairwise comparisons p<0.05; Fig
4.9B), as did expression of the basal marker KRT6A (Kruskal Wallis test p=0.0002, median logz
expression 2.4, 10.8 and -5.6, respectively; all pairwise comparisons p<0.05; Fig 4.9B). Strikingly,
however, ONB showed non-significantly greater FGFR3 expression than luminal or basal bladder
cancers (median logz expression 0.1 vs. -1.2 and -1.4, respectively; Kruskal Wallis test p=0.21;
Fig 4.9B), and the highest FGFR3 expression in the cohort was observed in ONB12 (Fig 4.9A),
which harbored a high level FGFR3 amplification by DNA mxPCR based sequencing. Likewise,
ONB18, which also had an FGFR3 amplification by DNA sequencing, showed the fifth highest
FGFR3 expression across the 31 total samples and had the second highest FGFR3 expression in
the ONB cohort (Fig 4.9A). Lastly, although FGFR3 is activated in some tumor types by both
hotspot mutations and gene fusions (301), we did not observe any activating mutations by DNA

sequencing and the Mi-Oncoseq cases, which underwent capture transcriptome sequencing, did
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not harbor any driver gene fusions (including those involving FGFR3). Taken together, these
results demonstrate relatively high expression of FGFR3 across ONB, and confirm that the highest

expression is observed in cases with focal FGFR3 amplification.
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FIGURE 4.9 Targeted multiplexed PCR (mxPCR) based RNA sequencing (RNAseq) confirms relatively high
expression of FGFR3 in ONB and high level expression in FGFR3 amplified samples.

RNA was co-isolated from all FFPE ONB samples subjected to mxPCR based DNA NGS (Figures 1 & 2), and 20ng
was subjected to RNAseq using a custom AmpliSeq panel assessing 103 target genes (relevant to bladder cancer) and
8 housekeeping genes. A. Unsupervised hierarchical clustering using of target gene expression (median centered, log:
normalized expression according to the color scale) for all high quality ONB samples (gray) and similarly processed
previously profiled normal urothelium samples (red), luminal bladder cancer samples (yellow), basal bladder cancer
samples (green) and luminal/basal bladder cancer samples (light green). Genes of interest are shown to the right of the
heatmap. Expression of FGFR3, FOXA1, KRT19 and KRT20 (luminal subtype markers) and KRT14 and KRT6A (basal
markers) are shown below the heatmap. FGFR3 amplified ONB samples are named in red. B. Box and whisker plots
of log, expression for all luminal bladder cancer samples (yellow), basal bladder cancer samples (green) and ONB
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samples (gray) from A are shown for FOXA1, KRT6A and FGFR3. P values from Kruskal Wallis tests across the three
classes are shown. For statistically significant distributions (p<0.05), all statistically significant (p<0.05) pairwise
comparisons are indicated by *.

4.3.4 Discussion

Olfactory neuroblastomas are aggressive tumors for which accurate prognostication is
challenging and targeted therapeutic strategies are lacking. Here, we utilized multiple NGS
approaches on a cohort of 22 total ONBs to determine the genomic landscape, identify potential
therapeutic strategies and performed limited transcriptional profiling to confirm DNA findings.
We are aware of three case reports sequencing ONBs (3 metastatic ONBs, one with a matched
primary). In the study of a matched primary and metastatic tumor, whole genome sequencing
demonstrated a deleterious somatic TP53 mutation, with additional non-hotspot mutations of
unknown significance affecting KDR and MYC, among others, in the metastasis but not the primary
(294). Whole exome sequencing of another case of metastatic ONB also demonstrated mutations
in TP53 and CDKN2C, as well as other genes (296). An additional exome sequencing study of one
case of metastatic ONB found mutations including EGFR R521K (associated with response to
cetuximab), as well as mutations of unknown significance in KDR and FGFR2 (295). Our results
are consistent with these findings, supporting limited recurrent somatic mutations in known cancer
genes in ONBs. Importantly, we did identify TP53 and PTEN mutations in one case with an
aggressive course. However, the presence of TP53 mutation is not likely to be a sensitive finding
for poor outcome, as many tumors with aggressive course in our cohort were wild type for TP53,
consistent with a previous targeted study of 18 ONBs (including aggressive cases) that failed to
identify TP53 mutations (302). Likewise, as we performed only targeted NGS of tumor tissue in
the majority of our samples, our study was not designed to identify novel recurrently mutated genes
in ONB or identify contributing germline alterations.

In contrast to low and variable mutation rates, ONBs displayed high rates of recurrence in
copy number aberrations affecting whole chromosomes (5, 7, 11, 20) and focal amplifications
including CCND1 and FGFR3 were identified in subsets of patients. In some tumors, copy number
gain of an oncogene represented the only prioritized driver event. In others, copy gain of oncogenes
was accompanied by deleterious mutation of tumor suppressor genes. These findings represent a
major expansion upon previous knowledge of ONBs. Prior molecular analyses have predominantly

focused on copy number alterations in ONB using lower resolution approaches (288-293). Our
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findings agree with previous reports that ONBs are cytogenetically complex tumors harboring
multiple chromosomal aberrations (typically arm/chromosome level events). Comparing previous
studies, a consistent pattern of specific cytogenetic changes in ONB is not found (287). However,
similar to our findings, gains have been reported to involve chromosome 11 (including
CCND1)(288,292,293) and 20q (including BCL2L1) (288-290). Although gains of chromosome 4
have been reported previously (289,292), ours is the first to specifically nominate FGFR3 as a
recurrent oncogenic driver in a subset of ONBs. Importantly, multiple FGFR specific or non-
selective tyrosine kinase inhibitors that inhibit FGFR are in various stages of clinical development
(303), including ponatinib, a multi-tyrosine kinase inhibitor (including FGFR1-4) that is FDA
approved for leukemia treatment and has shown potent pan-FGFR inhibition in preclinical models
(304). Unfortunately, cell line models for ONB are not widely available to assess preclinical
evidence for FGFR3 inhibition in this disease, however, if confirmed in other studies, our results
suggest that a subset of patients with ONB requiring medical therapy may be candidates for
ongoing basket studies evaluating FGFR inhibitors in patients with advanced solid tumors (e.g.
NCTO01752920 and NCT02272998, clinicaltrials.gov, accessed 12/7/16).

By targeted RNAseq (RNA-seq used throughout) using bladder cancer as a comparison
(where FGFR3 activation and expression is part of the defining signature distinguishing luminal
vs. basal subtypes), we demonstrated that ONB had relatively high FGFR3 expression
(comparable to bladder cancer), but essentially lacked expression of all other luminal or basal
markers. Importantly, 2 of the 3 FGFR3 amplified ONBs with high quality RNAseq data had the
highest FGFR3 expression across our ONB cohort, further supporting the potential therapeutic
relevance of FGFR3 amplifications in this disease. Although the targeted RNAseq panel was
designed to profile bladder cancer, limiting more general conclusions from our ONB cohort, we
observed that ONB had very low expression of canonical cell cycle/proliferation genes (see cluster
containing TOP2A and CDC45 in Figure 4.9A), with relatively high expression of the
“mesenchymal” type gene expression module (300) (see cluster containing ZEB2, SPARC and
ZEBL1 in Figure 4.9A). Lastly, in addition to amplification, FGFR3 is known to be activated by
gene fusions and mutations in other types (305). No ONB samples profiled herein harbored
activating FGFR3 mutations. Likewise, while our targeted RNAseq panel did not assess for the
canonical FGFR3-TACC3 and FGFR3-BAIAP2L1 fusions seen in bladder cancer and other cancer

types (306), representing a limitation of our study, comprehensive capture transcriptome
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sequencing did not identify any driving genes fusions in the two samples (both of which lacked
FGFR3 amplifications) profiled by Mi-Oncoseq.

In summary, we report the largest NGS based comprehensive molecular profiling study of
ONB to date. We found that ONBs are characterized by multiple chromosomal copy number
alterations, including potential drivers such as CCND1 amplification, as well as potentially
targetable FGFR3 amplifications. ONBs harbored a low mutational burden, with rare but
heterogeneous deleterious tumor suppressor mutations and no highly recurrently mutated genes.
Although our findings suggest that ONBs are largely copy number driven tumors with
heterogeneity in deregulated pathways, a subset may be driven by potentially targetable FGFR3

amplifications resulting in FGFR3 over-expression.

4.4 Future Directions

Due to the rarity of the cancers discussed, we were primarily limited by sample size and
availability of model systems to further investigate the genomic alterations identified. Therefore,
as a way to improve our studies, we propose a multi-institutional study where sample processing
and data analysis is consistent. This approach would allow us to have access to more samples and
use the genomic data obtained at different locations to fully characterize each type of cancer.
Additional sequencing of other rare cancers, such as choriocarcinomas, is also necessary since it
can help guide patients toward a targeted therapy, increase the number of patients eligible for
therapies in clinical trials, and expand our knowledge of cancer biology as it has been throughout
the years (4,307).

Specifically, we propose to conduct RNA expression analysis to gain a deeper
understanding of how different fusions affect the transcriptomic landscape since there were very
little somatic events identified through targeted NGS. In this case, we would profile CIC-DUX4
sarcomas and other sarcomas driven by gene fusions such as Ewing, synovial, and other
undifferentiated small round cell sarcomas. In Merkel cell carcinomas, there are still questions
concerning differences between virus positive (VP) and virus negative (VN) MCCs. Although
MCC tumors involve cells that resemble sensory Merkel cells, MCC tumors are frequently found
in the dermis but can also arise from any layer of the skin. In conjunction with the genetic
differences between VP and VN MCCs we observe in our study, these tumors may have distinct

cells of origin and therefore a different mechanism of tumor initiation. Therefore, identifying cell
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of origin through genetic lineage marking studies and exploring the effect of the tumor
microenvironment contributing to the pathogenesis of MCCs would be valuable and beneficial to
modelling this disease (308). In ONBs, FGFR3 amplification should be characterized in an ONB
cell line; however, a cell line of this type does not currently exist. Future studies would ideally
involve creating an ONB cell line or patient-derived xenograft with endogenous FGFR3
amplification in which we could assess response to therapeutic targeting using FGFR inhibitors,

such as ponatinib (304).
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CHAPTER 5: Summary, Conclusions, and Precision
Medicine

5.1 Summary and Conclusions

The overall objective of this dissertation was to answer important questions about cancer
development and progression through characterizing a range of cancers, including rare cancers, by
a validated targeted NGS approach on routine clinical FFPE tissues.

In LGECs, we performed multi-region, comprehensive somatic molecular profiling of
routinely processed FFPE material from 13 cases of LGEC totaling 64 minute, spatially defined
cell populations ranging from presumed precursor lesions through invasive LGEC. Shared
driving PTEN, PIK3R1, or PIK3CA mutations support clonal origin of the samples in each case,
except for two cases with clonally distinct neoplastic populations, consistent with unexpected
multiclonality in LGEC development. Although substantial heterogeneity in driving somatic
alterations was present across populations in nearly all cases, these alterations were usually clonal
in a given population, supporting continued selection and clonal sweeping of driving alterations in
populations with both precursor and LGEC histology. Importantly, CTNNB1 mutational status,
which has been proposed as both prognostic and predictive in LGEC (143,144), was frequently
heterogeneous and subclonal, occurring both exclusively in precursor or cancer populations in
different cases. Whole-transcriptome profiling of co-isolated RNA from 12 lesions was robust and
confirmed histologic and molecular heterogeneity, including activated Wnt signaling in CTNNB1-
mutant versus wild-type populations. Taken together, we demonstrate clinically relevant
multiclonality and intratumoral heterogeneity during LGEC development with important
implications for diagnosis, prognosis, and patient care

Additionally, we used squamous cell carcinomas as our second model characterizing
precursor lesions. Here, we used high depth, targeted next-generation sequencing to characterize
the somatic genomic landscape of 56 cutaneous lesions and 43 ocular surface lesions. Ocular and

cutaneous squamous neoplasms displayed a predominance of UV signature mutations. Precursor
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lesions had highly similar somatic genomic landscapes to invasive SCCs, including chromosomal
gains of 3g involving SOX2, and highly recurrent mutation/loss of heterozygosity events affecting
tumor suppressors TP53 and CDKN2A. Among TP53 wild-type tumors, human papillomavirus
(HPV) transcript was detected in one matched pair of cutaneous CIS/invasive SCC. A subset of
cutaneous CIS displayed an RB1 mutation that was not observed in invasive SCC. Transcriptome
analysis demonstrated significant upregulation of pro-invasive genes in invasive SCC relative to
precursor lesions. Ocular and cutaneous neoplasms demonstrate similar alterations, supporting a
common pathway for squamous neoplasia on UV-exposed epithelia. However, oncogene
amplification appears more frequent in ocular lesions. Precursor lesions possess the full
complement of major genetic changes seen in SCC. However, precursor and invasive SCC lesions
demonstrate distinct transcriptome profiles, supporting non-genomic drivers of invasiveness.

We also performed comprehensive molecular profiling of three different types of rare
cancers with little to no genomic characterization, CIC-DUX4 sarcomas, MCCs, and ONBs.
Although we did not identify recurrent somatic mutations in CIC-DUX4 sarcomas, CN analysis
showed recurrent, broad CN alterations, including gain of chromosome 8 and loss of 1p. In one
sample pair (untreated primary and local recurrence resections), we identified similar CN profiles
and a somatic ARID1A p.R963X nonsense mutation exclusively in the local recurrence sample. In
another sample pair (pre- and post-radiation treatment specimens), we observed single-copy loss
of chromosome 7q exclusively in the post-treatment recurrence sample, supporting it as an
acquired event after radiation treatment. In the last sample pair (near-concurrent, post-
chemotherapy primary and distant metastasis), molecular profiles were highly concordant,
consistent with limited intertumoral heterogeneity. In summary, NGS identified limited somatic
driver mutations in CIC-DUX4 sarcomas. However, we identified novel, recurrent CNAs,
including chromosome 1p, which is also the locus of ARID1A. In MCCs, mutations, CN
alterations, and MCPyV sequence were analyzed and compared between clinically designated
multiple primary MCCs to characterize genetic relatedness and hence assess clonality in 4 cases.
Cases 1 and 4 were verified as genetically distinct primary tumors and did not harbor similar CNAs
or demonstrate significant mutational overlap. Cases 2 and 3 were designated as clonally related
based on overlapping CNAs. In clonally related tumors, chromosomal CN changes were more
reliable than mutations for demonstrating clonality. Regardless of clonality, we found that MCPyV

status was concordant for all tumor pairs and MCPyV positive tumors harbored predominantly
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subclonal mutations. To identify potential oncogenic drivers and targetable pathways in ONBs, we
characterized 20 ONBs. Somatic mutations were infrequent in our cohort, with 7 prioritized
nonsynonymous mutations in 5 of 18 (28%) ONBs, and no genes were recurrently mutated. We
detected arm/chromosome-level copy-number alterations in all tumors, most frequently gains
involving all or part of chromosome 20, chromosome 5, and chromosome 11. Recurrent focal
amplifications, often but not exclusively in the context of arm-level gains, included CCND1 and
the targetable receptor tyrosine kinase FGFR3. Targeted RNA NGS confirmed high expression
of FGFR3 in ONB (at levels equivalent to bladder cancer), with the highest expression observed
in FGFR3-amplified ONB cases.

In summary, we characterized cancer progression in two cancer models which suggested
that precursor and invasive lesions harbor similar genomic aberrations. Therefore, we hypothesize
that invasion is most likely not driven by a series of genomic events but rather by downstream
transcriptomic or epigenetic events. We have also addressed an area of unmet need by
characterizing three different types of rare cancers addressing three major issues, including
clonality assessment to correctly stage cancer, molecular characterization to improve diagnostic
challenges, and identification of new cancers eligible for targeted therapies. We concluded that
patients with MCC may develop a second genetically distinct primary tumor; in which the
subsequent tumor is likely to develop through similar mechanisms of pathogenesis, either MCPyV-
mediated or ultraviolet light-mediated. By distinguishing multiple primary MCCs from clonal
MCC tumors clinically resembling multiple primaries, we are able to conduct appropriate staging
of the patient to guide treatment. In ONBs, recurrent FGFR3 amplifications may suggest that a
subset of patients with these aggressive tumors can be directed to targeted therapies, such as
ponatinib. Although we did not identify targetable alterations in CIC-DUX4 sarcomas, molecular
profiling identified genomic aberrations not previously seen in Ewing sarcomas. Therefore, this
cohort showed that genomic characterization can improve diagnoses in cancers that resemble each
other. Taken together, this dissertation has utilized the power of targeted NGS to gain a deep
knowledge of the somatic genomic aberrations involved in cancer progression and rare cancers to
improve diagnoses and cancer therapies.

Since the main focus of the projects was on the somatic genomic landscape of selected
cancer types, we propose incorporating adjacent normal tissue as a way to expand our studies to

have a more complete analysis of genomic aberrations that lead up to invasive cancer. Studies on
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normal skin show TP53 mutations are present at very low variant allele frequencies (VAFs) (214).
Therefore, normal tissue would allow us to identify the level of genetic variation found in the
normal skin and allow us to compare it to its precursor and invasive counterparts. By assessing the
VAFs and number of TP53 mutations of adjacent normal tissue in our CSCC study, we would
have a better understanding on the level of UV damage the tissue was exposed to before certain
cell populations became malignant. Similarly, in our endometrial study, we would add not only
adjacent normal samples but also a greater spectrum of precursor lesions which would include
premalignant lesions from simple hyperplasia to complex atypical hyperplasia.

Additionally, due to studies suggesting that somatic mutations in the setting of germline
variants are more likely to increase the likelihood of developing cancer and are therefore
predisposing a population to cancer (29,309), we believe that incorporating normal tissue would
give us a more comprehensive view of the genomic aberrations leading to each cancer. While
we’ve used filters and databases such as EXAC (310), the 1000 Genome project (311), and dbSNP
(312) to remove germline mutations, differentiating between a germline and a somatic mutation
can be challenging. In cases with a ~50% tumor content, homozygous mutations could be
misinterpreted as a heterozygous germline mutation. The incorporation of normal would allow us
to call germline variants and somatic mutations more easily, and potentially more accurately,
particularly outside of well characterized cancer driver genes. We would also be able to identify
rare germline variants, and/or incorporate germline and somatic variants to our analysis to
determine whether there are any recurrent germline alterations that can potentially predispose to
the development of the cancers studied, particularly in our rare cohort since there are very limited
studies pertaining to these cancers. Specifically, it would be necessary to report germline variants
in the case it has therapeutic implications, as has been suggested with BRCA1/2 germline variants
and PARP inhibitors (313,314). Therefore, we believe that by sequencing normal tissue and having
access to germline variants and potentially even germline CNVs, we could gain a deeper

knowledge of the genomic variations found in the cancers we profiled.

5.2 Early Detection, Diagnostics, and Resistance

Although individual future directions have been addressed at the end of each Chapter, here
is a brief discussion of future applications of NGS to advance the field of precision oncology.
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Cancer has been proposed to arise from a series of events in cancer-related genes that can
occur throughout decades. Although many early-stage and localized cancers can be successfully
treated with surgery, most cancers are not detected throughout the first 90% of its lifetime when
potentially treatable. Instead, many cancers are detected once metastasis develops, which is usually
a few years before death (72,73). Therefore, most cancer-related deaths are due to metastasis that
already occurred before the onset of symptoms. Now, there is a shift of focus from treatment of
late disease to prevention and early detection, which is predicted to reduce cancer deaths by more
than 75% (315). Ideally, the goal is to take advantage of the large window between cancer initiation
and progression to late-stage disease through the development of new minimally invasive detection
methods (73,83).

Although there are established screening methods such as Pap smears, colonoscopies,
mammograms, and PSA screening for cervical cancer, colon cancer, breast, and prostate cancer,
respectively, there is still much room for improvement. Pa] tests have enabled early detection of
cervical cancer and dramatically decreased mortality rate (316). However, it cannot detect other
cancers such as endometrial and ovarian cancer, which account for a total of about 25,000 deaths
each year and are together the third leading cause of cancer-related mortality in women in the
United States (317). The transvaginal ultrasound (TVUS) offers a way to check for gynecologic
abnormalities. However, this method is mostly ineffective and cannot distinguish between benign
and malignant lesions which can therefore lead to over-diagnosis and overtreatment, a major
limitation of early detection methods (318-320).

The longitudinal deep characterization of precursor lesions via the PCGA will potentially
allow us to gain in-depth knowledge of the genetic events involved in cancer initiation,
progression, and maintenance. Additionally, we would view genomic variation in the context of
organization and migration of tumor clones as they invade the surrounding tissues through spatial
analysis. Following comprehensive characterization of precursor lesions from all tissue types, the
PCGA hopes to improve and/or develop early detection methods, as well as provide strategies to
accurately assess the likelihood of a precancerous lesion to progress versus regress (83,89).
Therefore, we support PCGA’s proposal to continue assessing pre-cancer in other models to
facilitate the implementation of these early detection methods.

While the PCGA will lead to a new era focused on early detection and prevention, current

trials are still making huge strides in precision oncology. These trials include the National Cancer
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Institute Molecular Analysis for Therapy of Choice (NCI-MATCH) (321) and the American
Society of Clinical Oncology Targeted Agent and Profiling Utilization Registry (ASCO TAPUR)
(322). In addition to these efforts, Memorial’s MSK-IMPACT FDA-approved targeted panel will
also have huge implications to the field of precision oncology. This panel will guide treatment
decisions, help assess patient response to therapy, and identify genetic aberrations linked to relapse
(129). Importantly, in March 2018, Medicare beneficiaries with solid tumors became eligible for
NGS testing with FoundationOne CDx™, an FDA-approved assay for all solid tumors targeting
select genes, gene rearrangements, and genomic signatures such as MSI and mutation burden.
Now, Medicare patients with recurrent, relapsed, refractory, metastatic, or advanced cancer can
receive testing at no cost (323).

Current efforts are also focused on developing targeted disease specific panels, especially
after the completion of TCGA. An area of personal interest that represents a less well studied area
is in pediatric cancers. In fact, the pediatric cancer genome landscape is currently being
characterized through large sequencing initiatives including BASIC3 (324), PEDS-MIONCOSEQ
(325), ICAT (326), and INFORM (327), which focus on profiling pediatric cancers primarily using
WES platforms. All four studies together sequenced approximately 500 patients by 2016, which,
in comparison to the 11,000 samples conducted by TCGA (43), is very low. Unfortunately, 89 of
those patients profiled by iCAT used two targeted panels (326), OncoMap and OncoPanel, that are
not pediatric specific. Therefore, the patients sequenced under this study may have had alterations
that were missed since the panel did not capture the full spectrum of genomic alterations potentially
unique to driving pediatric cancers. Although additional studies have also used targeted sequencing
panels and found it very useful in identifying potential targetable alterations (118,328-330), their
methods do not completely characterize pediatric cancers. For example, one study compiled data
of recurrently altered genes in pediatric cancers and designed a panel specifically to guide clinical
management of children with solid tumors (331). However, they were unable to completely
validate their detection methods for gene fusions, which are found in most pediatric cancers, and
also failed to include genes previously identified in rare cancers, such as germline PMS2 mutations
in duodenal cancer and mutations in MMR genes (332,333). Following a similar pattern to what
is suggested for adult cancers, we propose using a recently developed pediatric panel, OncoKids
(334), to identify recurrent genes important in the brain, solid tumors, and liquid cancers to

generate even more cost-efficient targeted panels. Additionally, we would be able to generate
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molecular subgroups that can help guide treatment, as seen in the four groups of medulloblastoma
(335).

Overall, this work shows the power of using NGS-based approaches compatible with FFPE
tissue for molecular profiling of minute precursor lesions and rare cancers. NGS provided us with
multiple tools for charactering a wide range of cancers and for answering clinically relevant
questions demonstrating the value of molecular profiling that can ultimately be applied to routine

patient care.
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