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Comparative RNA-seq analysis aids
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Abstract Gliomatosis peritonei is a rare pathologic finding that is associated with ovarian
teratomas and malignant mixed germ cell tumors. The occurrence of gliomatosis as a ma-
ture glial implant can impart an improved prognosis to patients with immature ovarian ter-
atoma, making prompt and accurate diagnosis important. We describe a case of recurrent
immature teratoma in a 10-yr-old female patient, in which comparative analysis of the RNA
sequencing gene expression data from the patient’s tumor was used effectively to aid in the
diagnosis of gliomatosis peritonei.

[Supplemental material is available for this article.]

INTRODUCTION

Immature ovarian teratomas are malignant tumors of germ cell origin (Gheorghisan-
Galateanu et al. 2013). Teratomas are the most common germ cell tumor, but, in rare cases,
immature teratoma can occur with gliomatosis peritonei, which is characterized by mature
glial tissue in the peritoneum (Liang et al. 2015). The presence of mature glial tissue implants
can indicate a favorable prognosis in patients with immature ovarian teratoma (Marwah et al.
2016). However, all lesions must be sampled to confirm mature histological status, and full
excision is important. Additionally, recurrence potential is high, requiring careful follow-up
and monitoring.

Gliomatosis peritonei can be difficult to identify through histopathological analysis
alone. Recent studies have shown that molecular analysis can aid cancer type classification
(Cancer Genome Atlas Research Network 2015). In many cases, DNA sequencing and variant
identification can help subtype cancers by grade and outcome. However, the paucity of re-
current DNA mutations in rare pediatric cancers can make variant-based disease classifica-
tion difficult. RNA sequencing (RNA-seq) of tumor gene expression can provide additional
classification information, through a comparative analysis of RNA-seq from the pediatric tu-
mor and with a compendium of RNA-seq data from known cancer types (Newton et al. 2018).
In this study, we describe the use of comparative RNA-seq analysis in a case of relapsed
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pediatric immature teratoma cooccurring with gliomatosis peritonei with no informative
DNA mutations.

RESULTS

Clinical Presentation and Family History
A 10-yr-old female patient was diagnosed with immature teratoma, relapsed to the pericardi-
um and diaphragm. Treatment history included laparotomy with resection of ovarian and fal-
lopian tube mass, video-assisted thoracoscopic resection of lung nodule, and resection of
diaphragmatic and pericardial lesions. The pericardial lesion was submitted for RNA sequenc-
ing. Foundation Medicine DNA testing of the diaphragmatic lesion identified only one variant:
MLL3 p.C310S. This mutation was not informative for diagnosis or subtyping. Whole-genome
sequencing (WGS) detected three somatic coding variants in genes FCGRTA, ANKRD36C,
and HLA-DRB1 at hg38 Chr 1:9.[149790230C>T], Chr 2:9.[95855406C>G], and Chr 6:g.
[32584172C>G] (Table 1). Interestingly, ANKRD36 has been previously characterized by
TCGA as a significantly mutated gene in adult glioblastoma (Brennan et al. 2013).
Histologic sections of the pericardium (Fig. 1A) showed fibroadipose tissue and mature
glial cells, with lymphovascular invasion. Histologic sections of the right diaphragm (Fig. 1B)
showed extensive involvement by teratoma, with no malignant elements present.

Genomic Analyses

The patient was enrolled in the “Clinical Implementation of Genomic Analysis in Pediatric
Malignancies” study at Stanford University, and through this trial, her tumor RNA-seq data
set was analyzed. This analysis uses an N-of-1 analysis approach, which compares an individ-
ual pediatric tumor to a cancer compendium of uniformly processed RNA-seq data from
11,456 other tumors (https:/treehousegenomics.ucsc.edu/public-data/). This approach
aids in the molecular classification of the pediatric tumor through the identification of
most similar tumors in the Treehouse cancer compendium.

We calculated pairwise Spearman correlation scores between the patient’s tumor and all
tumors in the Treehouse cancer compendium. For 232 samples, the pairwise correlation
scores with the focus sample exceeded the 95th percentile correlation score in the cancer
compendium (0.875); 228 of these (98%) were glioma or glioblastoma multiforme samples,
and the remaining four were various brain tumors (Supplemental Fig. S1). The top 6 most
correlated tumors are shown in Table 2. In addition, glioma samples had a significantly high-
er correlation to the patient’s tumor than to other tumor types in the cancer compendium
(Supplemental Fig. S2). A neural network classification approach (Abadi et al. 2016) also
classified the patient’s tumor as most similar to glioma (Supplemental Fig. S3). Overall this
indicates a strong gene expression similarity between the patient’s pericardial lesion and
high-grade adult glioma tumors.

Table 1. Variants detected in the pericardial lesion by whole-genome sequencing

Predicted
HGVS effect Genotype
DNA HGVS protein ~ Variant  (substitution, ~ dbSNP/  (heterozygous/
Gene Chr reference reference type  deletion, etc.) dbVarID  homozygous)

FCGR1A 1 GRCh38 NP_000557.1 Missense  Substitution  rs637882 Heterozygous
ANKRD36C 2  GRCh38 NP_001297083.1 Missense Substitution rs77972623 Heterozygous
HLA-DRB1 6 GRCh38 NP_001230894.1 Missense Substitution rs16822805 Heterozygous
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Figure 1. Teratoma involving the pericardium and diaphragm. (A) (H&E stain, 40x) Pericardial involvement by
mature glial implant composed of mature neurons, neuropil, and schwannian stroma. (Inset) (H&E stain, 100x)
Nodules of implants within vascular spaces. (B) (H&E stain, 40x) Diaphragm involvement by a mixture of ma-
ture and immature germ cell components. (Inset) (H&E stain, 100x) Immature neuroepithelium forming ro-
settes set within neuropil.

The TumorMap algorithm (see Methods) was used to visualize the top six most correlated
tumors in the context of all tumors in the Treehouse cancer compendium (Newton et al.
2017). TumorMap visualization generates a two-dimensional (2D) “map” of the similarity be-
tween tumor RNA-seq samples based on pairwise Spearman correlation. The six most cor-
related samples to the focus tumor are indicated using red pins (Fig. 2). All six most
correlated samples fall in a modular cluster that includes both adult and pediatric glioma (yel-
low) and glioblastoma brain tumors (green). This indicates that the patient’s pericardial lesion
is most transcriptionally similar to high-grade glial brain tumors.

Diagnosis of Gliomatosis Peritonei

As a result of the combined histologic and genomic analysis, the patient was subsequently
diagnosed with gliomatosis peritonei. This diagnosis is consistent both with the presence of
glial tissue in the pericardial lesion, and with the Treehouse genomic finding that the pa-
tient’s tumor is most similar to high-grade glioma tumors. Molecular similarities between
high-grade glioma and gliomatosis peritonei include high expression of the stem cell marker
SOX2 and low expression of transcription factors OCT4 and NANOG (Nogales et al. 2014;
Liang et al. 2015). Consistent with these characteristics, Figure 3A shows that the patient’s

Table 2. The top six most correlated RNA-seq samples to the patient’s RNA-seq sample belong to older pa-
tients with glioma or glioblastoma

Sample ID Diagnosis (grade) Histology Patient age (yr) Spearman correlation
TCGA-DU-7012-01 Glioma (3) Astrocytoma 74 0.93
THR14_0312_S01 Glioma (3) Astrocytoma 18 0.92
TCGA-CS-4941-01 Glioma (3) Astrocytoma 67 0.91
TCGA-HT-7680-01 Glioma (2) Astrocytoma 32 0.91
TCGA-DU-8158-01 Glioma (3) Astrocytoma 57 0.91
TCGA-28-5215-01 Glioblastoma (4) Astrocytoma 62 0.91
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Figure 2. TumorMap clustering visualization of the Treehouse cancer compendium. (A) Treehouse cancer
compendium v8 shown visualized with the TumorMap tool. Each colored dot represents an individual patient's
tumor RNA-seq data. Tumors are grouped based on RNA-seq similarity and selected tumor types are labeled.
The top six most similar tumors to the patient’s pericardial lesion are indicated with red pins. (B) Zoomed-in
image of the location of the six most correlated tumors on the TumorMap. Five out of six of the most correlated
tumors fall in the leftmost brain tumor cluster, which contains the majority of glioblastoma samples and high-
grade glioma samples.

tumor expresses SOX2 at very high levels, comparable to glioma and glioblastoma tumors in
the Treehouse cancer compendium. Figure 3B,C shows that the patient’s tumor also ex-
presses very low levels of OCT4 and NANOG, similar to gliomas.

The patient underwent resection of the pericardial gliomatosis implant as well as the dia-
phragmatic immature teratoma implant. Two years post-resection, she was healthy and was
discharged from oncology.
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Figure 3. Expression levels of SOX2, OCT4, and NANOG. (A) SOX2 expression. The majority of the tu-
mors in the Treehouse cancer compendium express SOX2 at very low levels. However, the glioma tumors
exhibit exceptionally high SOX2 expression. The patient’s pericardial tumor expresses SOX2 at a level
comparable with the glioma tumor group. (B,C) OCT4, NANOG expression. The majority of Treehouse
cancer compendium tumors express OCT4 and NANOG at very low levels, including most gliomas.
The patient’s pericardial tumor also expresses OCT4 and NANOG at very low levels, comparable with
the glioma tumor group.
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DISCUSSION

We describe here the utility of comparative RNA-seq analysis using the TumorMap method
for molecular classification and diagnosis of a rare pediatric tumor. The TumorMap algorithm
has been used previously to describe the global similarity between tumor types and to dis-
cover novel subtypes (Ceccarelli et al. 2016; Farshidfar et al. 2017), but this is the first pub-
lished use of TumorMap for N-of-1 tumor classification.

We demonstrate the utility of the publicly available Treehouse cancer compendium, an
extensive database of thousands of tumor RNA-seq samples. N-of-1 comparison of a pedi-
atric pericardial tumor aided in molecular classification by identifying other tumors with sim-
ilar gene expression profiles, all of which were glioma or glioblastoma brain tumors. The
diagnoses of the most similar tumors were clinically meaningful and consistent with the sub-
sequent diagnosis of gliomatosis peritonei in this pediatric patient.

The methods described here are widely applicable for enabling precision molecular clas-
sification or diagnosis in cases of rare or difficult-to-diagnose cancer. Beyond the application
described here, the Treehouse cancer compendium and TumorMap clustering analysis can
also be used to accurately identify molecular subtypes of cancer, a useful application for can-
cer types with the subtype-dependent outcome and treatment differences (Newton et al.
2017). Additionally, in some cases it can be impossible to determine cancer tissue of origin
using clinical or radiologic data, making it difficult to design a treatment regimen (Park et al.
2018). These methods could aid diagnosis and treatment strategies for both childhood and
adult cancers with unknown tissue of origin, by clustering a tumor tissue RNA-seq sample in
the TumorMap and identifying other tumors with most similar molecular features. Overall,
the comparative RNA sequencing analysis presented here is a powerful tool for precision
molecular subtype classification and diagnosis of cancer.

METHODS

Tissue Source and Processing

A sample of the pericardial lesion was flash frozen, embedded into OCT, sectioned to a
depth of 5 um, and stained with H&E. The sample was evaluated for tumor content by a cer-
tified pathologist. The tumor was macro-dissected from the OCT block to a depth of up to
5 mm, disrupted with a mortar and pestle under liquid nitrogen, and homogenized with a
QlAshredder (QIAGEN, 79654). Nucleic acids were extracted using the AllPrep DNA/RNA
kit (QIAGEN, 80204). The RNA integrity was quantified using the RNA 6000 Pico kit
(Agilent, 5067-1513) on the Bioanalyzer (Agilent).

Whole-Genome Sequencing

WGS was performed on the pericardial lesion. Average WGS depth was 60.67 x (tumor),
29.10x (germline). The read length was 2 x 150 bp (paired-end). The read depths for report-
ed somatic variants are as follows: Chr 1:9.[149790230C>T] Tumor ref,alt: 45, 6; Germline
ref,alt: 31,0. Chr 2:9.[95855406C>G] Tumor ref,alt: 59, 9; Germline ref,alt: 35, 1. Chr é:g.
[32584172C>G] Tumor ref,alt: 11, 5; Germline ref, alt: 19, 0 (Table 3).

RNA Sequencing

Libraries were prepared using the TruSeq Stranded mRNA kit (lllumina, RS-122-2101) with an
input of 400 ng in accordance with manufacturer's instructions. All manufacturer controls
were used in preparation. Libraries were quantified using the High Sensitivity DNA kit
(Agilent, 5067-4626) on the BioAnalyzer (Agilent). Sequencing was performed on the
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Table 3. Sequencing coverage table for somatic variants detected in the pericardial lesion

Ref Alt Avg depth Ref Alt Avg depth Ref Alt
Gene Chr Pos allele allele (tumor) (tumor) (tumor) (germline) (germline) (germline)
FCGR1A 1 149790230 C T 60.67 45 6 29.10 31 0
ANKRD36C 2 95855406 C G 60.67 59 9 29.10 35 1
HLA-DRB1 6 32584172 C G 60.67 11 5 29.10 19 0

(Avg depth) average read depth, (Ref) number of reads for reference allele, (Alt) number of reads for altemative allele.

lllumina HiSeq 4000 with PE75 chemistry at the Stanford Functional Genomics Facility. The
total sequence depth for this sample was 97,983,221 reads.

Comparative RNA-seq Analysis

The RNA-seq data from the patient’s pericardial lesion was processed at UC Santa Cruz and
gene expression quantification was performed using the TOIL RNA-seq pipeline (Vivian et al.
2017). Genome alignment was performed with genome assembly hg38. RSEM quantifica-
tion TPM measurements were used as input to normalization and compendium building.
The Treehouse comparative RNA-seq analysis is designed to compare an N-of-1 sample
against a larger background cohort of RNA-seq data from many cancer samples. Pairwise
Spearman correlation scores are calculated between the gene expression vector from the fo-
cus sample and all other samples in the background cohort. The top six most correlated sam-
ples are used to identify tumor types with gene expression are most similar to the focus
sample.

TumorMap

TumorMap (tumormap.ucsc.edu) is a hexagonal 2D representation of similarity between
samples based on gene expression (Newton et al. 2017). The spatial representation of sam-
ples in the TumorMap is based on vector similarity using a multidimensional scaling tool
called OpenOrd. Sample information, such as patient age, tumor grade, or clinical outcome,
can be displayed as attributes on the map. TumorMap also has built-in correlation analysis
tools for discovering correlations between attributes.

Neural Network Classification

As validation, we trained a fully connected neural network to classify disease type. The net-
work was comprised of an input layer, a batch normalization layer, two hidden layers of size
32 with a dropout of 0.5 and relu activation, and a one-hot output layer, one per disease type
with sigmoid activation. We trained the network on 80% of the data using binary cross entro-
py as a loss function and tested it using the remaining 20% of the data. The train and test
were stratified by disease to ensure an equal representation of each disease type. The net-
work was implemented using the Keras library in a Jupyter notebook. All code is available
here: https:/nbviewer.jupyter.org/github/rcurrie/pancan-gtex/tree/cf249e64f7ac5da?5c2
641946f2ae5fd69410f63/

ADDITIONAL INFORMATION

Data Deposition and Access

All processed RNA sequencing data is publicly available in the Treehouse cancer compen-
dium: https:/treehousegenomics.soe.ucsc.edu/public-data/. The interpreted variants were
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