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Abstract

The development of stratification systems and therapeutical targets is critical for

cancer research. Recent advances in high-throughput sequencing enable the gener-

ation of a large amount of cancer genomic and transcriptomic data, which can be

used to answer the questions on cancer diagnosis and treatment. However, it is still

a great challenge to interpret a mass of data and get reliable conclusions.

In this study, I used the functional genomics methodologies to study cancer and

cells of origin. In the pan-cancer study, I developed an algorithm, Masonmd, to

predict the targets of nonsense-mediated decay (NMD). This algorithm identified

over 140 thousand NMD-elicit mutations from the genomic data of The Cancer

Genome Atlas (TCGA) pan-cancer cohort. Further analysis showed that NMD was

prevalent across cancer types and, more notably, it could play a permissive role in

cancer progression. The results support the notion that the inhibition of NMD is a

promising therapeutic strategy.

In the work on single-cell RNA sequencing (scRNA-seq), I first developed a differential-

expression-based clustering algorithm, ClinCluster, tailored for clinical scRNA-seq

data. The benchmarking analysis demonstrated that ClinCluster outperformed

other commonly used pipelines in both simulated and real datasets. I next gen-

erated and analysed the scRNA-seq data from human fallopian tubes, which certain

high-grade serous ovarian cancer (HGSOC) arose from. The analysis constructed

a cell atlas of human fallopian tubes and identified four novel secretory subtypes.

Based on the discovery of cell phenotypic repertoire, the deconvolution analysis of

the TCGA data refined the molecular subtyping of HGSOC. This gave rise to a

robust prognostic predictor, which was validated in eight independent expression

datasets. Together, the evidence suggests that the phenotypic heterogeneity in cells

of origin can be inherited by tumour cells, which affects patients’ overall survival.

It shed light on a refined molecular diagnosis for HGSOC.
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Chapter 1

Introduction

1.1 Cancer genomics

Cancer is the second leading cause of death, which claims millions of lives per year.

It refers to a collection of heterogeneous and complex diseases characterised by run-

away cell division and metastasis, in which cells disseminate from one site to another

in the body. The current theory states that genetic aberrations contribute to tu-

morigenesis. This means that certain normal cells, termed cells of origin, acquire

driver mutations and gradually evolve into tumours. The hallmarks of tumorigen-

esis and cancer progression have been comprehensively reviewed by Hanahan and

Weinberg [62].

Decades ago, researchers described a connection between tumours and genes. One

of the milestone studies was the discovery of the oncogene from avian sarcoma

viruses [175]. Subsequently, the discovery of a pivot tumour suppressor was re-

ported by multiple research groups in 1979 [44, 99, 112, 126, 171]. The name of

this tumour suppressor was later unified as p53 [109], which is encoded by the gene

TP53. BRCA1 and BRCA2, two cancer-related genes closely related to breast can-

cer and ovarian cancer, were cloned for the first time in 1994 and 1995 respectively

[127, 199]. These seminal studies, amongst many others, have laid the groundwork

for subsequent cancer genomics studies.

1



Functional genomics studies of cancer and cells of origin

Advances in sequencing techniques have enabled the profiling of numerous cancer

genomes. This has solidified the notion that substantial heterogeneity is one of the

most significant and intriguing features of cancer genomes. Genetic heterogeneity

can be principally divided into two categories, intra-tumour genetic heterogeneity

and inter-tumour genetic heterogeneity. Intra-tumour genetic heterogeneity refers

to the coexistence of multiple genetic clones within one tumour, while inter-tumour

genetic heterogeneity describes the genetic diversity across tumours from different

patients. A common methodology used to study inter-tumour heterogeneity is col-

lecting tumour samples from a cohort of patients and conducting whole-genome

sequencing on these samples. A range of computational tools has empowered the

detection of events in cancer genomes, such as single-nucleotide variants (SNVs),

insertions/deletions, copy number variations (CNVs) and other chromosomal ab-

normalities [46].

A clinical application of studying inter-tumour heterogeneity is personalised medicine,

whereby the genetic information from a patient is used to inform the choice of op-

timal therapeutic strategies for this individual. For instance, many ovarian cancer

patients carrying BRCA1 and BRCA2 mutations respond well to the poly(ADP-

ribose) polymerase (PARP) inhibitors [105]. Inter-tumour heterogeneity also man-

ifests in mutation signatures, which are the decomposed mutation patterns of the

nucleotide switching based on a nonnegative matrix factorization method [2, 67, 135].

Such patterns can reflect the underpinning mutation process of cancer development.

Although genomics studies have enhanced our understanding of cancer, it has evi-

dent limitations. Genomics studies are restricted to genomic sequence information,

which provides limited insight into their biological functions. This hinders the in-

terpretation of their functional significance. In other words, there is a gap between

the genotype and the phenotype. Consequently, a complementary research field has

been built to investigate the functions of genomic elements.

Page 2 Chapter 1 Zhiyuan Hu
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1.2 Functional genomics and transcriptomics

Understanding gene functions is the foundation for cancer research and many other

fields. In contrast to the traditional method that studies the functions of genes one

by one, functional genomic research intends to study the functions and interactions

of genes in a genome-wide way fueled by a large amount of data [75].

Transcriptomics is a vital modality of functional genomics studies. In contrast to

the static genome, the transcriptome is dynamic. Transcriptomic profiling can be

likened to taking a snapshot of the cell phenotype or the cell state under a certain

condition. Thus, transcriptomics approaches can provide insight into the regulation

of gene expression and the relationship between cell phenotypes and expression

profiles.

Functional genomics studies consist of two core elements, data and data mining.

Accordingly, there are two strategic points of performing functional genomics studies

for cancer research. The first is how to generate data or which data to be used

(experimental techniques), and the second is how to extract useful information from

a massive volume of data (informatics tools). These two points will be expounded

in the next part.

1.2.1 Experimental techniques

The depiction of the cellular transcriptome means quantifying the level of transcripts

that have been transcribed from a genome. Many methods have been developed to

achieve this purpose. The invention of reverse transcription-quantitative polymerase

chain reaction (RT-qPCR) enabled the relative quantification of RNA molecules en-

coded by certain genes [34, 65, 69]. The subsequently developed high-throughput

techniques, such as the microarray and RNA sequencing (RNA-seq), have revolu-

tionised the field of cancer research.
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1.2.1.1 Microarrays and RNA-seq

Prior to the advent of RNA-seq, microarrays were widely used to profile transcrip-

tomes [165]. The principle of microarrays is complementary base pairing. In a

microarray experiment, mRNA is first reverse-transcribed into cDNA and then the

cDNA target is marked with fluorescent probes. The cDNA sample is loaded onto a

probe-attaching chip, where the cDNAs complementary to probes stay on the chip

and the others are washed away. The fluorescent strength is used to calculate the

expression of genes. However, this method is limited to measuring the expression

levels of genes with at least a partially known sequence. Moreover, it is also affected

by cross-hybridisation artefacts [101].

The invention of next-generation sequencing (NGS) has changed the game. It en-

ables simultaneously profiling the expression levels of more than 20,000 protein-

encoding genes as well as non-coding RNAs, depending on the protocol used. The

main steps of RNA-seq include RNA isolation (and selection), cDNA synthesis,

library preparation and NGS. It expands both the breadth and the depth of tran-

scriptomic profiling. As the sequencing cost has decreased substantially, researchers

have been frequently using RNA-seq to profile cancer transcriptomes. This tech-

nique also became a key component in large-scale projects of cancer research, such

as Cancer Cell Line Encyclopedia [9] and The Cancer Genome Atlas [29].

1.2.1.2 Single-cell RNA sequencing

With the advent of single-cell RNA sequencing (scRNA-seq), researchers can obtain

knowledge of the transcriptome from single cells. The blueprint of a cancer single-

cell atlas is being achieved. scRNA-seq has been conducted on many cancer types

to delineate the intra-tumour heterogeneity and the tumour microenvironment [35,

110, 143, 154, 157, 183].

Two commonly used techniques are the plate-based Smart-Seq2 method [147, 148]

and the droplet-based 10x Genomics method.

Smart-Seq2 generates the single-cell sequencing library individually and pools all
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libraries together before sequencing. To achieve this, the bulk sample is dissociated

into single-cell suspension and the single cell is isolated by the fluorescence-activated

cell sorting (FACS). One cell is sorted into one well, in which it undergoes a series of

steps, including lysis, reverse transcription, first-round PCR, tagmentation reaction

and second-round PCR.

10x Genomics is a commercial technique. It involves the special chip with capillary

channels. The single-cell suspension combined with reverse transcription master

mix, barcoded beads and oil are loaded into different wells on a chip, which is

then put inside a box-like controller. In the controller, all the reagents are pushed

through the capillaries to form aqueous droplets diffused in the oil. Each droplet

contains ideally no more than one bead and one cell. The mixture will undergo

the reverse transcription reaction, in which the cDNAs from each cell are labelled

with a cell-specific barcode. Then all the cDNAs are pool together and undergo the

pre-amplification and the steps of library preparation.

Smart-Seq2 10x Genomics

Purchase In-house Commercial

Type Plate-based Droplet-based

Throughput Low High

Experimental length Long Short

Cost per cell High Low

Gene coverage High Low

Controllability High Low

Table 1.1. The pros and cons of two scRNA-seq techniques.

Although both techniques have been widely used for scRNA-seq, there are advan-

tages and disadvantages (Table 1.1) [47]. The advantages of 10x Genomics are high

throughput and short experimental length. The sequencing library of 2000 cells

can be prepared in two or three days if 10x Genomics is used. The average cost

per cell is also much lower than Smart-Seq2. However, 10x Genomics usually cov-
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ers fewer genes and, unlike Smart-Seq2, the quality of each cell cannot be traced

in the procedure since all the cells are pooled together from the beginning of the

10x Genomics protocol. Although 10x Genomics cannot sequence single cells as

deeply as Smart-Seq2, it can robustly capture differentiated populations. There is a

trade-off between cell number and read depth. Two recent preprints have quantified

this trade-off in certain scenarios [169, 178], but the model they proposed cannot

be generalised to all systems. Hence, the rule of thumb is to select the scRNA-seq

technique based on the questions of interest.

1.2.2 Informatics resources and methodologies

1.2.2.1 Public databases

With the popularisation of sequencing techniques, many large-scale databases have

sprung up. There are two major types of databases. One is the project-centred,

such as The Cancer Genome Atlas (TCGA), and the other is the collection of data

repositories, such as Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.

nih.gov/geo/).

TCGA is a cancer genomics program that has generated a comprehensive database

containing genomic, transcriptomic, epigenomic, proteomic and clinical data from

thousands of tumour samples [27, 28, 76]. Apart from the original studies, re-

searchers have been reanalysing the data with novel techniques and refreshing our

understanding of cancer [29, 70, 118].

On the other hand, GEO is a database repository that stores the gene expression

data generated by researchers from all over the world. Anyone can submit their data,

usually along with the submission of a manuscript, to GEO, which will be censored

and curated before being incorporated into this platform. GEO has catalogued the

expression data of millions of samples, not only limited to tumour samples. There

are more repositories similar to GEO. The accumulation of previously published

datasets serves as a powerful tool for comprehensive studies.

In this informatics era, the accessibility of databases provides researchers with an

Page 6 Chapter 1 Zhiyuan Hu

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/


Functional genomics studies of cancer and cells of origin

opportunity of standing on the shoulders of giants. Many published datasets contain

a huge amount of information that cannot be fully exploited in the original analysis.

Reusing or reanalysing published datasets with new methods is, thus, a cost-efficient

strategy that sometimes generates refreshing findings [45]. For instance, Berger et

al. reanalysed the TCGA data of four gynaecological cancer types and breast can-

cer and found novel features that characterised Pan-Gyn tumours [108]. Another

example is the combination of scRNA-seq data and TCGA data that was performed

recently by Neftel et al. [131]. In this study, researchers found that a collection of

tumour cell states coexisted in glioblastoma and revealed the connection between

the heterogeneity of single-cell states and the tumour subtypes previously defined

by TCGA. Another advantage of reanalysing published datasets is that it can push

through the limitation of a single study. The sample size of individual studies is

usually limited, resulting in low reproducibility of findings. Reanalysing the inte-

grative data of multiple published small studies enables the development of more

powerful conclusions [33].

Apart from those data repositories, there are many functional genomics databases

documenting the annotations of gene or protein functions, such as NCBI RefSeq

(https://www.ncbi.nlm.nih.gov/) and UniProt (https://www.uniprot.org), as

well as pathway annotations, such as gene ontology, KEGG (https://www.genome.

jp/kegg/) and MSigBD (http://software.broadinstitute.org/gsea/index.jsp)

[176]. A handy integrative database is GeneCard (https://www.genecards.org).

The curated annotations in these databases are mostly derived from previous publi-

cations and computational predictions. Those knowledge-based databases empower

the interpretation of gene expression data. For example, the knowledge on the func-

tions of marker genes in the scRNA-seq data can be used to infer the functions of

previously unknown cell populations.

1.2.2.2 Computational methods

Miscellaneous computational tools have been developed to study cancer transcrip-

tomics or functional genomics. These tools can be classified into five major groups

[37].
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The first type is global analysis, also termed as pan-cancer analysis. Motivated by

the massive data generated from multiple cancer types, researchers use the global

analysis to find the generality shared across cancer types and the peculiarity of each

cancer type [29, 108]. In general, pan-cancer analyses are focused on inter-cancer-

type heterogeneity or homogeneity.

Relative analyses intend to dig up the diversity within one single tumour type by

classifying or scoring tumour samples of the same cancer type. The clinical utility

of relative analyses includes identifying molecular subtypes and building prognostic

predictors. Tothill et al. used microarrays to profile more than 200 ovarian tu-

mours and identified four molecular subtypes of high-grade serous ovarian cancer

by k-means clustering, in which the mesenchymal subtype was associated with poor

prognosis [184]. Another example is the prognostic predictor (Prediction Analy-

sis of Microarray 50, PAM50) of breast cancer. This 50-gene panel can be used to

identify five breast cancer molecular subtypes, namely luminal A, luminal B, HER2-

enriched, basal-like and normal-like, based on the expression levels of 50 genes and

can predict the probability of tumour metastasis. PAM50 is also found to be able

to provide insight into treatment efficacy [140]. These cases illustrate the clinical

value of cancer transcriptomics studies.

While the inter-sample variability is studied by global or relative analyses, differ-

ential analyses are aimed to compare samples from the same patients, e.g. normal

versus tumour and primary versus metastatic. This computational technique can

be used to study the genomic processes involved in cancer progression. It is more

about intra-patient not inter-sample heterogeneity.

Conversely, compositional analyses (or called deconvolution analyses) are tailored

to study the intra-sample heterogeneity, i.e. the composition of a single tumour

[202]. In the field of cancer research, deconvolution analysis aims to break down

the complexity of cancer. Rather than a single population, tumours usually consist

of multiple cell types, including tumour cells, tumour-infiltrated lymphocytes and

cancer-associated fibroblasts [18]. Newman et al. developed a computational tool,

named CIBERSORT, to impute the proportions of individual cell types in a bulk

tissue based on the linear support vector regression [132]. Later, BSEQ-sc and other
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methods have been developed to use the single-cell RNA-seq data as the reference for

deconvolution [8, 198]. The increasing amount of scRNA-seq data has boosted such

analyses by providing the transcriptomic signature of individual cell type within a

tumour [8, 154, 198].

Last but not least, integrative analyses usually overlap with the above four meth-

ods. Integrative analyses involve the combined analysis of multiple data types, such

as genomics, transcriptomes, epigenomics and clinical data [11, 76, 90], since the

information from one single data type can be ex parte.

As an example of comprehensively using the above methodologies, a recent study

applied single-cell DNA and RNA sequencing on both pre- and post-chemotherapy

breast tumour samples [90]. By comparing the pre- and post-treatment samples,

they found that the transcriptomes of tumour cells underwent reprogramming during

treatment. Several pathways, such as epithelial-mesenchymal transition (EMT) and

hypoxia, were upregulated in chemoresistant tumours after neoadjuvant chemother-

apy. This work used both differential and integrative approaches to elucidate the

molecular mechanism of chemoresistance at the single-cell level.

1.3 Aims and objectives

The focus of this thesis is to use the experimental and computational methods of

functional genomics to address questions of cancer biology. The questions are related

to cancer diagnosis and treatments.

Chapter 3 describes the usage of global technique to study the connection between

cancer genomes and transcriptomes by studying a common type of loss-of-expression

mutation. This project is aimed to assess the probability of using nonsense-mediated

decay (NMD) as a therapeutical target.

Chapters 4 and 5 are related to the scRNA-seq technique. Chapter 4 aims to develop

a clustering method tailored for the clinical scRNA-seq data with severe confound-

ing factors. Chapter 5 will present the scRNA-seq data that dissects the human

fallopian tubes, which are tissues of origin of ovarian cancer. This work will seek for
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new subpopulations in this tissue. The last section of Chapter 5 will use the com-

positional, relative and integrative approaches to examine the composition of bulk

ovarian tumours, refine the molecular classifier and test its prognostic value. This

work is aimed to provide information to improve the diagnosis of ovarian cancer.
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Chapter 2

Methods

2.1 The pan-cancer analysis of nonsense-mediated

decay (NMD)

2.1.1 Data and data preprocessing

I downloaded the data (version 2016-12-29) of The Cancer Genome Atlas (TCGA)

Pan-Cancer (PANCAN) cohort from the Xena (https://xenabrowser.net) [195],

including the batch-effect normalised RNA-seq data (hg19), the somatic mutation

(SNP and INDEL) MC3 data (hg19), the gene-level CNV data (hg19) and the

phenotype data.

Before filtering, there were 2,845,316 somatic mutations in 8,784 samples from 32

cancer types. I firstly filtered out mutations in intronic regions (85809, 3%) or RNA

regions (40381, 1.4%) that did not affect the coding sequences (CDSs). In total,

11455 (0.4%) mutations in 579 (2.9%) genes could not be mapped to Entrez IDs,

while 2707671 (99.6%) mutations in 19548 (97.1%) genes were mapped to Entrez

IDs. Those mutations without Entrez ID-annotated genes were filtered out. Then I

filtered out 25412 mutations of which the genes had no CDS record, 7768 with the

CDSs not ending with typical stop codons, 235895 located at 3’untranslated region

(UTR), 63756 located at 5’UTR, 14638 located at 3’ Flank and 8496 located at

5’ Flank. The after-filtering set (including silent mutations) had 2,351,706 somatic
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mutations. After excluding silent mutations, there were 1,706,218 somatic SNVs

and indels in the coding region.

2.1.2 Prediction of NMD-elicit mutations

I developed an algorithm to predict the NMD-elicit mutations, termed as Masonmd

(MAke Sense Of NMD). This algorithm can be applied on somatic mutations to

predict if the mutation can introduce a PTC and activate the NMD pathway to

cause the loss-of-expression of the mutation-harbouring gene. The algorithm has

three components.

First, it infers the CDSs of mutated genes based on the mutation data, CDSs and

positional annotations of transcripts provided by UCSC (hg19/NCBI Build 37, Feb.

2009), i.e. the TxDb R package and the BSgenome R package. The canonical

isoform was defined as the isoform that had the longest coding sequence (CDS).

The prediction algorithm then detected the existence of any inframe premature

stop codon (PTC) (TGA, TAA and TAG) in the mutated CDS. The potential stop

positions were selected by two criteria: (1) the stop codon was in the same frame

as the start codon, because the CDS must be the multiples of three; (2) the stop

codon was the closest one to the start codon among the candidates.

After calculating the relative positions of the stop codon and the last exon-exon

junction in the variant sequence, the algorithm performed the classification of NMD

by following three rules. The first rule was that the gene has >1 exons in its longest

CDS. The second one was that the stop codon in the variant was >50 bp upstream

from the last exon-exon junction, and the last one was that the PTC was > 200

bp downstream from the last exon-exon junction. If the mutation satisfied all the

above rules, it would be classified as an NMD-elicit mutation. If it led to a PTC but

was not labelled as NMD-elicit, it was catalogued as an NMD-escape mutation. If

the mutation did not lead to a PTC, the mutations would be termed as a non-PTC

mutation. The code of Masonmd is available on https://github.com/zhiyhu/

masonmd.
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2.1.3 Statistical analyses

Novel annotations compared to TCGA TCGA database catalogued all so-

matic mutations into 14 classes, namely missense mutation, nonsense mutation,

silent mutation, nonstop mutation, mutation on the translation start site, mutation

in intron regions, mutation in 3’UTR, mutation in 5’UTR, inframe deletion, inframe

insertion, frameshift deletion, frameshift insertion and mutation on the splice site.

Among them, Masonmd catalogued missense mutation, nonsense mutation, silent

mutation, nonstop mutation, mutation on the translation start site, inframe indels

and frameshift indels into three categories (NMD-elicit, NMD-escape and non-PTC).

I compared the prediction results with the original TCGA annotations.

Comparison of expression levels To validate that NMD-elicit mutations can

influence the expression levels, I compared the expression levels of genes harbour-

ing NMD-elicit mutations to the expression levels of genes harbouring NMD-escape,

non-PTC and silent mutations. The expression levels were normalised with the back-

ground expression level in a given cancer type. For a certain gene, the background

expression level was defined as the collection of expression levels from the samples

that had no somatic mutation or CNV and belonged to the same cancer type. The

normalised expression ranged from 0 to 1. The comparison was conducted with the

non-parametric statistical test, Wilcoxon rank-sum test, because the data did not

follow the normal distribution.

Annotations of cancer-related genes The list of cancer-related genes was

downloaded from the COSMIC database (http://cancer.sanger.ac.uk/census).

[179]

Measurements of NMD prevalence To depict the gene-wise prevalence of

NMD-elicit mutations, the enrichment of NMD-elicit mutation (termed NMD en-

richment) refers to as the ratio between the frequency of NMD-elicit mutations and

the frequency of silent mutations in a certain gene. The cancer-specific NMD targets

were defined by the genes that have NMD enrichment equal to or more than 1 in a
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certain cancer type.

2.2 ClinCluster: a clustering method tailored for

clinical scRNA-seq data

2.2.1 Adjusted Rand index: evaluation of cluster analysis

This study used the adjusted Rand index to empirically assess various clustering

methods. The ARI was derived from of the Rand index R [74, 155, 194]. The

Rand index measured the similarity between the predicted clustering result and the

ground truth.

Assume that there is a set of data points, where n represents the number of data

points in this set. The variable a is the number of pairwise connections of data points

that belong to the same cluster in both the predicted result B and the ground truth

A, while b is the number of pairwise connections of two data points that belong to

two different clusters for both the predicted result B and the ground truth A (Table

2.1).

Pairs assigned to the
same group (A)

Pairs assigned to different
groups (A)

Pairs assigned to the
same group (B)

a d

Pairs assigned to different
groups (B)

c b

Table 2.1. Four options for a pairs of data points from a data set that has
been pre-classified.

The ground truth is A, while the predicted clustering pattern is B.

The Rand index can be described by Equation 2.1.

R =
a+ b

n(n− 1)/2
(2.1)

In other words, the numerator a+b represents the consistency between the prediction
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and the ground truth. The denominator n(n− 1)/2 represents the total number of

pairwise connections
(
n
2

)
, which is equal to the sum of a, b, c, d shown in Table 2.1.

The Rand index is a value between 0 to 1. When R = 1, the prediction matches the

ground truth perfectly.

However, the Rand index is affected by random association. To remove these effects,

the permutation model is used to calculate the expected index and deduct it from

the Rand index (Equation 2.2), which gives the adjusted Rand index (ARI). Thus,

ARI = 0 means that the prediction is equivalent to random guessing.

ARI =
R−Rexpected

Rmax −Rexpected

(2.2)

Given the contingency matrix (Table 2.2),

Y1 Y2 . . . Yr Sums

X1 n11 n12 . . . n1r a1

X2 n21 n22 . . . n2r a2

...
...

...
. . .

...
...

Xs ns1 ns2 . . . nsr as

Sums b1 b2 . . . br

Table 2.2. Contingency matrix

The data has two sets of clustering patterns, X and Y. In pattern X, cells are grouped
into clusters, X1,X2 . . .Xs; in pattern Y, cells are grouped into clusters, Y1,Y2 . . .Yr.
The entry nij represents the number of cells that belong to both Xi and Yj.

The ARI can be described by Equation 2.3.

ARI =

∑
ij

(
nij

2

)
− [
∑

i

(
ai
2

)∑
j

(
bj
2

)
]/
(
n
2

)
1
2
[
∑

i

(
ai
2

)
+
∑

j

(
bj
2

)
]− [

∑
i

(
ai
2

)∑
j

(
bj
2

)
]/
(
n
2

) (2.3)

In this study, I used the adjustedRandIndex function from R package mclust [166].
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2.2.2 Benchmarking on simulated data

The simulated datasets were generated by using R package Splatter [205]. I gener-

ated the datasets with randomised numbers of cells per batch in normal distribution

and the ratios of each cell population/group in uniform distribution. The featured

named group defined the ground truth of cell populations/clusters, and the feature

named batch referred to the simulated batches.

In this comparison, I considered scenarios with various numbers of cell populations

(g = 2, 4, 8) and batches (b = 2, 4, 8). Each condition had 7 replicates. The cluster-

ing algorithms were evaluated by the ARI between the true groups and the predicted

ones. I also quantified the impact of batch effects, which was defined by the ARI

between batches and predicted groups to measure the influence of batch effects on

clustering results. Because it was no possible to assign a cluster number to Seurat,

I used the recommended resolution of 0.6.

Given that the spectral clustering used iterative eigenvalue solvers [133, 196], I tested

its stability by repeating only the initial spectral clustering on the simulated data

and measuring the ARI [74] between the prediction and the group truth.

ClinCluster was benchmarked with other three frequently used clustering algorithms:

Seurat [24], RaceID3 [68] and SC3 [95]. The performance of these methods was

measured by the ARI between the clustering results and the group truth.

ClinCluster was also compared with a batch effect removal algorithm, mutual nearest

neighbours (MNN). As the output of the MNN function bachelor::fastMNN() is

a matrix of corrected principal components, I appllied spectral clustering on the

output matrix to cluster the cells.

2.2.3 Benchmarking on the melanoma dataset

This dataset was downloaded from the accession GSE72056 [183]. It contained over

4000 single cells from 19 clinical melanoma samples. This study used CNV inferred

from the scRNA-seq data to separate the malignant cells from the non-malignant

ones, based on the knowledge that the melanoma cells harbour frequent CNVs.
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In the benchmarking analysis, I combined the nonmalignant cells from seven patients

that each had more than 200 cells sequenced. In the ClinCluster pipeline, I set the

number of initial clusters per patient as 7 and the number of final clusters as 6.

To measure to which extent the clustering was affected by the inter-patient vari-

ability, I used the ARI between patients and clustering results to denote impact of

inter-patient variability (IPV). This measurement was based on a hypothesis that

the cell populations were shared across all patients. Thus, if a clustering algorithm

was only affected by batch effects but not cell subtypes, the IPV would equal to 1.

In the real situation, the lowest IPV would not reach 0, because the cell populations

was often not evenly distributed across patients.

2.3 Single-cell transcriptomic profiling of human

fallopian tubes and compositional analysis of

ovarian tumours

2.3.1 Patient samples

Patients in this project were recruited under the Gynecological Oncology Targeted

Therapy Study 01 (GO-Target-01, research ethics approval #11-SC-0014). All pa-

tients were appropriately informed and consented before the surgeries.

2.3.2 Experimental procedures

2.3.2.1 Sample processing

Sample dissociation The fresh fallopian tube tissue was washed with Phosphate-

Buffered Saline (PBS), pH 7.4 (Gibco) and cut into 2 mm pieces. The minced tissue

was digested with the Tumor Dissociation Kit, human (Miltenyi Biotec) at 37°C for

1 hour. The cell suspension was filtered through a 100 µm cell stainer to exclude

clumps.
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Fluorescence-activated cell sorting The prepared single-cell suspension was

stained with the EpCAM-APC antibody (Clone REA764, Miltenyi Biotec) and the

CD45-FITC antibody (Clone REA747, Miltenyi Biotec) with the dilution of 1:40 at

4°C in dark for 30 min. After staining, the cells were washed with 1-2 mL PBS and

resuspended in 400 µL to 2 mL fluorescence-activated cell sorting (FACS) buffer,

which contained 1× PBS, 1% bovine serum albumin (BSA, Sigma-Aldrich) and

2 mM RNase-free EDTA pH 8.0 (Invitrogen). DAPI was added at 2-10 µg/mL

into the cell suspension 10 min before sorting. I performed cell sorting on SH800

sorter (Sony). The EpCAM+CD45- epithelial population and two control groups

(EpCAM-CD45+ and EpCAM-CD45-) were sorted into 96-well PCR plates (Figure

2.1). Each 96-well plate has 1 or 2 empty wells as negative controls to exclude the

possibility of contamination.

Figure 2.1. Diagram of gating strateies in FACS.

The example is plotted with the data of samples from Patient 15077. (Top left) the
gating selects the cells with right sizes. (Top right) the gating selects the singlets, with
approximately equal forward scatter height (FSC-H) and area (FSC-A). (Bottom left) the
gating selects the DAPI negative live cells. (Right bottom) Gate A, EpCAM+CD45-, i.e.
epithelial cells; Gate B, EpCAM-CD45+, i.e. blood cells; Gate C, EpCAM-CD45-.
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2.3.2.2 Primary cell culture

To investigate the effect of cell culture on transcriptomes, some fallopian tube ep-

ithelial cells were cultured to be compared with fresh ones. The dissociated fallop-

ian tube cells were cultured with the BM2 medium containing 41.7 mL Advanced

DMEM/F12 (Gibco), 540 µL HEPES (Gibco), 450 µL Penicillin-Streptomycin (Gibco),

4.5 µL (10 ng/mL) epidermal growth factor (EGF) (Sigma-Aldrich), 2.25 mL heati-

nactivated Fetal Bovine Serum (FBS, Gibco) (5%), 45 µL (9 µM) Rock inhibitor

(Y-27632 dihydrochloride, Sigma-Aldrich) in the 6-well plate at 37°C, 20% O2 and

5% CO2.

2.3.2.3 Smart-Seq2

I followed the Smart-Seq2 protocol [147, 148] with modifications and automation. I

used the 5′-biotinylated oligo-dT (Table 2.5) and the 5′-biotinylated ISPCR primer

(Table 2.7) to minimise the generation of reaction byproducts.

Before sorting, prepare plates of lysis buffer in the PCR Clean Room that belongs to

WIMM Single Cell Facility. First, thaw oligo-dT30 and dNTP mix in fridge 30 min

before preparing plates and put Triton-X on a heat block to make it less viscous.

Prepare 0.4% Trion by the dilution steps shown in Tables 2.3 and 2.4.

Triton-X 100 (pure and pre-heated) 100 µL

H2O 900 µL

10% Triton 1 mL

Table 2.3. The recipe for the preparation of 10% Triton.

10% Triton 65 µL

H2O 1560 µL

0.4% triton 1625 µL

Table 2.4. The recipe for the preparation of 0.4% Triton.

Then prepare the lysis buffer by following Table 2.5.
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1x 1 96-well plate

RNase inhibitor 0.1 µL 10.5 µL

0.4% Triton X 1.9 µL 199.5 µL

5′-biotinylated oligo-dT30 (10 µM, IDT) 1 µL 105 µL

dNTP 10 mM (Thermo Scientific, cat R0192) 1 µL 105 µL

Total 4 µL 420 µL

Table 2.5. The recipe for the preparation of lysis buffer.
Oligo-dT sequence is 5′-biotinylated-AAGCAGTGGTATCAACGCAGAGTACT30VN-3′.

Vortex and spin down the mix, and then add 4 µL lysis buffer per well. The dispens-

ing of lysis buffer can be achieved with the MANTIS liquid handler (Formulatrix).

The plates with lysis buffer were sealed with films and brought to the sorting fa-

cility. One cell was sorted to a single well. Each batch of sorting had at least a

bulk control (10 or 100 cells). Each plate had at least one negative control (no cell).

After sorting, the plates were spun down, snap-frozen on dry ice, sealed with foil

films and stored at -80°C.

The reverse transcription (RT) reaction and the setup of PCR reaction were also

performed in a PCR Clean Room.

Before the set up of RT master mix, thaw SuperScript II buffer and DTT at room

temperature and the template-switching oligo (TSO) at 4°C. Once SuperScript II

buffer and DTT were fully defrosted, move them onto an ice block. Take the plate

containing samples from -80°C, store it on dry ice and prepare the RT master mix

by following Table 2.6.

Before adding the SuperScript RT enzyme, heat the sample at 72°C for 3 min in a

preheated, hot-lid thermal cycler. During the 3 min, add RT enzyme into the master

mix, vortex it and centrifuge. After the sample cooled down, add 6 µL master mix

per well including the negative control. Do not touch the lysis buffer with the tip

during adding the RT master mix to avoid taking out any material. Then spin

down the plate and incubate it on a thermal cycler by the program: 42°C for 90

min, followed by 10 cycles of 2 min 50°C and 2 min 42°C, and 70°C for 15 min as
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Reagent Supplier 1× µL 1× plate Final

SuperScript II buffer (5x) Invitrogen, cat 18064014 2 211.2 1x

DTT (100 mM) Invitrogen, cat 18064014 0.5 52.8 5 mM

Betaine (5 M) Sigma-Aldrich, cat B0300-1VL 2 211.2 1 M

MgCl2 (1 M) Invitrogen, cat AM9530G 0.06 6.336 0.01 M

Rnase Inhibitor (40 U/µL) TaKaRa, cat 2313A 0.25 26.4 1 U/µL

TSO (100 µM) Qiagen 0.1 10.56 1 µM

RT-PCR grade water Invitrogen, cat AM9935 0.84 88.704 -

RT enzyme (200 U/µL) Invitrogen, cat 18064014 0.25 26.4 50 U

Total - 6 633.6 -

Table 2.6. The recipe for the preparation of reverse transcription master mix.
TSO sequence is 5′-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′. Add
reagents strictly by the order listed in the table. Cat, Catalogue number. The proto-
col is adapted from Picelli et al. [147]

previously described [147]. This RT step took around 3 hours.

After the reaction finished, go back to the clean room to set up the PCR reaction.

First prepare the PCR master mix by following Table 2.7 and add 15 µL to each

well. Vortex and spin down the plate.

Reagent Supplier 1× µL 1× plate

KAPA Hifi HS Ready Mix (2x) Roche, cat KK2602 12.5 1320

ISPCR primrs (10uM) IDT 0.125 13.2

Water Invitrogen, cat AM9935 2.375 250.8

Total - 15 1584

Table 2.7. The recipe for the preparation of PCR master mix.
ISPCR primer sequence is 5′-biotinylated-AAGCAGTGGTATCAACGCAGAGT-3′. Add
reagents strictly by the order listed in the table. The protocol is adapted from Picelli et
al. [147]

After adding the PCR master mix, bring the plates out of the clean room and run

the PCR program (Table 2.8) on a thermal cycler.

The last step of PCR was usually held at 10°C overnight. The PCR product was
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Cycle Denature Anneal Extend Hold

1 98°C, 3 min - - -

24 98°C, 20 s 67°C, 15 s 72°C, 6 min -

1 - - 72°C, 5 min -

1 - - - 4°C or 10°C

Table 2.8. The PCR program to pre-amplify single-cell cDNA.

cleaned up with Ampure XP beads (Beckman Coulter) on the second day by using

the Biomek FxP Workstation (Beckman Coulter). For each well, I used 20 µL beads

to bind the cDNA and 20 µL Buffer EB (Qiagen) to elute. The after-clean PCR

product was stored in 384-well plates at -20°C.

To quantify the cDNA concentration, I used the Quant-iT PicoGreen dsDNA Assay

Kit (Invitrogen, cat No. P11496). The dye was diluted in 1× TE (diluted from 20×

TE provided by the kit) at 1:200. I added 9.5 µL diluted dye and 0.5 µL cDNA

to each well of a black flat-bottom 384-well plate (Grenier, car No. 781076). The

cDNA was dispensed by the Mosquito HTS robot (TTP Labtech). I diluted the

DNA ladder into a concentration gradient (ng/µL) of 2, 1, 0.5, 0.25, 0.125, 0.0625,

0.03125 and 0. I added 0.5 µL ladder into 9.5 µL diluted dye, and then used a

microplate reader CLARIOstar (BMG LABTECH) to read the fluorescent signal in

each well. The regression line was computed between the fluorescent signal and the

cDNA concentration. This relationship was used to calculate the concentrations of

single-cell cDNA.

Because the concentration could be affected by primer dimers, I used qPCR of

the housekeeping gene, GAPDH, which had higher specificity than the PicoGreen

assay. After the first round of PCR and beads cleanup, I set up and ran 4 µL

qPCR reaction by using the QuantiNova SYBR Green PCR Kit (Qiagen). For a

new tube of the SYBR Green PCR Master Mix, add 17 µL ROX reference dye to

1.7 mL master mix. To set up the master mix, first thaw 2x QuantiNova SYBR

Green PCR Master Mix, template gDNA or cDNA, primers, QN ROX Reference

Dye and RNase-Free water. Vortex to mix the individual solutions. The sequences

of GAPDH primers were 5′-CCCCCACCACACTGAATCTC-3′ (forward) and 5′-
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GGTACATGACAAGGTGCGGC-3′ (reverse). Set up the qPCR master mix by

following Table 2.9.

Component 1× (µL) 1× 384 plate Final

2x QuantiNova SYBR Master Mix 2.02 852 1x

Primers (10 µM) 0.28 18 0.7 µM

RNase-Free water 1.3 549 -

cDNA (add later) 0.4 - ≤ 100 ng/reaction

Table 2.9. The recipe for the preparation of QuantiNova qPCR master mix.

Mix the master mix thoroughly by vortexing and dispense 3.6 µL per well into a

PCR plate (4titute FrameStar frosted well 384 plate, cat No. 4ti-0387). Then add

0.4 µL template cDNA to each well by using the Mosquito HTS robot. The qPCR

plate was sealed and spun down briefly. The qPCR reaction was performed in the

QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher) with the program

shown in Table 2.10.

Step Time Temperature Ramp rate

PCR initial activation step 2 min 95°C Fast mode

Denaturation 5 s 95°C 40 cycles

Annealing/extension 20s 60°C

Melting curve analysis

Table 2.10. The program of the QuantiNova qPCR reaction to measure the
cDNA quality.

I also picked some wells and checked them with High Sensitivity D5000 reagents and

screentapes on the 2200 TapeStation system (Agilent). The good-quality cDNA had

a peak of around 1 kb (Figure 2.2). It is common to see a small peak at around 100 bp

and a wide range of peaks from 300 bp to 5000 bp in clinical samples. The former

refers to the primer dimer, and the latter corresponds to the slight degradation

of cDNA. Yet these factors usually would not affect the library preparation and

sequencing.

The wells with good-quality cDNA (positive expression of GAPDH ) were cherry-
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Figure 2.2. TapeStation results of a pre-amplified cDNA library

picked to a new 384-well plate and normalised to 2 ng/µL with EB by using the

Biomek FxP Workstation (Beckman Coulter).

Then I used a miniaturised 4 µL Nextera reaction (Illumina, cat No. FC-131-1096)

with 400 nL cDNA input to generate scRNA-seq libraries. The miniaturised reaction

was performed with the Mosquito HTS robot. This library preparation step followed

the protocol provided by TTP Labtech, titled Nextera XT Miniaturization down to 4

µL (version 1.0; 03/15). First, it dispensed 800 nL TD buffer (tagmentation buffer),

400 nL cDNA and 400 nL ATM (containing Tn5 transposase) into each well of a

384-well PCR plate. The plate was sealed, vortexed, spun down and incubated in the

thermal cycler at 55°C for 10 min. Then immediately add 400 nL NT buffer per well

to terminate the tagmentation reaction. Incubate the plate at room temperature

for 5 min and then dispense 1200 nL NPM (PCR master mix) per well. Afterwards,

add 400 nL index i5 and 400 nL index i7 per well.
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For the indexes (Illumina, cat No. FC-131-2001 and FC-131-2004), I used the layout

shown in Tables 2.11 and 2.12. The combination of 16 indexes i5 and 24 indexes i7

allowed the pooling of 384 single-cell libraries.

Row Index i5 Row Index i5

A 502 B 503

C 505 D 506

E 507 F 508

G 510 H 511

I 513 J 515

K 516 L 517

M 518 N 520

O 521 P 522

Table 2.11. The layout of Illumina Nextera index i5 in a 384-well plate.

Column 1 3 5 7 9 11 13 15 17 19 21 23

Index i7 701 703 705 707 711 714 716 719 721 723 726 728

Column 2 4 6 8 10 12 14 16 18 20 22 24

Index i7 702 704 706 710 712 715 718 720 722 724 727 729

Table 2.12. The layout of Illumina Nextera index i7 in a 384-well plate.

After adding the indexes, the plate was spun down and put on a thermal cycler to

run the PCR programme shown in Table 2.13.

Following the PCR amplification, 800 nL PCR product from each well was pooled

into a 1.5 mL Eppendorf tube and cleaned with 0.6:1 Ampure beads. The library

was eluted into 25 µL EB and measured by the Qubit dsDNA HS (High Sensitivity)

Assay (ThermoFisher, cat No. Q32854) and TapeStation HS D5000 reagents. The

fragment size of the pooled library was a bell shape with a peak between 600 bp

and 700 bp (Figure 2.3).

Each pooled library contained 384 combinations of indexes. At least one well was

negative control. The library was sequenced on the NextSeq 500 sequencer (Illu-
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Cycle Denature Anneal Extend Hold

1 - - 72°C, 3 min -

1 95°C, 30 s - - -

12 95°C, 10 s 55°C, 30 s 72°C, 30 s -

1 - - 72°C, 5 min -

1 - - - 10°C

Table 2.13. The PCR program for the library preparation.

Figure 2.3. The size of a pooled sequencing library.

mina) with 75 cycles high output NextSeq kits v2 (Illumina) at the WIMM Sequenc-

ing Facility.

2.3.2.4 10x Genomics

I used the 10x Genomics Chromium Gene Expression Kits and Chips (v2). For

each sample, I sorted 10 thousand DAPI-negative alive single cells and followed the

protocol provided by 10x. In principle, the cells and barcoded beads were firstly

mixed on the chip to form the one-cell-one-bead droplet. The reverse transcription

reaction was achieved in the droplet, in which the cDNA from each cell was la-

belled with a unique barcode. Afterwards, cDNA from all cells within a sample was

pooled together to be amplified and transformed into sequencing libraries by short-

ening cDNA and adding sequencing adapters. The prepared libraries were sent to

the Novogene Company and sequenced on NovoSeq or HiSeq sequencers (Illumina)
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following the instruction provided with 10x kits.

2.3.3 Bioinformatic and quantitative analysis

2.3.3.1 Impact of culture on transcriptomes

Preprocessing of Smart-Seq2 data The fastq files were merged by cat, trimmed

by Trim Galore v0.4.1 (Cutadapt 1.2.1 incorporated, trim_galore -- clip_R1 15

-- three_prime_clip_R1 3), mapped by STAR v2.4.2a (STAR --genomeDir ref.genome

--readFilesIn input.fq.gz --readFilesCommand zcat --outFileNamePrefix output

--runThreadN 25 --outSAMtype BAM SortedByCoordinate) and counted by Fea-

tureCount v1.4.5 (featureCounts -T 20 -a genes.gtf -t exon -g genes.gtf

id -o outputpath -s 0 *.bam). The reference genome used was UCSC hg19 lo-

cated at /databank/igenomes/Homo_sapiens/UCSC/hg19/ (version 2013-03-06-11-23-03)

on the CBRG Deva server. The low-quality cells were excluded with the cutoffs of

1200 genes and 10,000 reads per cells.

Pseudotime analysis This analysis used the scRNA-seq data from two patients,

11553 and 15072. The culture time of three groups, fresh, overnight-cultured and

long-term cultured, was set as 0, 0.5 and 2. I applied PhenoPath [26] on the nor-

malised count matrix to calculate the pseudotime values for each cell. PhenoPath

exploited a Bayesian model to align cells onto a one-dimensional trajectory, which

is the pseudotemporal process. I used the culture time as a covariate in this model.

The closeness of the pseudotime between two cells represented that similarity of

their molecular data in terms of a one-dimensional progression.

Differential expression analysis and pathway analysis I used differential

expression analysis to study the differences between fresh and cultured cells, i.e.

the effect of cell culture on single-cell transcriptomes. I used limma voom [103],

which was designed for bulk scRNA-seq data but outperformed other single-cell

differential expression (DE) analysis tools in a recent benchmarking study [174]. I

did three comparisons, namely fresh versus overnight, long-term versus fresh, and
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long-term versus overnight. The genes with false discovery rate (FDR) less than

0.05 and log2 fold-change no less than 0.4 were labelled as differentially expressed

genes (DEGs). Pathway analysis [190] was performed on the DEGs to identify the

active subnetworks of gene sets.

2.3.3.2 Constructing the cell atlas of human fallopian tube

Preprocessing 10x data The fastq files were put through the CellRanger v3.0.1

with the command cellranger count. I used the cellranger reference hg19-3.0.0.

The low-quality cells were excluded by the following thresholds: the number of genes

detected per cell > 200 and < 4000, and the percentage of mitochondrial RNA <

10.

Clustering by Seurat I used the recommended pipeline of Seurat v3 to analyse

the 10x data. The pipeline included the following steps: normalising data, selecting

high variance genes, scaling data, calculating principal components (PCs), picking

up significant PCs, computing the nearest neighbour graph and finding clusters.

Excluding putative doublets I filtered out the presumable doublets by using

DoubletFinder [124]. DoubletFinder used the idea of comparing the real data points

and the simulated data points of doublets from two heterogeneous populations. In

the process, the top 10 PCs were used. DoubletFinder found 102 cells with a high

probability of being doublets and 15 cells with a low probability. After filtering,

1446 singlets were kept for the following analysis.

Finding marker genes The marker genes of each cluster were selected by the

thresholds of log2 fold-change more than 0.4 and FDR less than 0.05.

Analysis of cell-cell interactions I used CellPhoneDB to study the intercellular

communications [193]. CellPhoneDB was based on the ligand-receptor interaction

database. It calculated an empirical p-value of a certain interaction by using the
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random shuffling combinations as background. The strength of interaction was

calculated from the average of expression levels in the two cell populations.

2.3.3.3 Extensively profiling of secretory and ciliated populations

Clustering For the epithelial cells, I first applied Seurat v3 on the data to separate

the fully differentiated populations, secretory and ciliated cells. The subpopulations

of secretory cells were masked by patient-specific variability. Thus, I used the in-

house algorithm, ClinCluster. As aforementioned, the principle of this algorithm was

using the differential expression analysis to sift out differentially expressed functional

modules from confounding effects. The cells from each patient were firstly clustered

by KNN-based spectral clustering. Then the inter-group distances were calculated

by using limma voom [103]. The final clusters were merged by the hierarchical

clustering based on the inter-group distance matrix.

The identification of marker genes for each cluster was also based on limma voom

between the target cluster and other clusters. The cutoffs of differentially expressed

genes (or marker genes) were log2 fold-change ≥ and FDR < 0.05.

Gene Ontology analysis The Gene Ontology analysis was performed by using

the website interface of GORilla [48, 49]. I used the cutoff of FDR < 0.05 to pick

up the enriched biological pathways.

2.3.4 Deconvolution analysis of bulk ovarian tumours

2.3.4.1 Deconvolution analysis

I downloaded the TCGA RNA-seq data (IlluminaHiSeq UNC RNA-seq dataset,

version 2017-10-13), clinical data and molecular subtyping (version 2016-05-27) data

from the UCSC Xena portal. The dataset had 308 clinical samples, in which one

patient’s survival data was missing. Thus, the number of patients with valid survival

data was 307.
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To perform the deconvolution analysis, the top marker genes were selected for each

of the five fallopian tube epithelial populations, namely KRT-MHC, differentiated,

extracellular matrix (ECM), cell cycle and ciliated. The selection of marker genes

followed the criteria: (1) log2 fold-change was no less than 1.5; (2) FDR was no more

than 0.01; (3) variable loadings in the principal components of TCGA expression

data was equal or more than 0.2; (4) correlation of expression levels with other

marker genes was less than 0.9. This selection led to 52 top marker genes. Each

cluster had 7-15 genes to represent its transcriptomic signature.

I exploited BSEQ-sc [8] to scale the expression levels of each marker genes across

all five cell subtypes, which generated a reference matrix as the parameter for the

deconvolution model. The deconvolution tool, Cibersort, was based on a linear sup-

port vector regression [132], which was more robust to the outliers than the regular

linear models. Cibersort took the input of a bulk expression vector and a reference

matrix to compute the proportion of each cell type in a bulk sample, based on the

assumption that the expression profile of the bulk sample is the linear combina-

tion of each component. In other words, the deconvolution analysis estimated the

composition of bulk tumour samples. I applied the deconvolution analysis on the

expression data of the TCGA ovarian cancer cohort. The output matrix had 308

rows and 5 columns. Each column corresponded to a cell subtype and each row

a bulk tumour. The sum of each row was equal to 1. The entries of the matrix

represented the proportion of a given cell subtype in a bulk tumour.

2.3.4.2 Correlation analysis

I performed a correlation analysis to study the relationship between the ECM pro-

portion and clinical factors. Continuous factors were dichotomised. The stage was

split into two groups: early (I & II) and late (III & IV). The primary therapy out-

come was grouped into complete respond and incomplete respond. The residual

disease was dichotomised into two groups: residual (> 20 mm and 11-20 mm) and

non-residual (no macroscopic disease and 1-10 mm). The correlation tested used

the Pearson Correlation test in R.
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2.3.4.3 Survival analysis

I studied the relationship between the ECM proportion and overall survival by

using the Cox hazard regression model. To be specific, the function coxph in R

was used. When I compared the new grouping criteria with the TCGA molecular

subtyping system, all samples were divided into four groups, namely ECM-high and

mesenchymal (Mes, n = 66), ECM-high and non-Mes (n = 88), ECM-low and Mes

(n = 3), as well as ECM-low and non-Mes (n = 151). Since the ECM-low and

Mes group only had three samples, it was excluded from the multiple-group survival

analysis.
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Chapter 3

A pan-cancer analysis of

nonsense-mediated decay

3.1 Abstract

The nonsense-mediated decay (NMD) pathway can spot and eliminate mutation-

harbouring mRNAs to prevent the expression of truncated proteins. Recent studies

found that NMD targets several tumour suppressor genes (TSGs) in cancer samples.

To systematically assess the role of NMD in cancer, I developed a prediction algo-

rithm and applied it on near 8 thousand genomes of 32 cancer types from The Cancer

Genome Atlas (TCGA) and identified a large number of NMD-elicit mutations. Fur-

ther analysis demonstrates that these NMD-elicit mutations were concentrated in

the TSGs and other cancer-related genes. The results imply NMD as a potential

drug target for cancer therapy.

3.2 Introduction

One ubiquitous feature of cancer genomes is the mutation [2], including single-

nucleotide variants (SNVs) and small insertions and deletions (indels). A subset

of the mutations can disturb the expression level or the protein function of the

mutated genes. In this chapter, I looked into the phenomenon that the mutations

can cause the loss-of-expression of the mutated genes by activating a pathway termed
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nonsense-mediated decay (NMD).

3.2.1 NMD is an mRNA surveillance pathway

In a normal condition, mRNAs are translated into functional proteins by the ribo-

somes. Yet mutations can sometimes introduce an aberrant stop codon upstream

from the normal one, termed as the premature stop codon (PTC). A PTC in the

mRNA can putatively result in the synthesis of truncated proteins (Figure 3.1),

which may possess the deleterious dominant-negative effect [56, 61, 120]. The NMD

pathway eliminates such PTC-harbouring mRNAs [113] and, thus, prevents PTCs

from misleading the translation into stopping too early. Hence, the NMD pathway

plays an indispensable role in the cells of all eukaryotes by protecting cells from

potentially hazardous truncated proteins.

Figure 3.1. Diagram of the nonsense-mediated decay.

SNVs, single-nucleotide variants; indels, small insertions or deletions; PTC, premature
termination codon; NMD, nonsense-mediated decay.

Notably, not all PTC-harbouring mRNA variants can activate NMD. Previous stud-

ies have discovered and validated three rules on the selectivity of NMD targeting

(Figure 3.1) [111, 180, 209]. The first one is termed as the 50 bp rule that the NMD

pathway only targets the PTC that is >50-54 bp upstream from the last exon-exon

junction [72, 153]. Secondly, the position of PTC is more than 200 bp downstream

from the start codon [206]. Thirdly, the number of exons is more than 1. When

all of the rules are satisfied, the PTC-harbouring mRNA tends to be decayed. Ac-
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cordingly, the mutation leading to this PTC is termed as the NMD-elicit mutation.

When the rules are not satisfied at the same time, the PTC is unlikely to be able

to activate the NMD pathway and the mRNA can escape the degradation. The

causative mutation is, therefore, termed as the NMD-escape mutation.

The 50 bp rule is based on the canonical exon junction complex model, which is well

supported [180, 208]. However, studies have reported exceptions [23], such as long

3′ untranslated region (UTR) triggering NMD [119]. A recent study systematically

evaluated the rules affecting NMD efficiency and found that only 75% of the variance

in NMD efficiency can be explained by the identified rules [111], indicating that

although the model can efficiently predict most of the NMD targets, we should not

neglect the uncertainty embedded in it.

3.2.2 NMD and cancer

NMD and PTCs are related to more than one-third of the genetic diseases [130]. Pre-

vious studies have reported that the expression of tumour suppressor genes (TSGs)

harbouring nonsense SNVs is suppressed by NMD in cancer, while these mutated

TSGs still keep partial functions [41, 88, 191]. In this scenario, NMD facilitates can-

cer progression. Another study showed that the semi-functional tumour suppressor

can be re-expressed by inhibiting NMD, which represses the survival of cancer cells

[121].

Therefore, inhibition of NMD is a potential strategy to treat cancer [58, 107]. A

chemotherapeutic drug, doxorubicin, has been proven to promote apoptosis by re-

straining the NMD pathway [152]. Many small molecules have been identified as

NMD inhibitors to restore the full-length tumour suppressor proteins when combined

with the “read-through” drug at a nontoxic level [121].

3.2.3 Motivations

Although previous studies have shed light on the possibility of using NMD inhibitors

to treat cancer, the global effect of NMD on the pan-cancer transcriptomes still
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remains elusive. Before using PTC-harbouring variants as drug targets, it is critical

to predict the NMD targets in cancer to prevent the runaway of seriously deleterious

truncated proteins. Previous meta-analyses studied nonsense mutations in various

diseases and cancers, but the authors only focused on the nonsense SNVs [80, 130].

The frameshift mutations have not been annotated on the capability to active NMD,

whilst some of them can produce PTCs and elicit NMD. A recent study illustrated

the effect of protein-truncating genetic variants on transcriptomes [159], but it was

based on the healthy cohort and neglected the classification of frameshift indels by

generating PTCs or not. Another study validated the NMD rules with the TCGA

data, but the effect of NMD on cancer was unclear due to the strict filtering of

mutations [111].

There was no well-developed algorithm to identify the putative NMD targets caused

by frameshift indels. The annotations of NMD targets in cancer are also absent in

the public databases, especially for the frameshift mutations. For example, the

Catalogue of Somatic Mutations in Cancer (COSMIC) documented a large num-

ber of cancer-related somatic mutations [179], but the annotations of variants lack

the insight into NMD. The TCGA database annotated the PTC-inducing SNVs as

nonsense mutations, but it dismissed the frameshift mutations that can elicit NMD.

Moreover, the NMD-elicit mutations have not been evaluated by the expression-

based variant-impact analysis [14]. Hence, the efficiency and the prevalence of NMD

in cancers have been unclear so far.

This study is aimed to estimate the extent to which tumours are affected by NMD.

This study exploited a pipeline to identify the potential NMD-targeted genes, espe-

cially the ones caused by frameshift indels, in pan-cancer genomes.

3.3 Results and Discussion

3.3.1 Design of the pan-cancer analysis

This study analysed the somatic mutation data and the RNA-seq data of 32 cancer

types from the TCGA database (Figure 3.2). I developed a pipeline, Masonmd, and
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exploited it to label the somatic mutations as NMD-elicit, NMD-escape and non-

PTC. This work validated the effect of NMD on mRNA levels by comparing the

expression levels of genes that harbour NMD-escape mutations or other mutations.

It also looked into the prevalence of NMD-elicit mutations in cancer-related genes

and pathways across cancer types.

Figure 3.2. Diagram of the workflow design.

3.3.2 Novel annotations revealed prevalent NMD in cancers

In total, this pipeline detected 140,020 (8%) NMD-elicit mutations and 61,550

(3.6%) NMD-escape mutations out of 1,706,218 somatic non-silent SNVs and in-

dels in the coding region (mutations on translation start sites and splice sites ex-

cluded). To check if my work has any additional contribution compared to the

previous knowledge, I compared the prediction results to the original TCGA anno-

tations of mutations. The analysis revealed that 31% nonsense mutations annotated

by TCGA were predicted to escape NMD (Table 3.1). Frameshift mutations were

thought to only be able to mess up the sequence of translated proteins, while the

analysis reveals that two-thirds of the frameshift indels can cause loss-of-expression

leading to further disturbance.

I next summarised the prevalence of predicted NMD-elicit mutations across cancer

types (Figure 3.3). In general, the average frequency of NMD-elicit mutations per

sample was positively associated with the frequency of total mutations (correlation
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TCGA NMD-elicit NMD-escape nonPTC

Frameshift deletion 46881 19863 0

Frameshift insertion 13706 5838 0

Inframe deletion 0 0 7985

Inframe insertion 0 0 698

Missense 14 26 1463835

Nonsense 79419 35823 53

Table 3.1. Comparison between the original TCGA annotations and the new
annotations predicted by Masonmd.

= 0.94, p-value = 1.204e−15, by Pearson correlation test). The five cancer types

with the highest proportion of NMD-elicit mutations were breast invasive carcinoma,

stomach adenocarcinoma, kidney clear cell carcinoma, kidney papillary cell carci-

noma and colon adenocarcinoma. It suggests that NMD-elicit mutations commonly

occur in cancer genomes, especially for certain cancer types.

3.3.3 Predicted NMD-elicit mutations are associated with

decreased mRNA levels

I assumed that the NMD-elicit mutation can trigger the NMD machinery and de-

grade mutation-harbouring mRNAs. To validate this assumption, I compared the

gene-wise mRNA levels between the samples that harboured NMD-elicit mutations

and the ones that harboured other mutations. To mask the gene- and tissue-specific

effects on expression levels, I normalised the expression levels of variant-harbouring

genes with the expression levels of the genes free from somatic mutations or copy

number variations (CNVs) within the same cancer type.

Compared to NMD-escape, non-PTC and silent mutations, the normalised mRNA

levels were significantly lower for the genes with NMD-elicit mutations (ratio of

mean = 0.19/0.53, p-value < 2.2e−16, by Wilcoxon rank-sum test, Figure 3.4). The

expression-based variant-impact analysis demonstrates that the predicted NMD-

elicit mutations are associated with the decreased mRNA levels putatively owing to
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Figure 3.3. Overview of the frequency of NMD-elicit mutations across cancer.

The x-axis represents the average number of mutations per patient for each cancer type.
The cancer types are ordered based on the average number of NMD-elicit mutation per
sample. The bar is coloured by the annotated type of mutations. The subfigure zooms
into the last 15 cancer types for better visualisation. Lung adenoC, lung adenocarcinoma;
uterine...sarcoma, uterine carcinosarcoma; kidney pc, kidney papillary cell carcinoma;
kidney cc, kidney clear cell carcinoma; p & p, pheochromocytoma & paraganglioma.

the activation of NMD.

3.3.4 NMD prefers targeting cancer-related genes

This study scored the prevalence of NMD-elicit mutations in TSGs (COSMIC Tier 1)

across cancer types. Overall, the NMD-elicit mutations targeting TSGs occurred in

48% (4222 out of 8786) samples across all cancer types (Figure 3.5), suggesting that

TSGs are commonly targeted by NMD in cancer. There was substantial dispersion

in terms of such prevalence among cancer types. For bladder, uterine corpus, lung

squamous cell, colon and head & neck cancers, the TSGs were putatively targeted

by NMD in more than 65% samples. However, this phenomenon was relatively rare

in thymoma and thyroid cancers. It implies that the therapy targeting NMD is more
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Figure 3.4. Effect of NMD-elicit mutations on mRNA levels.

The violin plot visualises the distribution of the normalised mRNA levels in each group
coloured by the type of mutations. The embedded boxplot shows the upper quantile, the
median and the lower quantile of each group.

Figure 3.5. Prevalence of TSGs that harbour NMD-elicit mutations.

promising for certain cancer types that are more often affected by NMD.

To eliminate the random effect of mutations, I defined the enrichment of NMD-
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Figure 3.6. The enrichment of NMD-elicit mutations in TSGs.

(a) NMD-elicit mutations are more enriched in TSGs compared to cancer-unrelated genes.
The violin plot visualises the distribution of the gene-wise enrichment of NMD-elicit mu-
tations. (b) The gene-wise enrichment of NMD-elicit mutations. The barplot is coloured
by the type of mutations, silent or NMD-elicit. The genes are ordered descendingly by the
enrichment, calculated as the ratio between NMD-elicit and silent mutations.

elicit mutation as the ratio between the frequency of NMD-elicit mutations and the

frequency of background silent mutations. Compared to silent mutations, NMD-

elicit mutations were significantly enriched in the annotated TSGs compared to the

cancer-unrelated genes (ratio of mean = 0.78/0.32, p-value = 6.711e−08, by Welch

Two Sample t-test; Figure 3.6a). The following analysis discovered that NMD-elicit

mutations were mostly enriched in PTEN, TP53, RB1, ARID1A and CDNK1A

(Figure 3.6b), all of which are annotated as TSGs in COSMIC (release v89, 15th

May 2019) [179]. All the evidence suggests that NMD tends to target TSGs in

tumours and, consequently, promotes the cancer cell survival.

So far, this study has answered how prevalent the NMD-elicit mutation is and which

gene such mutations tend to target. The next step is to study the inter-cancer-type

heterogeneity of NMD targets.

I calculated the gene-wise enrichment of NMD-elicit mutations in individual cancer

types, showing that the NMD targets were heterogeneous across various cancer types

(Figure 3.7). The top 37 NMD targets with enrichment ≥ 1 were selected. Among

them, 26 (70%) were annotated as TSGs by COSMIC, indicating that the majority of

cancer-specific NMD targets function as tumour suppressors. For instance, two well-

known TSGs, TP53 and PTEN, were the pan-cancer NMD targets. Additionally,
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ATRX was frequently targeted by NMD in lower grade glioma and sarcoma, and

APC in rectum and colon cancer. However, seven of the NMD targets were not

annotated as cancer-related genes in COSMIC. For example, BRD7 was the NMD

target in liver cancer and melanoma, and this gene was reported to regulate cell

cycle [210]. It implies that this gene is likely related to the development of liver

cancer or melanoma, although this relationship has not been catalogued by the

public database.
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Figure 3.7. Overview of the cancer-specific NMD targets.

The rows are cancer types and the columns are genes. The fill gradient represents the
enrichment of NMD-elicit mutations, aka the ratio between the NMD-elicit mutations and
the silent mutations. Only genes and cancers with enrichment ≥ 1 are shown here. The
columns and rows are hierarchically clustered by the complete linkage method.

3.3.5 NMD-elicit mutations are associated with hypermu-

tation

In Section 3.3.2, this study showed that the NMD-elicit mutations were enriched

in certain cancers, such as uterine, colon and stomach cancers. Intriguingly, these

cancer types are also prone to develop the hypermutation phenotype, in which one

tumour harbours thousands of somatic mutations. This study next focused on the

five cancer types with more than 20 hypermutated samples (mutation load over one

thousand): colon adenocarcinoma, lung adenocarcinoma, skin cutaneous melanoma,

stomach adenocarcinoma and uterine corpus endometrioid carcinoma.
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Figure 3.8. Difference in the gene-wise enrichment between hypermutated and
hypomutated samples.

The size and the colour of each dots represent the difference in the gene-wise enrichment.
The larger the value is, the more specifically the NMD-elicit mutations are enriched in
the gene (column) in a hypermutated-specific manner. That is, the red colour means that
the certain gene (column) is more frequently targeted by NMD in hypermutated samples
than the hypomutated ones.

To study the question which gene is more likely to be targeted by NMD in the

hypermutated samples, I compared the gene-wise enrichment of NMD-elicit muta-

tions between the hypomutated (number of somatic mutations [N ] < 100) and the

hypermutated (N ≥ 1000) samples. The analysis showed that the NMD-elicit mu-

tations were more abundant in 1560 genes within the hypermutated samples than

the hypomutated ones. These hypermutation-related NMD targets were enriched in

the pathways of cell cycle process, chromosome organisation and DNA repair (FDR

< 0.003). I infer that the NMD-elicit mutations lead to the dysfunction of these

pathways, which may consequently induce or exacerbate the mutator phenotype.

Furthermore, out of the top 24 hypermutation-related NMD targets (difference ≥

1.2), only five genes have been annotated as TSGs, namely BARD1, LARP4B,

PBRM1, PTEN and RNF43 (3.8). As for two examples in the unannotated genes,

RAD50 and PBRM1 are involved in double-strand break repair and chromatin re-

modelling respectively [51, 211]. It implies that NMD in the hypermutated tumours

is inclined to silence the genes that play a role in the DNA repair or chromatin

organisation.
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3.4 Summary

The algorithm presented in this study, Masonmd, efficiently identified over 140 thou-

sand putative NMD-elicit somatic mutations in the TCGA cancer genomes, which

was validated by the significant decrease in the mRNA levels. It discovered that 60K

(two-thirds) frameshift indels were NMD-elicit and that 26K (one-third) nonsense

SNVs were NMD-escape.

In addition to the technical annotations, my analysis reveals that NMD has the

tendency to repress the mRNA levels of TSGs. Moreover, this study found that

the expression of genes related to DNA repair was inhibited by NMD in the hy-

permutated tumours. Although more experimental work is needed to validate this

causality, my results demonstrate that NMD is associated with the repression of

TSGs in tumour samples, suggesting that the NMD pathway may play a key role in

cancer development.

The systematic findings in this study support the previous assumption that the

NMD inhibitors or the read-through chemicals can potentially be used to treat can-

cer [4, 107, 153]. Those molecules can repress the NMD pathway and re-express

the truncated or even full-length tumour suppressors in tumour cells, which can

kill the cancer cells. Alternatively, inhibiting NMD can result in the expression

of neo-antigens, which can improve the efficacy of immunotherapy [142]. The ma-

jor limitation of using NMD inhibition as a therapeutic strategy is the possibility

of re-expressing dominant-negative mutated proteins, which can be deleterious to

other normal cells in the body. This limitation can potentially be overcome by

limiting NMD inhibition to cancer cells (target therapy) or only applying this to pa-

tients without potential hazardous truncated proteins in normal cells (personalised

medicine).

This study has two major limitations though. First my analysis was based on the

level 3 public datasets that did not contain specific sequence information. Thus, this

work could not classify the splice-site mutations or translation start site mutations,

even though they may induce alternative splicing to cause intron retention or NMD.

Secondly, the study did not include other mRNA surveillance systems, such as the
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non-stop decay [197], of which the rules have not been well studied. However, as

shown in Figure 3.3, the proportion of non-stop mutations was much lower than the

NMD-elicit mutations. Thus, the omission of those non-stop mutations is unlikely

to compromise the conclusions presented in this study.

Overall, this study illustrated that NMD may assist in the cancer progression by

frequently interfering with the expression of tumour suppressors and other cancer-

related genes. It clarifies that the NMD pathway could be a promising target for

cancer therapy.
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Chapter 4

ClinCluster: a novel clustering

method for clinical single-cell

RNA-seq data

4.1 Abstract

Single-cell RNA sequencing (scRNA-seq) datasets that are produced from multiple

human samples are usually confounded by batch effects and inter-patient variabil-

ity. Existing batch effect removal methods require strong hypotheses of the identi-

cal composition of cell populations across all patients. Here I present a clustering

strategy, ClinCluster, to overcome inter-patient variability based on the differential

expression analysis. ClinCluster was benchmarked with other scRNA-seq clustering

methods and a bench correction method by using both simulated and real datasets.

The results demonstrate that ClinCluster outperformed other methods in datasets

that are confounded by batch effects and inter-patient variability.

4.2 Introduction

Clustering is a primitive intuition for human beings. It is a process of grouping

items into catalogues. An interesting example is the Chinese literature titled Er-ya

that can be traced back to 1100 - 200 BC, in which the authors not only documented
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hundreds of plants and animals but also classified them based on their characteris-

tics. For instance, the plants were classified to herbaceous and ligneous plants, and

the ligneous plants were further grouped into arbour, shrub and palm, while the

animals were divided into insects, fish, birds and mammal. Interestingly, the birds

were defined by animals with two feet and feathers; the mammals were defined by

ones with four feet and fur.

Twenty-two centuries have passed, we are still following this notion, but with more

refined systems. For example, the living beings are catalogued by the modern system

of Kingdom, Phylum, Class, Order, Family, Genus and Species. Within one living

being such as a human being, the cells can be grouped into diverse cell types,

including epithelial cells, blood cells and adipocytes, based on their morphology and

biological functions. Unprecedentedly, we have entered a new era to more accurately

classify the cell types owing to an emerging technique.

4.2.1 General steps of clustering scRNA-seq data

Single-cell RNA sequencing (scRNA-seq) has been used in a rapidly increasing

number of biological studies from a variety of fields, including cancer research

[110, 143, 154, 183], cell communication [193], development [71, 188] and neuro-

science [43]. Given such widespread application of this technique, the analysis and

interpretation of scRNA-seq data are important.

Different cell types serve diverse functions by differentially expressing certain genes

at a measurable level, while these differentially expressed genes (DEGs) are related

to specific biological processes. Based on this notion, scRNA-seq is used to profile

cell populations and discover new cellular subtypes in the heterogeneous systems

[30]. The process, in which single cells are classified into populations based on their

transcriptomes, is termed as clustering.

Clustering is an unsupervised statistical learning technique. It can effectively parti-

tion cells into populations by exploiting the concept of similarity. In principle, cells

with highly similar expression profiles are assigned to the same group, while cells

with dissimilar profiles go to separate groups.
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To prepare for the clustering analysis, it is necessary to preprocess the sequencing

data. Raw sequencing data, such as the FASTQ file, is processed to generate a

count matrix with rows as genes (or transcripts) and columns as cells. (Figure 4.1).

The first thing after generating the count matrix is filtering out the low-quality

cells. The filtering step is based on certain criteria, such as sequencing depth and

gene coverage. Afterwards, the data matrix is normalised to eliminate the unwanted

variability caused by inconsistent sequencing depth. To improve the signal to noise

ratio, we will identify the high variance genes (HVGs) from the data matrix. Only

the HVGs are kept for downstream analysis. The data then undergoes further

dimensionality reduction, which can improve the computational efficiency of the

clustering analysis.

Generating the
count matrix

Filtering

Normalisation

Selecting HVGs

Dimensionality
reduction

Clustering

Validation

Figure 4.1. Flowchart shows the pipeline of clustering scRNA-seq data.

HVGs, high variance genes. See text for more details.

After these preprocessing steps, the selected clustering algorithm is applied on the

data matrix to catalogue cells into groups (or populations, clusters). A common
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way of describing cell populations is using marker genes. The term marker gene

refers to a gene that is specifically expressed or significantly upregulated in the

given population compared to other populations. The identified marker genes can

be put into the pathway analysis, which can reveal the biological functions of this

cellular population.

Last but not least, it is essential to verify if the analysis result is reproducible

and if the in-silico clusters can genuinely represent the in-situ cell populations.

The scRNA-seq data and the computational analysis are not free from artefacts.

For example, the clustering algorithm may force one cell population into multiple

clusters (over-clustered) due to technical variance. Moreover, the dissociation of

bulk samples can trigger the expression of early response genes, such as FOS and

JUN [136].

To test the reproducibility, there are at least three approaches. First, researchers

can use alternative tools to reanalyse the data. Second, performing scRNA-seq on

multiple samples can tell if the discovery is robust from sample to sample. Another

way is to use another platform. For instance, if a discovery is based on the data

generated by the 10x pipeline, researchers can use Smart-seq2 or single-cell qPCR

to confirm it.

The validation can be performed in two ways. The first one is to verify the exis-

tence of cell populations by using RNA in situ hybridisation (e.g. RNAscope) and

protein-based assays (e.g. immunofluorescent staining, immunohistochemistry and

fluorescence-activated cell sorting), even though they are not on the same scale of

RNA-seq in terms of gene coverage. The other type of validation tests the function

of a newly discovered cell type or a new marker gene by using functional assays.

4.2.2 Miscellaneous clustering algorithms

Here I will introduce several clustering algorithms tested in this study.

k-means clustering is one of the most classic and common approaches. It was first

brought up by MacQueen in 1967 [116]. An important concept used by k-means
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clustering is the centroid, which refers to the average (or the centre) of a group of

observations. After the number of clusters (k) is designated, the algorithm randomly

picks up k data points as the initial centroids and then optimises the centroids by

regrouping the points and rechoosing the centroids in a stepwise manner. When the

centroids stop changing, the grouping pattern is the final clustering result.

Hierarchical clustering is also used frequently. It consists of two types of algorithms,

namely agglomerative and divisive. They differ in the way of constructing the hierar-

chical tree. The agglomerative hierarchical clustering starts with individual points,

merges them in a series of steps based on the similarity matrix, and eventually

reaches a single large cluster containing all data points. Oppositely, the divisive

method starts with one group containing all data points and divides the existing

groups gradually until each group only has one point. To partition data points into

groups, a cutoff will be assigned to cut the trees at a certain height (distance).

Another two clustering algorithms were proposed more recently. Spectral clustering

uses the graph theory to extract information on how to segment the data points

[83, 133, 196]. It contains three steps. The first step is to construct a similarity

graph. There are many options, such as the k-nearest neighbour graph or the fully

connected graph based on various similarity functions (e.g. the Gaussian kernel).

In the second step, the data is embedded into a low-dimensional space by using the

top eigenvectors of the Graph Laplacian, in which the structure of clusters becomes

more evident. In the last step, the embedding was partitioned into groups by k-

means clustering. Compared to the k-means clustering, spectral clustering does not

require assumptions on the structure of data or the shape of clusters.

Affinity propagation (AP) is based on the idea of exchanging messages between data

points [54]. The messages passed between two data points contain the information

about whether one point is suitable and available to be the exemplar of the other

point. Unlike the k-means clustering, AP does not need random initial centres. It

updates the selection of exemplars iteratively until convergence. The clusters are

decided based on the final exemplars. This clustering method is suitable for the

dataset containing a large number of clusters.

These clustering methods have their advantages and disadvantages [145]. First, k-
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means and hierarchical clustering have higher scalability than spectral clustering,

while AP is not scalable with the number of samples. These methods are suitable

for diverse scenarios. For example, hierarchical clustering and AP perform well with

large numbers of clusters, while k-means and spectral clustering are better for fewer

numbers of clusters. Furthermore, whilst AP can handle non-even cluster sizes well,

k-means and spectral clustering cannot. In the Results section, I will benchmark

these clustering methods by using simulated scRNA-seq datasets.

A wide range of clustering pipelines has been developed for scRNA-seq data [94].

Basic techniques, such as k-means, hierarchical and graph-based clustering, have

been frequently incorporated into these pipelines. For example, Seurat measures

the similarity between data points by using the shared nearest neighbour [201] and

assigns cells into groups by using the graph-based clustering. In RaceID3, large

populations are detected by using k-medoids clustering, in which the gap statistic is

used to determine the number of clusters; rare populations are identified by exam-

ining the outliers [57, 68]. SC3 uses consensus clustering to summarise the results of

multiple k-means clustering [95]. However, these existing clustering pipelines were

designed for general scRNA-seq data rather than specifically for clinical scRNA-seq

data [94].

4.2.3 Challenges in analysing clinical scRNA-seq data

Clustering enables the identification of cellular heterogeneity, but it has been con-

fronted with challenges. First, scRNA-seq data can be represented by a high-

dimensional count matrix, which usually has tens of thousands of rows (genes or

transcripts) and thousands to millions of columns (cells). This can cause a problem

known as the curse of dimensionality [12]. Second, the count matrix is highly sparse,

in which over 80% of the entries are zeros [150]. The sparsity is due to either the

absence of the transcript or the technical dropout. The term, dropout, means that

this transcript is expressed in the cell but not captured in the sequencing data ow-

ing to technical limitations. Finally, unlike cell lines and mouse samples, scRNA-seq

data from clinical samples is usually confounded with batch effects and inter-patient

variability. If clinical samples are processed in separate batches, batch effects will
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be introduced into the data. On the other hand, the inter-patient variability usually

arises from the diverse genetic background across patients.

Normalisation and batch effect correction methods are often used to eliminate the

batch effects. Normalisation approaches, such as TMM (the weighted trimmed mean

of M-values) [161] and upper quartile, can correct the batch effects caused by the

inconsistency in sequencing depth.

Another approach is the batch effect correction, such as mutual nearest neighbours

(MNN) [60]. This method is based on two assumptions. One is that at least one pop-

ulation is shared between two batches. Secondly, batch effects and inter-population

variability are orthogonal to each other. By computing the anchor vector that con-

nects the subspaces of two batches, MNN can remove the batch effects and merge

the data.

Unlike batch effects, inter-patient variability only affects a group of genes, not the

overall sequencing depth. Thus, normalisation is not suitable to deal with clinical

scRNA-seq data.

Moreover, the inter-patient variability is not necessarily orthogonal to the patient-

specific subspaces, which will lead to the incorrect removal of biological variability

of interest. No existing algorithm has been developed to specifically address the

inter-patient variability.

4.2.4 Differential expression analysis

The purpose of differential expression (DE) analysis is to identify genes or tran-

scripts that are expressed at significantly different levels between two conditions.

Computational approaches for DE analysis have been developed for bulk RNA-seq

data [173] (e.g. edgeR [162], DESeq2 [114] and limma [158] and scRNA-seq data

(e.g. MAST [53]).

Recently Soneson and Robinson [174] carried out an empirical study, in which they

compared 36 types of DE analysis tools for scRNA-seq data. Their criteria consisted

of the ability to control false discovery rate, computational efficiency, scalability and
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sensitivity. In the comparative study, they introduced a method, termed as detection

rate (DetRate), in which they used the proportion of genes detected per cell as a

covariate in the DE analysis model. According to their results, the top-ranking

methods are edgeR/quasi-likelihood approach (QLF)/DetRate [115], MAST/CPM

(counts per million)/DetRate [53], limma-trend [103], MAST/TPM (transcripts per

million)/DetRate, edgeR/QLF and limma-voom [103]. Surprisingly the methods for

bulk data outperformed the ones that were designed specifically for single-cell data.

As a mature technique for analysing RNA-seq data, DE analysis is intrinsically

more tolerant of unwanted variability than clustering, owing to the embedded linear

model. By including the batch as a covariate in the model, DE analysis is capable of

excluding batch effects. The unique advantage of DE analysis provides insight into

an alternative way of addressing the inter-patient variability in scRNA-seq data.

4.2.5 Motivations

In the scRNA-seq clustering pipelines, the commonly used dissimilarity measures,

such as Pearson correlation and Euclidean distance, suffer from the interference

of batch effects. Such limitation tampers the correct clustering of single-cell tran-

scriptomes. Given the aforementioned advantages of the DE analysis, I proposed a

scheme, in which DE analysis is used to compute dissimilarity and hereby cope with

the batch effects and inter-patient variability in clinical scRNA-seq data.

4.3 Results

4.3.1 Design of workflow

The DE-based clustering has three steps (Figure 4.2). The first step was termed as

initial clustering, in which cells were grouped into patient-specific initial clusters. It

was followed by the calculation of an inter-group distance matrix based on the sim-

ilarity of functional behaviours. The third step, termed as final clustering, merged

the initial clusters based on the inter-group similarity to generate cross-patient final
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clusters.

Figure 4.2. Diagram shows the workflow of ClinCluster.

ClinCluster is a three-step clustering algorithm tailored for clinical scRNA-seq data. The
input is the count matrix with rows as genes and columns as cells from multiple patients.
The first step is called initial clustering, in which the cells are grouped into patient-
specific clusters, named initial clusters. In the diagram, the cells (dots) from each patient
are catalogued into three initial clusters, e.g. P1 C1, Cluster 1 of Patient 1. The next
step is constructing an inter-group dissimilarity matrix (the heatmap), in which rows and
columns are the initial clusters and entries represent the inter-group distance as shown
in the colour bar. The last step is merging the initial clusters into final clusters (dashed
circles) based on the inter-group similarity.
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4.3.1.1 Selecting the algorithm for the initial clustering

To generate the patient-specific initial clusters, there were several candidate algo-

rithms that have been introduced in Section 4.2.2, including k-means clustering (R

function kmeans), Spectral clustering (R package kernlab [83]), Spectral clustering

based on the k-nearest-neighbour graph (R package kknn [64]) and AP (R package

apcluster [20]).

To select a suitable algorithm, I compared these approaches with the simulated data

consisting of only one batch. First a dataset with n genes and m cells was generated

by R package Splatter [205]. Before the clustering step, I preprocessed the datasets

by performing log-normalisation and HVG selection. Denote the preprocessed ex-

pression matrix as M (k × m), in which the k rows correspond to the number of

HVGs and the m columns refer to the number of cells.

Here the adjusted Rand index (ARI) [74, 155, 194] was used to evaluate the per-

formance of clustering algorithms. The ARI is one of the external evaluation mea-

sures, which refer to benchmarking predicted clusters with ground truth for the pre-

classified datasets. In brief, the ARI represents the frequency of correct decisions

that a clustering algorithm makes compared with the ground truth (see Methods,

Equations 2.2 and 2.3).

The simulation was repeated with different sets of parameters: the number of cells

m = 50, 150, 500 and the number of true populations g = 2, 4, 8. After 20 times of

simulation for each set of parameters, the spectral clustering methods and k-means

behaved better than AP (Figure 4.3).

To further investigate the advantages and disadvantages of these methods, I plotted

out their performance under disparate conditions (Figure 4.4). Although AP under-

performed the other three methods, its accuracy increased when there were more

populations (m = 500, g = 8). However, for the small group size and relatively

simple composition, AP behaved the worst.

The hypothesis used to build simulated datasets was strong, and it simplified the

structure. In clinical data, due to sample degradation or prolonged processing time,
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Figure 4.3. Comparison of four methods for the initial clustering.

The violin plots represent the distribution of adjusted Rand index. The upper and lower
borders of the boxplots correspond to the upper and lower quantiles respectively, and
the bold vertical lines in the middle the medians. Each dot represents the result of one
simulation. The x-axis refers to the tested clustering algorithms, and the y-axis the ad-
justed Rand index (ARI). the ARI is an external evaluation measure of clustering methods.
Higher ARIs correspond to better performance.

the data may suffer from a higher rate of outliers. Therefore, I decided to include

this feature when simulating clinical-like datasets. In this scenario (ratio of outliers

= 0.2 compared to the default 0.05), all the four methods performed worse (Figure

4.5); The ARIs dropped for all methods compared to Figure 4.4. AP still had the

lowest ARI, suggesting that it is not a suitable method. From another perspective,

all methods had the lowest accuracy when there were 8 population in 50 cells. This

extreme case could be caused by the the insufficient sample size. After excluding

this situation, spectral clustering outperformed the other methods (Figure 4.6).

The k-means clustering method had higher variance, and it performed worse for the

datasets with small sample sizes (n = 50). The spectral clustering function from R

package kernlab slightly outperformed the kknn function.

Therefore, the spectral clustering method specc from R package kernlab was used

for further analysis, because it was stable for simulated datasets with complications,

i.e. outliers and limited sample sizes. Yet one thing to keep in mind is that the

choice of the initial clustering method will largely depend on the structure of the

dataset.
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Figure 4.4. Comparison of four methods for the initial clustering under diverse
conditions.

This study tested the four algorithms with combinations of two parameters: the number
of cells m = 50, 150, 500 and the number of true populations g = 2, 4, 8. The subfigure
panels are arranged by the number of populations (rows) and the number of cells (columns)
as marked. The x-axis represents the tested algorithms, and the y-axis refers to the
performance of each method in multiple tests (dots). The upper and lower borders of the
boxplots correspond to the upper and lower quantiles respectively, and the bold vertical
lines in the middle the medians. Each dot represents the result of one simulation. See also
Figure 4.3.

4.3.1.2 Constructing the distance matrix

After the initial spectral clustering, each cell was assigned to a patient-specific initial

cluster. Following this clustering step, the DE analysis was carried out between each

pair of initial clusters across patients. The DE analysis was based on the generalised

linear models to evaluate whether the expression levels of a gene were distinguishable

between two or more conditions [115]. Based on the strength and the number of

DEGs between two initial clusters, the following equation (Equation 4.1) was used

to generate the entry, dij, that represented the dissimilarity between the ith and jth
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Figure 4.5. Comparison of four methods for the initial clustering in more
severe conditions.

The subfigure panels are organised by the number of cells (columns) and the number of
groups (rows). The candidates are tested with simulated data with the outlier rate of
0.2. Overall, the spectral clustering still outperforms the other methods by examining the
ARI. As for the the outlier rate of 0.05 (default), see Figure 4.4.

Figure 4.6. Comparison of four methods for the initial clustering in more
severe conditions.

This figure summarised all conditions from Figure 4.5, except one (n = 50 and g = 8).
Two spectral clustering algorithms from kernlab and kknn outperform AP and k-means,
while kernlab is slightly better than kknn.

initial clusters in a distance matrix.
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dij =
k∑

n=1

|fn|(eni + l)

(enj + l)
(4.1)

Herein, k refers to the number of DEGs between the ith and jth initial clusters. In

the numerator, fn denotes the log2 fold-change of the nth DGE, while eni and enj

denote the ratio of cells respectively in clusters i and j that express the nth DEG.

l is a constant (usually l = 0.01) to avoid the denominator being zero.

In other words, the numbers of DEGs and the strength of DE represent the func-

tional dissimilarity between two initial clusters. The distance matrix of functional

dissimilarity can be described as

D = {dij}, (4.2)

in which the dissimilarity dij is defined in Equation 4.1 between the ith and j th

initial clusters.

The values of cut-offs for DEGs should be optimised to maximise the functional dis-

similarity across different cell populations and to minimise the dissimilarity caused

by structured batch effects. There were three types of parameters to optimise. The

first one was the fold-change of expression levels between two clusters. The second

was the detection ratio and the third was the false discovery rate (FDR) calculated

by the DE analysis. I carried out the DE analyses with different combinations of

parameters (Figure 4.7). For the log2 fold-change between 0.6 and 0.8 and the ratio

of expression between 0.25 and 0.75, the dissimilarity between different populations

exceeded the one caused by structured batch effects.

To test whether there was any benefit from this DE step, I compared ClinCluster

to spectral clustering on the simulated data with three batches (300 cells per batch)

and four populations (fractions = 0.23, 0.34, 0.12 and 0.31). When the spectral

clustering was directly conducted on this dataset, the clustering results were misled

by the batch effects (Figure 4.8). Most obviously, the original Group 3 and Group

4 were shuffled and divided into two new groups. It demonstrated that a method

that can cope with batch effects is necessary for this type of single-cell data.
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Figure 4.7. Optimising the parameters to maximise biological dissimilarity
and minimise batch effects.

The y-axis denoted the numbers of DEGs between pairs of initial clusters. For the red
boxes, two initial clusters in a given pair are from the different populations, whereas for
the green boxes, both initial clusters are from the same population. In other words, the
values of the red boxes represent the biological variability, whilst the ones of the green
boxes represent the inter-batch variability. Ideally, the selection of parameters is needed
to maximise the biological variability and minimise the inter-batch variability. I tested
three types of parameters, p (adjusted p-values, FDR), ratio (the proportion of cells in
a given initial cluster that express the DGE) and log2 fold-change. Each subfigure panel
has a combination of p and ratio as shown in the grey strips. The x-axis denotes the
log2 fold-change. For the log2 fold-change between 0.6 and 0.8 and the ratio of expression
between 0.25 and 0.75, the dissimilarity between different populations (red) exceeded the
one caused by structured batch effects (green).

As for the step of the DE analysis, there were several options. I compared four top

methods from a previous benchmarking study [174], namely edgeR/QLF [115], MAS-

T/CPM [53], limma-trend [103] and limma-voom [103], with a simulated dataset.

First, I applied the initial clustering on this dataset as described above (Figure 4.9).

Then a distance matrix (Equations 4.1 and 4.2) among those initial clusters was

computed with edgeR, limma-trend and limma-voom. All of these three methods

accurately recognised the structure of the initial groups (Figure 4.10). The pairwise
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Figure 4.8. Directly using spectral clustering is influenced by batch effects.

Left panel, cells (dots) are coloured by groups. Middle panel, cells are coloured by batches.
Right panel, cells are coloured by the clustering results from direct spectral clustering
(specc) without the DE step. When the spectral clustering was directly conducted on this
dataset, the clustering results were misled by the batch effects (ARI = 0.75). As shown
in the right panel, the original Group 3 and Group 4 were shuffled and divided into two
new groups. It demonstrates that an additional step, such as DE analysis, is necessary to
deal with the batch effects.

distances were close to zero between the initial clusters that belonged to the same

population, but over 100 for the ones belonging to different populations. However,

one obvious disadvantage of the edgeR method was its calculation speed. To com-

plete the same mission on a MacBookPro (2.8 GHz processor), limma-trend and

limma-voom only took 35 s and 45 s respectively, while edgeR took 45 min. Hence,

I decided to move forward with limma-trend and limma-voom.

Page 60 Chapter 4 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

Figure 4.9. PCA plots visualise the initial clusters of a simulated dataset.

After applying the initial clustering on the simulated dataset, cells from three different
batches (subfigures) are grouped into initial clusters (colours). The initial clustering result
will be the input of the next step (see Figure 4.10).

Figure 4.10. All three DE methods recognised the structure underlying initial
clusters.

The distance matrix (heatmap) represents the inter-group dissimilarity between the ini-
tial clusters shown in Figure 4.9. Each subfigure panel is the result of one DE analysis
algorithm as shown in the title. The x- and y-axes of heatmaps denote the initial clusters,
while the colour represents the inter-group distance. The pairwise distances were close to
zero between the initial clusters from the same population, but over 100 for the ones from
different populations.
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4.3.1.3 Hierarchical clustering to merge initial clusters

In this step, hierarchical clustering assigned all initial clusters to final clusters based

on the distance matrix. Accordingly, each cell was assigned to the corresponding final

cluster (Figure 4.2). The hierarchical dendrogram can be plotted to help determine

the height to cut the tree.

Following the above example (Figures 4.9 and 4.10), the distance matrices are vi-

sualised in the format of hierarchical dendrograms (Figure 4.11). The branching

structure can facilitate the decision of tree cutting. For example, in the tree titled

limma-trend, the three initial clusters, namely Batch3 4, Batch1 4 and Batch2 4,

were assigned into one final cluster, along with the single cells that belonged to

those initial clusters. The ARI of the final clustering result was equal to 1. It was

better than the result of directly using spectral clustering (ARI = 0.75, Figure 4.8),

confirming the essentiality of using ClinCluster for batch-confounding data.

Figure 4.11. Hierarchical dendrograms are constructed based on distance ma-
trices.

The dendrogram visualises the distance matrix among initial clusters (nodes on the x-
axis). The y-axis represents the length of edges (distances). I used three DE analysis
methods to generate the distance matrices as shown in the three subfigures. Based on the
branching structure, we can decide where to cut the trees. For example, in the middle
panel (titled limma-trend), the cutoff can be set at around 50 whereby the three initial
clusters (Batch3 4, Batch1 4 and Batch2 4) are assigned into one final cluster, along with
the single cells that belong to those initial clusters.
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4.3.2 Benchmarking ClinCluster on simulated datasets

Next, I benchmarked ClinCluster with other scRNA-seq clustering pipelines. The

comparison used datasets generated by R package Splatter [205]. ClinCluster was

compared with three commonly used techniques [182]: Seurat [24], RaceID3 [57, 68]

and SC3 [95]. Regarding the ability to cope with batch effects, ClinCluster was

also compared with a batch correction method, mutual nearest neighbours (MNN),

which is reported to outperform other batch correction methods [60].

The results reveal that ClinCluster outperformed other clustering pipelines in the

scenario where the data is confounded by batch effects (Figure 4.12). ClinCluster

reached the ARIs of over 0.8 in 89% cases (56 out of 63). The accuracy (measured

by the average ARI) of ClinCluster was higher than the other four methods (Table

4.1). MNN was second to ClinCluster. It did well in certain situations (e.g. the

datasets with 2 groups), but poorly in others (e.g. the datasets with 4 batches and

8 groups).

Figure 4.12. ClinCluster outperforms the other methods on multiple-batch
simulated data.

This study compared several clustering pipelines (x-axis) with simulated scRNA-seq data
under different conditions (subfigures). ClinCluster (ClinC) reached the ARIs of over 0.8
in 89% cases (56 out of 63). Evaluated by ARIs (the y-axis), ClinCluster achieves accuracy
prediction in all situations. MNN was second to ClinCluster, and its accuracy was limited
with the 4-batch and 8-group datasets.

The stability (measured by the standard deviation of ARIs) of ClinCluster also

exceeded the other methods (Table 4.1). Opposite to ClinCluster, the ARIs of
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Method Average ARI Dispersion ARI

ClinCluster 0.88 0.16

MNN 0.76 0.32

RaceID 0.47 0.30

SC3 0.51 0.49

Seurat 0.35 0.17

Table 4.1. ClinCluster outperforms the other clustering and batch correction
methods in simulated datasets.

The average ARI is used to evaluate the accuracy of clustering. Higher average ARIs
correspond to higher accuracy. The dispersion (the standard deviation of ARIs) is used
as a measurement of the stability. Lower dispersion represents higher stability.

SC3 ranged from 0 to 1 (e.g. in the 4-batch and 2-group scenario) (Figure 4.12),

suggesting a lack of stability. There was one outlier (ARI = 0) in the 8-batch and 2-

group case for ClinCluster in Figure 4.12, in which ARI was equal to 0. I looked into

this case and found that spectral clustering picked up the wrong initial grouping. It

suggested that there was room for improvement of the initial clustering algorithm

to reach higher robustness.

I assumed that the poor performance of other clustering pipelines was caused by the

batch effects. To test this assumption, I calculated the ARI between the clustering

results and the batches (rather than the populations), which was used to measure

the extent to which the clustering results were impacted by inter-batch variability.

The result showed that the other three clustering methods were influenced by batch

effects (Figure 4.13). For instance, the result of Seurat was influenced by the batch

effects under all situations (Figure 4.13). It verified the hypothesis that batch effects

interfere with the accuracy of other clustering pipelines.

I also compared the time efficiency of these methods. ClinCluster was comparable

with MNN and RaceID. All of them were better than SC3 (Figure 4.14). Because

ClinCluster involved pairwise comparisons between initial clusters, its running time

increased with the number of initial clusters (O(n2), where n is the number of initial

clusters). The running time of MNN, RaceID and SC3 was associated with the
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Figure 4.13. Other clustering methods are swayed by batch effects.

To measure the impact of batch effects, the ARI was computed between the clustering
results and the batches (rather than the populations). The y-axis represents the extent
to which clustering results are impacted by inter-batch variability. Unlike other clustering
pipelines, ClinCluster (ClinC) is free from the impact of batch effects under miscellaneous
scenarios (subfigures).

number of total cells, while Seurat was not affected by the data size.

Overall, the results show that ClinCluster can overcome the batch effects in a range

of simulated datasets.

4.3.3 Benchmarking on the clinical dataset

I next evaluated ClinCluster with a clinical dataset of patients’ melanoma samples

[183]. For clinical samples, an outlier mode was introduced. It was assumed that the

small sample size of scRNA-seq could cause a higher false positive rate for the DE

analysis, which could jeopardise the structure of the hierarchical tree. Therefore, I

set up an optional mode, in which the small initial clusters were excluded from the

construction of hierarchical trees.

I tested the ClinCluster pipeline with or without the outlier mode on the melanoma

dataset (Figure 4.15). When the small-size initial clusters (n ≤ 10, red labels in
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Figure 4.14. Time efficiency of clustering methods.

The time efficiency of various clustering pipelines (shown in the legend) was tested. The
x-axis denotes the number of groups in a dataset, and the y-axis shows the run time of each
method. The subfigures represent different numbers of batches. Seurat has the highest
efficiency, while SC3 has the lowest. The performance of ClinCluster, MNN and RaceID
is between those two extreme cases.

Figure 4.15a) were included, these clusters formed a structure, in which the outlier

group did not have any mutual nearest neighbour. These outlier groups can make the

final clustering less accurate. For example, the existence of initial cluster Mel60 2

hindered the correct partition between two clusters (coloured by purple and pink in

Figure 4.15a). Under the outlier mode, the small-size initial clusters were excluded

from the hierarchical tree at first (Figure 4.15b) and then merged into the major

clusters. It ensured that the final clustering step would not be influenced by the

outliers.

I compared the results of ClinCluster (outlier mode) with other four clustering

pipelines as well as the spectral clustering. In Tirosh et al.’s study, 2223 cells from

seven donors were classified into 7 groups (Figure 4.16a and b).

• Group 0, unclassified cells

• Group 1, T cells

• Group 2, B cells

• Group 3, macrophages
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Figure 4.15. The outlier mode restores the correct tree structure.

For the real dataset, the outlier mode was introduced, in which the small initial clusters
(red labels in Subfigure a) were treated as outliers in the last step. The colours of branches
represent the final clustering results. (a) The dendrogram shows the hierarchical tree built
under the normal mode. The red labels denote the small-size initial clusters. Some of them,
such as Mel60 2 and Mel60 7, form a singlet node with no mutual closest neighbours. (b)
The dendrogram shows the hierarchical tree built under the outlier mode, in which the
small-size initial clusters were excluded from it. It facilitates the selection of a cutoff.
In the subfigure (a), the existence of initial cluster Mel60 2 interferes with the correct
partition between two clusters (coloured by purple and pink).

• Group 4, endothelial cells

• Group 5, cancer-associated fibroblasts (CAFs)

Page 67 Chapter 4 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

• Group 6, natural killers (NKs)

By using the original annotations as the ground truth, the ARIs were computed

to evaluate the accuracy of clustering approaches. The comparison revealed that

ClinCluster outperformed other clustering approaches. It correctly identified T cells

(C1), B cells (C2), endothelial cells (C4), CAFs (C5) and macrophages (C6). The

NK cells were assigned to the T cell population, due to the small difference between

these two cell types (Figure 4.16b). Compared to the original annotation, Clin-

Cluster successfully assigned the unclassified cells to the individual groups (Figure

4.16c).

Figure 4.16. ClinCluster outperforms other methods in the melanoma dataset.

The x- and y-axes denote the first two components of t-distributed stochastic neighbour
embedding (t-SNE), which is a dimensionality reduction technique. Each dot represents a
single cell. (a) Cells are coloured by patients. (b) Cells are coloured by the original anno-
tations (ground truth). (c-h) Cells are coloured by the results of miscellaneous clustering
pipelines: ClinCluster (c), Seurat (d), RaceID (e), SC3 (f), MNN + spectral clustering (g)
and spectral clustering (f). Evaluated by the ARI, ClinCluster has the highest accuracy
by correctly identifying T cells (C1), B cells (C2), endothelial cells (C4), CAFs (C5) and
macrophages (C6).

The second best one was RaceID. It also identified the main populations but misclas-

sified some B cells (RaceID/Cluster 4) and T cells (RaceID/Cluster 3) (Figure 4.16e).

SC3 failed in separating macrophages and endothelial cells. Besides, it divided the T

cells into three sub-groups, one of which (SC3/Cluster 3) is a patient-specific cluster

(Figure 4.16f). This cluster contained 311 cells from only one patient, Mel75. It

suggests that SC3 over-clustered the T cells due to inter-patient variability. The

results of Seurat also contained a patient-specific cluster Seurat/Cluster 3, in which
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243 out of 250 cells were from Mel75. The impact of inter-patient variability (IPV),

which referred to the ARI computed between patients and predicted clusters, also

indicated that Seurat and SC3 were affected by inter-sample variability (IPV = 0.19

for SC3 and 0.13 for Seurat, compared to IPV = 0.05 for ClinCluster). When the

spectral clustering was directly applied on the data, it could not identify the main

populations owing to the interference of outliers. For instance, spectral clustering

picked up two small-size clusters (Spectral/Cluster 3 and Spectral/Cluster 5) that

consisted of outliers (Figure 4.16h).

Figure 4.17. PCA plots before and after the MNN corrections.

The x- and y-axes represent the first two principal components. The comparison between
the before- and after-MNN data reveals that the discrepancies between cell populations
are shrunk by the MNN correction. For instance, the difference between Cluster 3 and
5 was evident in the left panel (uncorrected data), but vague in the right panel (correct
data). The lose of key information hinders the correct partition of data points.

The combination of MNN and spectral clustering also did not work well (Figure

4.16g). By comparing the PCA results before and after the MNN correction, the

analysis revealed that the MNN correction shrank the discrepancies between cell

populations (Figure 4.17). I inferred that the nonorthogonality between the inter-

patient variability and the patient-specific biological subspace did not meet the

orthogonality prerequisites of the MNN approach [60]. In other words, MNN was

tailored to cope with batch effects and technical variability rather than inter-patient

variability. Among these methods, ClinCluster can most effectively overcome inter-

donor diversity.
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4.4 Discussion

Clinical scRNA-seq datasets are often confounded by both batch effects and inter-

donor variability, which interfere with the accurate interpretation of data. The

batch effects are usually caused by technical factors; for example, different lots of

reagents are used. However, the inter-donor variability has not been fully studied.

The inter-donor variability can be caused by diverse genotypes or other factors, such

as microenvironment or epigenetic changes.

To address the confounding factors in clinical scRNA-seq, this study presented a

clustering method, named ClinCluster, which was tailored for clinical scRNA-seq

data. ClinCluster was based on the hypothesis that the inter-population discrep-

ancy is measurably larger than the inter-batch and inter-patient variability. By

benchmarking ClinCluster with other existing clustering and batch correction tech-

niques, this study demonstrates that ClinCluster can surmount the confounding

factors and recognise the cross-donor populations.

ClinCluster is designed for clinical samples. On the other hand, it is unnecessary

to use ClinCluster for the datasets without inter-batch confounding factors. As the

rule of thumb, the selected clustering algorithm should be suitable for the given data

type. To decide if ClinCluster fits a given dataset, multiple clustering methods can

be applied on it first. If the result of other clustering methods is disturbed by batch

effects (e.g. IPV > 0.1), ClinCluster will provide a more accurate result.

The advantage of ClinCluster is that it does not need harsh simplifying hypothe-

ses compared to other batch correction methods. Although MNN can successfully

remove technical confounding factors [60], it requires orthogonality between batch

effects and inter-population variability. However, inter-patient diversity is not al-

ways orthogonal to patient-specific subspaces (Figure 4.17).

The first limitation of ClinCluster is the lack of scalability. Scalability is an impor-

tant feature for the scRNA-seq analysis tools because the throughput of scRNA-seq

experiments is exponentially increasing. More optimisation work will be done to

make ClinCluster suitable for large datasets. Potential solutions include using the

notion of metacells [7], i.e. merging cells that statistically represent one closely
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related group, and then applying clustering on the metacells.

Secondly, ClinCluster cannot predict the number of clusters, which currently needs

to be assigned empirically. Incorporating this feature into ClinCluster needs to be

done with more work. A potential solution is using the notion of gap statistics to

find the suitable number of clusters [196].

Besides, the results of ClinCluster will rely on the selection of HVGs. More work

is needed to evaluate the effect of using different sets of HVGs to calculate the

between-cell dissimilarity. The ideal set of HVGs will mostly represent the true

biology variance.

Furthermore, ClinCluster can identify small populations to a certain extent, such as

the cycle cell cluster that I will show in the next Chapter. However, when a popu-

lation is too rare (such as one in ten thousand cells) to be identified by any existing

clustering method, we should consider deal with it experimentally. For example,

samples can be treated with a condition that enriches the rare population, and then

we apply scRNA-seq on the treated samples. In this way, the rare population (e.g.

the stem cell population) can be more easily identified and profiled.

Although many computational methods are available to correct batch effects [186],

it is vital to minimise batch effects at the wet lab level. One example of the best

practice is to process multiple samples in one batch. For instance, if an experiment

requires cells from mice treated by different conditions, try to process all groups in

the same batch. However, this is often not the case for clinical samples. As I will

describe in the next chapter, although I performed reverse transcription and other

reactions on the cells from multiple donors in the same batch, the sample from a

donor were dissociated on the same day as her surgery. It means that samples from

different donors have to be dissociated and sorted separately. Moreover, researchers

usually cannot control how long it takes for the sample to be shipped to the labora-

tory after it comes out from the donor’s body. This variability is also manifested as

the batch effect. Thus, in the scenario of clinical samples, batch correction at the

computational level is essential to account for those uncertainties.

In this chapter, I described a clustering algorithm, ClinCluster, which was tailored
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for clinical scRNA-seq data. In the next chapter, this algorithm will be applied on

the scRNA-seq dataset that I generated from human fallopian tubes.
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Single-cell transcriptomic profiling

of human fallopian tubes and

decomposition of bulk ovarian

tumours

5.1 Abstract

It has been challenging to develop a robust classifier of high-grade serous ovarian

cancer (HGSOC). Given the resemblance between HGSOC and its cell of origin,

this study hypothesised that the presumable phenotypic heterogeneity within cells

of origin might be inherited by cancerous cells. Fallopian tubes are an essential part

of the female reproductive system and the origin of certain serous ovarian cancer.

However, the knowledge of fallopian tubes at the molecular level is limited. In

this work, I profiled the single-cell transcriptomes of epithelial cells, lymphocytes,

fibroblasts, etc. from human fallopian tubes by using scRNA-seq. My analysis

revealed not only the communication network among those populations but also four

novel secretory subpopulations. This work provides the first benchmarking dataset

that delineates the transcriptomic landscape of human fallopian tubes at the single-

cell level. By using the transcriptomic signatures derived from the scRNA-seq data

of the fallopian tube epithelium, I decomposed TCGA HGSOC bulk samples and

found that the enrichment of the ECM signature was associated with poor prognosis
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and treatment response.

5.2 Introduction

5.2.1 Ovarian cancer

Ovarian cancer is the most lethal gynaecological malignancy, which causes over

4 thousand deaths annually in the UK [77]. Based on aetiology and morphology,

ovarian cancers are classified into four major histopathological types, namely serous,

mucinous, endometrioid and clear cell [79]. Based on cell morphology and differen-

tiation, ovarian cancers are also described as low-grade and high-grade [117, 192].

Among all these subtypes, high-grade serous ovarian cancer (HGSOC) is the most

common (70-80%) subtype of ovarian cancer with the lowest survival rate.

The most significant genetic feature of HGSOC is the ubiquitous TP53 mutation

[1]. The TP53 mutation rate was reported to be around 95% in HGSOC. The other

feature is the frequent occurrence of copy number variants [11], which is associated

with the defective homologous recombination pathway [177] in around half of the

HGSOC cases.

5.2.2 Molecular subtyping of HGSOC

Molecular subtyping is important for stratifying the patients and delivering the

most effective treatment. Although the stratification still mostly relies on DNA-

based assays, RNA-seq and microarrays have provided unique insights into precision

medicine. For example, Parker et al. developed a 50-gene signature (termed as the

PAM50 [PAM is short for Prediction Analysis of Microarray]) to classify breast

cancer into four subtypes: basal, HER2-enriched, luminal A and luminal B based

on expression levels [140]. A test based on PAM50 can predict the risk of recurrence

and enable rational choice of treatment.

Previous studies have made progress on subtyping serous ovarian cancer. Tothill
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et al. exploited the microarray to profile the transcriptomes of 285 serous and en-

dometrioid tumour samples and for the first time classified serous ovarian cancer

into four molecular subtypes [184]. Moreover, they found that a mesenchymal sub-

type was associated with patient’s survival. Such classification was later validated

by the TCGA study in a larger cohort [11]. However, the correlation between this

mesenchymal subtype and poor prognosis was not significant in the TCGA data,

implying that this clustering-based classifier is unstable. Researchers have made

some progress to refine this subtype classifier [33, 98], but their methods are limited

to the use of clustering to identify four discrete groups. Given this situation, I spec-

ulated whether a methodology other than clustering could improve the molecular

subtyping system of HGSOC.

5.2.3 Tubal origin hypothesis of ovarian cancer

Ovarian cancer was previously believed to arise from the ovarian surface epithelium.

Recently, an increasing number of studies support the tubal origin hypothesis that

the fallopian tube epithelial secretory cell (FTESC) population is an alternative

cell of origin of serous ovarian cancer [134]. This hypothesis proposes that these

cells of origin acquire mutations and evolve into early lesions, which then exfoliate

and fall into ovaries, where the mutated cells obtain further genetic alterations and

eventually develop into HGSOC.

This hypothesis was brought up because a type of presumed early lesions, known as

serous tubal intraepithelial carcinomas (STICs), were frequently founded in geneti-

cally high-risk women such as BRCA-mutated carriers [92, 106, 149]. The fact that

STICs share the same morphology and markers (such as Ki67 [100, 168]) with serous

ovarian cancer gives more power to the tubal origin hypothesis [32]. Another puta-

tive early lesion is the p53 signature, which is defined by a serial of p53-expressing

secretory cells with normal cell morphology in the fallopian tube epithelium.

The evidence supporting the tubal origin hypothesis has been accumulating. A

previous study reported that the immortalised and transformed FTESCs derived

from healthy fallopian tubes can mimic HGSOC [85]. In the mouse model, Perets et
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al. demonstrated that HGSOC can originate from FTESCs by specifically knocking

out Brca, Tp53 and Pten in the PAX8 -expressing secretory cells [146]. At the

genetic level, Labidi-Galy et al. analysed the whole exome of microdissected early

tubal lesions and ovarian cancers [102]. Their evolutionary analysis revealed that

the tumour-specific mutations and copy number variants present in tumours also

existed in the early lesions, including the mutations affecting tumour suppressor

genes such as TP53 and PTEN. It suggests that the tubal early lesions may be the

precursors of ovarian cancer based on the evolutionary paradigm.

Moreover, several population-based studies reveal that the fallopian tube resection

can effectively reduce the risk of serous ovarian cancer [36, 86, 156], supporting that

fallopian tube is at least one of the origins of HGSOC.

5.2.4 Previous knowledge of the cellular landscape in fal-

lopian tubes

The fallopian tube is a ductus connecting the ovary and the uterus in the female

reproductive system (Figure 5.1). It plays an important role in transporting the

ovulated eggs to the endometrium, and its cavity is the usual place where the fertil-

isation happens. A layer of epithelial cells, termed as the fallopian tube epithelium

(FTE), spreads above the inner cavity of fallopian tubes. Dysfunction of the FTE

is associated with a variety of diseases ranging from infertility to cancer [164].

Figure 5.1. Diagram of the human female reproductive system and the fallop-
ian tube epithelium.

The previous literature has documented three major cell types in the FTE [39] (Fig-

ure 5.1). The Pax8 positive secretory cell population secretes the fluid nourishing
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eggs, while the Tubb4 positive ciliated population flaps the cilia to drift eggs towards

the endometrial cavity. The third cell type is termed as the peg cell or the basal

cell. Unlike the columnar secretory and ciliated cells, the basal-located peg cells are

round-shaped.

5.2.5 Motivations

As the origin of ovarian cancer, a comprehensive understanding of the FTE can

provide clues to develop early screening approaches and to improve treatments for

ovarian cancer. However, our knowledge of FTE cellular types is limited to cell

morphology and few markers, such as the aforementioned Pax8 and Tubb4. Another

question that remains elusive is whether there is any unrecognised cell subtype in

the FTE. Thus, this work is aimed to reveal the expression profile of individual cell

types and identify novel cell populations in the FTE by using scRNA-seq.

Given the reported similarity between FTESCs and HGSOC [85, 146], I assumed

that the repertoire of cell states in the cell of origin was inherited by cancer cells.

Hence, I speculated that I could compute the composition of cell states in bulk

tumours by using the transcriptomic signatures of nonmalignant FTE cell subtypes.

In this study, I aimed to exploit the new knowledge obtained from FTE to seek a

deeper understanding of the molecular heterogeneity of ovarian cancer.

5.3 Results and Discussion

I designed an experimental workflow to census cell populations in the FTE by ex-

ploiting scRNA-seq. The overall design included three parts. The first part (Section

5.3.1) was a technical study, in which I tried to optimise the sequencing conditions.

In Section 5.3.2, I used the 10x Genomics technique to portray the global picture

of fallopian tubes, including epithelial cells, stromal cells and lymphocytes. The

rest part was focused on the epithelial cells, especially secretory cells, to thoroughly

scrutinise the subpopulations and generate a new model of the cellular landscape in

the FTE.
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5.3.1 Impact of culture on transcriptomes

To maintain primary cells from fresh clinical samples, cell culture techniques have

been frequently used when fresh samples cannot be easily obtained [104, 167]. The

primary cell culture is also a typical model to study the underlying mechanism of

diseases or other biological questions. However, the effects of cell culture or other

cell maintenance techniques on single-cell transcriptomes have not been well studied.

Figure 5.2. Diagram shows the workflow to study the effect of cell culture.

To compare the cells under the fresh condition with the ones under the culture con-

dition, I applied Smart-Seq2 [147, 148] on fresh and cultured fallopian tube epithelial

cells (Figure 5.2, Methods see Section 2.3.2.2). The cells from different conditions

were gathered into different groups based on the uniform manifold approximation

and projection (UMAP) [125] (Figure 5.3a), while the cells from different patients

coexisted in all the clusters (Figure 5.3b). UMAP is a dimensionality reduction

approach, which is aimed to select representative features or variates and, thus,

achieve interpretable visualisation of high dimensional data. Apart from UMAP,

another two methods are frequently used for scRNA-seq data, namely t-distributed

stochastic neighbour embedding (t-SNE) and principal component analysis (PCA).
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Figure 5.3. UMAPs visualise single cells from two patients across three con-
ditions.

Each dot denotes a cell. Cells are coloured by conditions in (a) and by donors in (b).

5.3.1.1 Pseudotime analysis

Firstly, I ran a pseudotime analysis to study the latent variables of culturing effect

[26]. Unlike clustering, pseudotime analysis projects cells onto one dimension (also

known as the trajectory), which can imply the underlying biological process. The

analysis assigns a pseudotemporal value to each cell. The pseudotemporal position

of each cell on the trajectory reflects the stage in a certain process, such as the organ

development [160, 163, 187]. The proximity of two pseudotemporal values implies

the similarity between the two cells.

Our analysis showed that both the median and the dispersion of pseudotemporal val-

ues of cultured cells were higher than the ones of fresh cells (Figure 5.4a). The result

also showed that the cells reached the highest pseudotime in the overnight-cultured

group and the pseudotime of long-term-cultured (LT-cultured) cells followed a bi-

modal distribution.

I then used PCA to project the single-cell data into two dimensions for visualisation.

Consistent with the violin plot, the PCA plot also showed a split of the LT-cultured

group into two sub-groups possibly owing to the effect of culture condition (Figure

5.4b). This result implied that tremendous changes were caused by the procedure
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of cell culture.

Figure 5.4. Pseudotime analysis of cells under different conditions.

5.3.1.2 Differential expression analysis and pathway analysis

Following the pseudotime analysis, I performed the differential expression analysis

among the three conditions. In total, 10,640 genes were differentially expressed

across these conditions (log2 fold-change ≥ 0.4, FDR < 0.05). I summarised the

number of differentially expressed genes (DEGs) in each comparison (Table 5.1).

It is not surprising that a substantial number of DEGs existed between the fresh

and the overnight-cultured, but the discrepancy between the overnight-cultured and

the LT-cultured was also significant. It indicated that the overnight-cultured cells

did not reach a stable state. Thus, the short-term culture can be regarded as a

disturbance in the gene expression.

Upregulated Downregulated

Fresh to Overnight 2438 4074

Overnight to LT 5474 2319

Fresh to LT 4353 2828

Table 5.1. The differential expression of genes after cell culture.

I next analysed which pathways were significantly affected by cell culture [81, 190].

The analysis revealed that the pathways affected by the overnight culture condition

were involved in DNA, RNA, proteins and many cancer-related pathways (Figure

5.5a). The change in the cancer-related pathways may result from the similarity

between the cell culture and the cancerization, in which the negative regulation of

cell division was relieved.
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Figure 5.5. Pathway analysis of differentially expressed genes.

The top 50 pathways ordered by the fold enrichment are shown.

Cell cycle The activation of DNA repair and DNA replication pathways was

probably due to the preparation for cell division. For example, the genes that

restrict division, such as CDKN1A (as known as p21) [63] and TP53 [31], were

downregulated, while the cell-cycle-promoting genes, such as CDC27 (Cell Division

Cycle 27) [78] and CCND1 (Cyclin D1) [123], were upregulated. After the prolonged

culture, the DNA replication pathway was further activated. For instance, the genes

composing the DNA polymerase, such as the MCM complex (also known as the

helicase) [19, 189], were upregulated in the LT-cultured group compared to the

overnight-cultured one. This implies that the epithelial cells may be suppressed by

the extracellular signal in situ, which no longer exists in the culture condition so

that the previously suppressed progenitor cells start entering the cell cycle.

Signalling pathways Many signalling pathways are also affected by cell culture

(Figure 5.6), including the ErbB, TGF-beta, Notch, Wnt and PI3K-Akt signalling

pathways, which are known to modulate cell proliferation and homeostasis [38, 89].

The important components of the ErbB signalling pathway include the membrane

receptors expressed by genes EGFR, ERBB2, ERBB3, ERBB4 [6, 137]. Among
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Figure 5.6. Pathway analysis of differentially expressed genes.

The top 50 signalling pathways ordered by the fold enrichment are shown.

them, the EGFR was upregulated after overnight culture, while the other three

were downregulated. It may be caused by the addition of the EGF factor in the

culture medium.

The estrogen signalling pathway was also affected. Compared to the fresh cells, the

estrogen receptors, ESR1 and ESR2, and the progestogen receptor, PGR, were all

downregulated in the culture condition, possibly owing to the depletion of estrogen

and progestogen from the environment.

Moreover, the pathways related to the immunomodulation were also affected, such

as IL-17 signalling pathway, NK-kappa B signalling pathway and TNF signalling

pathway, possibly due to the lack of inflammatory factors in the culture medium.

Next, I focused on two key pathways for cell stemness, Notch and Wnt signalling

pathways [5].

Notch signalling pathway In the Notch signalling pathway, 23 genes were dif-

ferentially expressed. The function of this signalling pathway is to modulate the

stem cell fate and is related to the development of organs and cancers [5]. As for the
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extracellular components, ADAM17, an activator of Notch signalling pathway [22],

was downregulated by the culture condition, while the inhibitors, JAG1 and JAG2,

were upregulated. For the cytoplasmic components, the repressors, such as DVL1

and DVL2, were upregulated, while the activators, such as CREBBP and EP300,

were downregulated. A previous study of fallopian tube organoids suggested that

the differentiation direction relied on the strength of Notch signalling [89]. As this

study also observed the decreasing proportion of ciliated cells in the culture condi-

tion, I speculated that the Notch pathway was moderately repressed and, thus, the

differentiation from progenitor cells to ciliated cells was blocked under the culture

condition. As ciliated cells are unable to renew themselves, the repressed Notch

signalling lead to a reduction in the proportion of ciliated cells.

Figure 5.7. DE genes related to the Wnt or Notch signalling pathway.

Wnt signalling pathway In the Wnt signalling pathway, 61 genes were dif-

ferentially expressed (Figure 5.7). Among these DEGs, Wnt7a is essential in the

embryonic development of fallopian tubes [141], while its function in the FTE cells

from adults has not been well studied. The results demonstrate that WNT7A was

significantly upregulated in the culture condition, implying that Wnt7a may play

an important role in the mature fallopian tube epithelial cells. On the other hand,

some genes related to the Wnt pathway were transiently affected in the culture

condition. For example, FOSL1 was firstly upregulated overnight and then down-

regulated after 48 hours; FZD3, FZD5, FZD6 and LRP6 were firstly downregulated

and then upregulated. These alterations in key pathways elucidate the bias that can

be introduced by cell culture.
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The overall result illustrates that the culture condition with the addition of EGF,

FBS and Rock inhibitor (see Section 2.3.2.2) has a global effect on the transcriptome

of primary FTE cells, including substantial changes in the expression of genes related

to immune response, metabolism and cell stemness.

5.3.2 The cell atlas of human fallopian tubes

To view the global picture of the cellular ecosystem in human fallopian tubes, I

applied the 10x Genomics scRNA-seq method to the fresh fallopian tube samples

from two premenopausal donors. The biopsies were dissociated into single-cell sus-

pension, stained with antibodies against EpCAM and CD45 and sorted into three

groups (EpCAM+, EpCAM- CD45+ and EpCAM- CD45-). The three groups were

evenly mixed and processed following the 10x Genomics protocol (Figure 5.8). In

total, 1,563 single cells were captured after filtering by the cell quality. I further ex-

cluded 117 putative doublets by DoubletFinder [124], leaving 1,446 cells for further

analysis.

Figure 5.8. Diagram shows the workflow of 10x Genomics scRNA-seq.

The diagram of the 10x Genomics technique is adapted from the Chromium official
brochure.
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5.3.2.1 Clustering results show cell populations

The remaining cells were assigned into 8 groups by using the Seurat clustering

[24] (Figure 5.9a). The clustering identified two epithelial populations (ciliated and

secretory), three blood cell populations (lymphocytes, monocytes and dendritic cells)

and three stromal populations (fibroblast 1, fibroblast 2 and endothelial cells). All

of the populations existed in both patients, Pre2 and Pre3 (Figure 5.9b), suggesting

that these populations were robust. The marker genes are listed in Table 7.1.

Figure 5.9. UMAPs visualise cell populations in human fallopian tubes.

(a) A overview of the clustering results. Each dot represents one cell coloured by the
assigned population.
(b) The cells are coloured by the source of donors.

5.3.2.2 Cell-cell communications between cell types

To explore the network of cell-cell communications, I applied CellPhoneDB [193]

on the count matrix. CellPhoneDB was built based on the curated receptor-ligand

interaction database, Protein Data Bank (PDB) [66]. CellPhoneDB first identified

which receptor or ligand was expressed in a certain cell population, and then searched

for matched receptor-ligand pairs. The permutation that assigned cells to random

clusters enabled the calculation of an empirical p-value for each potential interaction.

Our analysis reveals plenty of crosstalk between pairwise populations in fallopian

tubes (Figure 5.10). The most interactive populations were endothelial cells (Endo),

fibroblast (F2) and monocytes (Mono). In the epithelial cells, secretory cells (SE)
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were more talkative than the ciliated cells (CI).

Figure 5.10. Network graph shows the cell-cell communications among fallop-
ian tube cell populations.

The nodes are cell populations and the node size denotes the degree of each node, that is the
sum of weights of all edges connecting to a given node. The width of each edge represents
the number of significant interactions between a pair of cell populations. F1, fibroblast 1;
F2, fibroblast 2; Endo, endothelial; SE, secretory; Mono, monocyte; T, lymphocyte; CI,
ciliated; DC, dendritic cells.

I found that the ligand-receptor interactions in fallopian tubes were related to the im-

munomodulation, angiogenesis (angio.), growth factors, Wnt and Notch signalling.

(Figure 5.11). The CXCL12-CXCR4 and CXCL16-CXCR6 were used frequently

to attract T lymphocytes. The angiogenesis interactions, such as NRP2-VEGFA,

existed between endothelial, dendritic and monocytes. The FGF7-FGFR2 between

fibroblasts and secretory cells potentially supported the proliferation of normal ep-

ithelial cells. This is consistent with a previous finding that the FGFR2 signalling

can regulate cell proliferation [91]. CD74 and CD44 were involved in the communi-

cation between the epithelial population and other populations, implying that they

play an important role to facilitate the communications between FTE cells and other

non-epithelial cells.

Notably, the WNT4-FZD6 interaction existed between the fibroblasts and epithelial
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Figure 5.11. An overview of the ligand-receptor interactions in fallopian tubes.

The columns represent the pairs of ligands and receptors, and the rows represent the pairs
of the ligand-harbouring population and the receptor-harbouring population. The dots
are coloured by the expression levels of two genes, and the dot sizes correspond to the
p-values as shown in the legends.
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cells. Wnt4 is a versatile factor involved in many biological functions [15], including

the sex determination [138] and the formation of the female reproductive system.

Moreover, an interaction involving the Notch signalling pathway, JAG1-NOTCH3,

existed between ciliated cells and fibroblasts (Fibroblast 2), while JAG1 has been

reported to regulate cell differentiation [129]. On the other hand, Zimrim et al. re-

ported that JAG1 could boost the fibroblast growth factor (FGF)-dependent angio-

genesis in the in-vitro assay [212]. Therefore, the WNT4-FZD6 and JAG1-NOTCH3

existing between epithelial cells and other cell populations may play an important

role in regulating cell homeostasis, while the underlying mechanism needs further

experimental validation.

A previous study used the culture medium with supplements of EGF, FGF10 and

TGF-beta, whilst it remains unclear whether those factors are appropriate or es-

sential for the growth of FTE cells [89]. This study discovered several factors that

could be critical for the microenvironment around the FTE cells. The results also

confirmed the importance of the intercellular interactions, TGFB-EGFR and EGF-

EGFR in the human fallopian tubes, but they are not expressed in secretory cells.

On the other hand, the analysis found that the HBEGF (Heparin Binding EGF

Like Growth Factor)-ERBB4 and the FGF7-FGFR2 interactions existed between

secretory cells and other cell populations, which may be more essential for secretory

cells. Therefore, these two factors should be considered as potential supplements

added to the culture of FTE cells.

5.3.3 Extensively profiling of secretory and ciliated types

Following the tissue-level profiling of all cell populations, I next focused on the

fallopian tube epithelial cells, which are the cells of origin of HGSOC.

I isolated 2275 EPCAM+ epithelial cells, 108 CD45+EPCAM- cells and 72 CD45-

EPCAM- cells by using fluorescence-activated cell sorting (FACS) and sequenced

them by using the Smart-Seq2 protocol [147]. The cells came from the fresh human

fallopian tube biopsies of six patients (Table 5.2). Three patients were diagnosed

with ovarian or peritoneal cancer, and the other three endometrial cancer.
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Patient IDs Age Diagnosis Tubal status No. cells

11543 73 OC R: STIC 224

11545 66 PPC Normal 516

11553 77 HGSOC R: MC 463

15066 52 EC Normal 599

15072 62 EC Normal 319

15091 82 EC Normal 322

Table 5.2. Overview of patients’ information.

OC, ovarian cancer; STIC, serous tubal intraepithelial carcinomas; PPC, Primary peri-
toneal cancer; HGSOC, high-grade serous ovarian cancer; MC, mucosal carcinoma; EC,
endometrial cancer. The number of cells is after the QC and doublet filtering.

I applied Seurat (v3) on the filtered cells to identify subpopulations of secretory

cells (Figure 5.12) and annotated the Seurat clusters based on the known marker

genes (Figure 5.13 and Table 5.3). EPCAM is the marker of epithelial cells, PTPRC

(also known as CD45) immune cells, COL1A1 fibroblast, PAX8 secretory cells, and

FOXJ1 ciliated cells.

Figure 5.12. UMAPs visualise the cells profiled by Smart-Seq2.

The cells are coloured by the donors, FACS labels and Seurat labels in the sub-panels from
left to right. In the colour legend of the left panel, L denotes the left fallopian tube, and
R the right tube. In the middle panel, grey denotes unlabeled cells, blue EPCAM+ cells,
green CD45+ cells and red CD45-EPCAM- cells.

Non-epithelial cells Clusters 4, 6 and 8 were negative for the epithelial marker

EPCAM (Figure 5.13), suggesting that they are non-epithelial cells. Besides, Clus-

ters 6 and 8 were positive for CD45, suggesting that these two clusters are leukocytes.

Cluster 4 was negative for the lymphocyte common antigen, PTPRC (also known as
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Figure 5.13. Known markers label the clusters.

Cells are coloured by the expression levels of the marker genes that shown in the titles.

Clusters Annotations Marker genes

0 Secretory

1 Secretory CXCL1, CCL2, IL8, CXCL3, MMP7

2 Secretory SCGB1A1, MUC6, RNASE1, SCGB3A1, SNCG

3 Secretory LTF, HP, PAEP, SERPINA3, CHI3L1

4 Fibroblast DCN, ACTA2, SFRP4, FBLN1, MFAP4

5 Ciliated TPPP3, C20orf85, ZMYND10, PIFO, CAPS

6 Leukocytes SRGN, SLC2A3, IL1B, ITGAX, RGS2

7 Secretory REG1A, FGG, SPP1, SERPINA1, A2M

8 Leukocytes IGJ, GPR183, CCR7, CD79A, CXCR4

Table 5.3. The marker genes and annotations of Seurat clusters.

The cutoffs of marker genes: logFC ≥ 1, FDR < 0.05.

CD45), and positive for the fibroblast marker, Collagen (COL1A1 ). It suggests that

Cluster 4 is the fibroblast population with the expression of certain representative

markers, such as Actin Alpha 2, Smooth Muscle (ACTA2 ), Decorin (DCN ) and

Secreted frizzled-related protein 4 (SFRP4 ). SFRP4 was reported to interact with

the Wnt ligand or the Wnt signalling as an antagonist [16]. As I mentioned that the

interaction between Wnt ligands and their receptors exists in fallopian tubes (see

Section 5.3.2.2), it will be interesting to study whether SFRP4 also plays a role in

the Wnt signalling network in human fallopian tubes.

Epithelial cells Clusters 0, 1, 2, 3, 5 and 7 were EPCAM positive epithelial

cells based on the mRNA level and the FACS label. Except Cluster 5, the other

five clusters of epithelial cells were positive for PAX8, the marker of secretory cells,

indicating that these clusters are secretory cells. I will continue to discuss the
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secretory cells in Section 5.3.4.

Ciliated cells Cluster 5 was positive for FOXJ1 and PIFO, which are involved in

ciliogenesis [204] and cilia disassembly [93] respectively. The expression of the two

markers indicates that Cluster 5 is the ciliated cell population.

In total, I identified 198 marker genes of ciliated cells (logFC [log2 fold-change]

≥ 1, FDR < 0.05, pct.1 [the percentage of cells expressing this marker genes in

the given cluster] > 0.8). These markers were enriched in the pathways related to

cilium movement and nucleoside diphosphate phosphorylation (Benjamini-corrected

p-values < 0.05, by DAVID). I speculate that the cilia-related genes are expressed to

assemble cilia, while the nucleoside diphosphate phosphorylation pathway modulates

such movement [172]. Out of the 198 markers, 15 genes belonged to the coiled-coil

domain containing (CCDC) family, such as CCDC78, CCDC17 and CCDC164. It

is consistent with the knowledge that the CCDC family is important for ciliary

assembly [10, 96, 144].

5.3.4 Identifying novel secretory cell subtypes

Given the high capability of metastasis of ovarian tumours, fallopian tube samples

may be contaminated by the metastatic tumour cells. To avoid this contamination

in secretory cells, I first checked if the samples used for scRNA-seq were free from

visible tumours before the dissociation step. I only proceeded with samples that had

normal morphology. Yet this cannot exclude the possiblity of microscopic metasta-

sis. The TCGA study demonstrated that ovarian cancer cells tend to have abundant

large-scale copy number variations (CNVs) [11]. HoneyBADGER is based on an as-

sumption that the presence of chromosome-scale CNVs will substantially affect the

expression levels of genes in the affected region [52]. It uses the average scaled ex-

pression data to identify the chromosomal regions with significant upregulation or

downregulation, which correspond to potentially amplified or deleted copy numbers.

To infer CNVs of single cells, I applied HoneyBADGER on the scRNA-seq data of

secretory cells from cancer patients. In one patient (Patient 11528), I observed some

cells with abnormal expression profiles (Figure 5.14). Compared to other secretory
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cells from the same patient, these tumour-like cells have putative amplification on

chromosome 6 and putative deletion on chromosomes 13, 15 and 22, and many of

they also shared the same pathological TP53 mutation with the tumour sample,

which was profiled by the whole-exome sequencing. It indicates that HoneyBAD-

GER can tell the presumable tumour cell contamination from the normal FTE cells

based on scRNA-seq data. I applied HoneyBADGER on the single cells from other

patients, and it did not detect any chromosome-level CNV event. It suggests that

the samples from other patients are highly likely free from tumour contamination.

The downstream analysis did not include any putative tumour cell.

Figure 5.14. Heapmap shows putative CNVs called by HoneyBADGER in
single cells from HoneyBADGER.

Each row is a cell and the columns are chromosomal positions. Red represents putative
regions with gain of copy numbers, while blue represents putative ones with loss of copy
numbers. The darker the colour, the higher probability of CNVs. Some cells at the top of
the plot have high likelihood of duplication in Chromosome 6 and deletion in Chromosomes
13, 15 and 22. This is the consistent with the whole-exome sequencing result of the tumour
sample from the same patient. Most of the single cells that harboured Chromosome 6
amplification and had coverage on gene TP53 also harboured the same pathological TP53
mutation as the tumour cells, while the other normal cells did not have this TP53 mutation.

To address the aforementioned question on whether there is any additional secretory

subtype, the next step is to cluster secretory cells and look for new subpopulations.

I applied the clustering method, ClinCluster, on the fresh secretory dataset. Based

on the clustering results, the secretory cells were assigned into seven clusters (Figure

5.15 and Table 5.4).

I looked into the marker genes of each cluster and annotated the clusters based on

the functions of the marker genes. The most featured population was the KRT-MHC

group (C1) with upregulated expression levels of keratins (such as KRT17, KRT14

and KRT5 ) and major histocompatibility complex (MHC) II (such as HLA-DPA1,

HLA-DPB1 and HLA-DQA1 ). One of the top markers is Polymeric Immunoglobulin
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Figure 5.15. The UMAP plot visualises the subpopulations of secretory cells.

The cells are coloured by the clustering output of ClinCluster and shaped by the source
of donors as shown in the legends.

Receptor, PIGR (Figure 5.16). According to the previous studies, PIGR is related

to the immunoglobulin transcytosis in epithelial cells [50] and it is also slightly

associated with longer overall survival of ovarian cancer patients [17].

Annotations Cluster IDs Representative markers

KRT-MHC C1 PIGR, KRT17, HLA-DQA1

Stressed or Quiescent C2, C4 JUN, EGR1

Differentiated C3 PTGS1, FMOD

ECM C5 TIMP3, SPARC, TPM2

Cell cycle C6 ZWINT, STMN1, TK1

Inflammatory C7 IL8, CXCL11

Table 5.4. The marker genes and annotations of secretory clusters.

The cutoffs of marker genes: logFC ≥ 1, FDR < 0.05.

I studied the enriched Gene Ontology biological pathways of each cluster by using

GORilla [48, 49] (FDR < 0.05, Table 5.5). The markers of the KRT-MHC group

were enriched in the pathways of the immune system process, cell surface receptor
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Figure 5.16. Expression levels of marker genes across cell subpopulations.

The violin plots show the upregulation of representative marker genes in each cluster.
The subfigures are coloured by the cluster represented by the certain marker. The x axis
denotes clusters and the y axis expression levels.

signalling pathway and primary alcohol catabolic process. Although the functions of

this subpopulation have not been fully understood, the expression profile indicates

that this population plays an important role in interacting with T lymphocytes and

other immunocytes, due to the expression of MHC II genes [200]. Functional assays

are needed to investigate the functions of this subpopulation.

I repeated the annotating workflow on other clusters. Based on the known func-

tions of marker genes and the enriched pathways, the rest of those clusters were

annotated as Differentiated (C3), Extracellular matrix (ECM) (C5) and Cell cycle

(C6). The ECM subtype may be related to the epithelial-mesenchymal transition

(EMT) process, because a well known EMT marker SNAI2 was upregulated in this

group. Moreover, the Quiescent/Stressed Group (C2 and C7) did not have signif-

icantly enriched pathways or specific marker genes, probably due to the fact that

the donors were post-menopausal (Table 5.2). Thus, the largest population in the

fallopian tubes was in the senescent state.
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Annotations Clusters Representative pathways

KRT-MHC C1
Immune system process, cell surface receptor sig-
nalling pathway and primary alcohol catabolic pro-
cess

Differentiated C3
mRNA metabolic process and regulation of stem cell
differentiation

ECM C5 Extracellular matrix and epithelial cell migration

Cell cycle C6 Cell cycle, DNA repair and chromosome organization

Inflammatory C7 Inflammatory response pathway

Table 5.5. The representative enriched pathways of secretory subtypes. The
cutoffs of the GO enrichment analysis: FDR < 0.05.

5.3.5 Deconvolution reveals inter- and intra-tumour tran-

scriptomic heterogeneity

To represent the expression signatures of four secretory cell subtypes and a ciliated

cell type, I picked up 52 marker genes. The compositional analysis has two steps.

The first one is calculating the scaled expression levels of these markers in the

five FTE cellular subtypes. This step generates a reference matrix, in which rows

denote the cells and columns denotes marker genes. The second step is using a linear

support regression model to estimate the proportion of each cell subtype in a given

bulk tumour [8, 132].

I applied the deconvolution method on 308 HGSOC samples of TCGA. Based on

the composition of each tumour, the tumours were arbitrarily classified into five

molecular subtypes: differentiated, KRT-MHC, ECM, cell cycle and mixed (Figure

5.17). The tumour subtypes were defined by the major cell state in a certain tumour

(proportion > 0.5). If there was no major cell state, the tumour would be classified

as mixed. This result reveals the inter-patient and intra-tumour heterogeneity and

demonstrates that multiple states of cancer cells can coexist in a single tumour.
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Figure 5.17. Regrouping of TCGA ovarian cancer based on the proportions of
five cells states.

Each column in this barplot denotes the composition of a bulk ovarian tumour. The
tumours are grouped into five sub-figures based on the dominant cell state, the proportion
of which is more than fifty percent in a given tumour. The colour of each component in
a bar represents the cell state as shown in the figure legend at the bottom. The height
of each bar component denotes the proportion of the corresponding cell state in the given
tumour.

5.3.5.1 ECM signature is associated with epithelial-mesenchymal tran-

sition

To study the biological pathways underlying the enrichment of the ECM cell state

in ovarian tumours, I performed differential expression analysis between the ECM-

high and ECM-low tumours. My analysis identified 1394 differentially expressed
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genes (FDR < 0.05, log2FC > 1), including the known EMT markers [82], SNAI2,

TWIST1, TWIST2, ZEB1 and ZEB2 (also known as SIP1) (Figure 5.18). It sug-

gests that the EMT process is associated with the accumulation of the ECM cell

state in HGSOC.

Figure 5.18. The EMT markers are upregulated in the ECM-high tumours.

Each panel corresponds to an EMT marker gene as shown in the sub-figure title. The x-
axis denotes two groups of tumours, ECM-low and ECM-high, which are dichotomised by
the median of ECM proportions. The y-axis denotes the expression levels of the marker
genes. Each dot denotes one tumour samples. The upper border, middle line and the
lower border of the boxplot represent the upper quantile, median and lower quantile of
each group respectively.

5.3.5.2 EMT enrichment is negatively associated with poor prognosis

The association analysis was conducted between clinical factors and the EMT enrich-

ment, which was defined by the proportion of the ECM cell state in a bulk tumour.

This analysis revealed the significant association between the EMT enrichment and

the factors (stage, age and incomplete response to treatment) was significant (p <

0.05, Figure 5.19 and Table 5.6). The relationship between the residual disease and

the EMT enrichment was positive but not significant, possibly due to the small

sample size. I also tested the correlation between the relapse-free survival and the

EMT enrichment. Although the correlation was negative, it was not significant.

Moreover, the EMT enrichment was associated with poor survival of HGSOC pa-

tients (Figure 5.20 and Table 5.6). Given the potential connection between the ECM
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Figure 5.19. The association between the EMT enrichment and other clinical
features.

textslThe x-axis denotes the Pearson correlation coefficient, and the y-axis denotes the
clinical factors. The size and colour of dots represent the log10(p-value) as shown in the
legend. The vertical black line shows where the correlation of 0 is.

Figure 5.20. Kaplan–Meier curve of the ECM-high and ECM-low tumours.

The tumours are dichotomised by the median of the EMT enrichment (0.146). Harzard
ratio = 1.54 by the Cox proportional hazards regression model.

cell state and the EMT process, my finding is consistent with the notion that EMT

can promote cancer progression [181].

Previous studies also reported that a mesenchymal subtype is associated with poor
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Features (Number of patients) p-values Correlation

Stage (n = 306) 0.003 0.17

Age (n = 308) 0.043 0.12

Imcomplete response (n = 226) 0.003 0.20

Residual disease (n = 270) 0.127 0.09

Relapse-free survival (n = 179) 0.174 -0.10

Poor overall survival (n = 307) 0.006 2.29?

Table 5.6. The association between the continuous EMT enrichment and other
clinical features.

The correlation of stage, age, therapy response, residual disease and relapse-free survival
was calculated by Pearson’s product-moment correlation. The p-values have not been
corrected for multiple comparisons. The Stages were dichotomised by Stages 1 & 2 or
Stages 3 & 4, and residual disease ≤ 10 mm or ≥ 11 mm. The correlation between overall
survival and the EMT enrichment were calculated by the log-rank test.
? Harzard ratio = 2.29.

prognosis [33, 184]. This mesenchymal subtype was defined by applying the non-

negative matrix factorization consensus clustering on the expression profile of 1,500

high variance genes. I compared the classification results with the mesenchymal

subtypes defined by the TCGA study [11]. All the samples were catalogued into

four groups, namely ECM-high mesenchymal, ECM-high non-mesenchymal, ECM-

low mesenchymal (N = 3, not included in the following analysis due to the small size)

and ECM-low non-mesenchymal. The ECM-high and ECM-low are defined based

on the median of the EMT enrichment. This study showed that both the ECM-high

non-mesenchymal group had worse survival than the ECM-low non-mesenchymal

group (Figure 5.21), while the former had similar prognosis compared to the ECM-

high mesenchymal group. It indicates that the method presented here can detect

poor-prognostic patients more sensitively.

Page 99 Chapter 5 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

Figure 5.21. Comparison between the Tothill et al.’s four-subtype classifier
and the 52-gene predictor in the TCGA data.

I dichotomised the TCGA HGSOCs into four groups based on the previous classifier and
the predictor. The previous classifier defined the mesenchymal (Mes) subtype as high
risk and other subtypes as low risk. The predictor catalogues samples into ECM-high
and ECM-low, dichotomised by the median. The ECM-high cases had a higher risk than
the ECM-low ones. The comparison found that the non-mesenchymal ECM-high tumours
(green curve) had a similar survival compared with the mesenchymal ECM-high tumours
(red curve). Quoted from Fig S6A, Hu et al. 2020 [73]

Page 100 Chapter 5 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

To test the reproducibility of the prognostic prediction, I repeated the analysis on

another seven independent datasets that profiled the bulk transcriptomes of serous

ovarian cancer [55]. These datasets were generated by various microarray plat-

forms. The association between deconvolution results and poor survival outcome

(p < 0.05, hazard ratio between 1.88 to 3.31) was reproducible in totally eight

independent datasets, including TCGA dataset, AOCS dataset and six additional

microarray datasets from the CuratedOvarianData database [55] (Table 5.7). This

result confirmed that the deconvolution analysis using the identified panel of genes

was strongly predictive of prognosis in serous ovarian cancer.

GEO entry n Hazard ratio p-value 95% CI

E.MTAB.386 [13] 129 3.31 0.0120 1.30, 8.41

GSE49997 [151] 194 3.08 0.0038 1.44, 6.60

GSE13876 [42] 144 2.58 0.0272 1.06, 5.11

GSE26712 [21] 185 2.03 0.0315 1.07, 3.89

GSE26193 [122] 107 2.33 0.0348 1.06, 5.11

GSE51088 [84] 139 1.89 0.0285 1.07, 3.33

GSE32062.GPL6480 [203] 260 1.88 0.0556 0.98, 3.58

AOCS (Grade ≥ 2) [184] 253 2.69 0.0004 1.56, 4.66

TCGA RNA-seq [11] 307 2.30 0.0047 1.29, 4.09

Table 5.7. The high EMT enrichment is robustly correlated with poor prog-
nosis across multiple datasets.

This table shows the survival analysis performed on 8 independent datasets. These
datasets were generated by various microarray platforms. The association between decon-
volution results and poor survival outcome was reproducible in totally eight independent
datasets, including TCGA dataset, AOCS dataset and six additional microarray datasets
from the CuratedOvarianData database [55]. The n refers to the number of samples in a
dataset. CI, confidence interval.
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5.4 Discussion

In this chapter, I used the droplet- and plate-based scRNA-seq methods to profile

the cellular transcriptomes of human fallopian tubes and identified the complex

interactive network between cell populations as well as novel secretory populations.

This study is the first comprehensive transcriptomic profiling of human fallopian

tubes at the single-cell level. The catalogues of all cell subtypes will lay a foundation

for future studies in both ovarian cancer and the female reproductive system.

As I mentioned in the Introduction section, the third known epithelial population

is the basal cells. A previous study reported that the basal cells were positive

for CD44 and EpCAM but negative for Pax8 or ciliated markers [139]. However,

another study suggested that the basal population are infiltrated T lymphocytes [3].

If so, these basal T lymphocytes are positive for the epithelial marker, EpCAM. The

underlying mechanism has not been studied. However, the obstacle to studying the

transcriptome of this population is its scarcity. This population is, consequentially,

difficult to be obtained with the cell sorting technique. Moreover, because this

population is double-positive for EpCAM and CD3, cell sorting isolation can be

easily interfered by the auto-fluorescent cells or doublets, which are also double

positive. One plausible solution is to use infection to boost the number of infiltrated

T lymphocytes. Chlamydia is the most common infection in fallopian tubes, which

is reported to be potentially associated with an increased risk of ovarian cancer [185].

Therefore, as for the future work, we could use Chlamydia to infect mouse oviductal

cells and study the oviductal basal cells in this model.

With the advent of scRNA-seq techniques, a more comprehensive understanding of

tumours is obtained. Rather than a bunch of monotonous cells under uncontrollable

cell division, cancer consists of a complicated ecosystem [131]. In this project,

I used the deconvolution method to score HGSOC bulk samples and found that

the proportion of the ECM cell state is associated with patient survival and other

clinical factors. The definition of the ECM-high subtype in this study overlaps with

the previously defined mesenchymal subtype [184], but the scoring system proposed

in my study outperformed the previous clustering-based subtyping system.
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The association between the EMT enrichment and clinical factors, though not hav-

ing correlations of over 0.5, should not be overlooked, as causality may exist. In

my finding, the patient’s age and the EMT enrichment have a positively correlated

relationship. As a support for my finding, a recent study showed that ageing is

associated with fibroblast senesce that secrets sFRP2, which enhances tumour in-

vasion and drug resistance in melanoma [87]. sFRP4, as one of the ECM markers,

is another soluble frizzled-related protein, I speculate that the association between

ageing and EMT enrichment may also have a similar mechanism involving sFRP4.

This study elucidates the association between the cell subtypes of origin and cell

states in bulk cancer, which can be explained by two existing models. In the first

model, multiple cancer molecular subtypes arise from one specific cell type in the

tissue-of-origin. The tumour cells follow the differentiation trajectory inherited from

the cell-of-origin, and differentiate into diverse subtypes, which is regulated by ge-

netic, epigenetic and other mechanisms. In the alternative model, each tumour

subtype originates from its corresponding cell subtype in the tissue of origin, while

the plasticity allows cancer cells to transfer from one state to another [59]. Both

hypotheses support the association found in this study. To further investigate the

underpinning, future studies can test the capability of tumorigenesis of each secre-

tory subtype in vitro and in vivo models [146].

There is a large amount of bulk gene expression data available (see Section 1.2.2.1).

CIBERSORT and other deconvolution algorithms act as the connection between

scRNA-seq data and bulk expression data. By using the transcriptomic signatures

derived from scRNA-seq data, the deconvolution analysis can reveal the complexity

in the bulk tissues. Newman et al. showed that CIBERSORT predicted the propor-

tions of cellular components in lung and other tissues with relatively high accuracy

by comparing with the flow cytometry fractions [132]. Moreover, this computational

method is cost efficient and allows researchers to take full advantage of previously

published datasets. CIBERSORT, in essence, is a linear regression model, to be

more specific, a support vector regression; thus, the alternative options for it include

other linear regression models, such as the classic (e.g. ordinary least squares) and

feature selection models (e.g. ridge and lasso). Many other avaiable tools are listed
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in a recent benchmarking preprint [40]. Although CIBERSORT can often generate

useful estimation, it is difficult to anticipate its accuracy in a tissue where it has not

been fully validated by experiments. CIBERSORT relies on the assumption that

the the relationship between bulk expression data and transcriptomic signatures of

cell subtypes is linear. Thus, if this relationship is nonlinear due to technical issues

or some key variables (cell subtypes) are not included in the model, the acurracy of

prediction will not be desirable. When a high accuracy is required, it is necessary

to validate the predicted result by experiments, such as using flow cytometry to

estimate the fraction of each cell type in a bulk tissue.

My work only proves the association between the tumour subtypes and the FTE cell

subtypes, but the underlying mechanism remains elusive. Future work is needed to

study whether the diverse tumour subtypes have the same or different cell subtypes

of origin.

According to these results, the EMT process may play an important role in the

ECM-high tumours. It will be an interesting direction for future studies. Moreover,

previous studies also revealed that the mesenchymal (ECM-high) subtype is related

to the infiltration of stromal cells [207] and certain drugs may outperform the tra-

ditional treatment in this subtype [97, 128]. However, more work will be needed to

explore the therapeutical opportunities for the ECM-high subtype.

Overall, this work has comprehensively elucidated the cellular subtypes in the human

fallopian tubes and shed light on how the finding of novel secretory populations

facilitates the understanding of ovarian cancer.
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Chapter 6

Discussion and conclusions

6.1 Overview

In this thesis, I exploited a variety of functional genomics approaches to study cancer

and cells of origin. These studies were aimed at improving our understanding of

cancer, which would facilitate the advancement of molecular diagnosis and cancer

treatment.

In the pan-cancer analysis of NMD, I developed an algorithm to predict the NMD-

elicit mutations that can cause loss of expression, and then used it to identify the

gene targets of NMD in the TCGA pan-cancer cohort (see Chapter 3.1). The sys-

tematical analysis revealed not only the prevalence of NMD in the genomes across

cancer types but also the permissive role that NMD plays in cancer progression.

Next, I moved from the pan-cancer study to the single-cell field, whilst still using

functional genomics methodologies. The following two chapters were focused on an

emerging technique, scRNA-seq. I used scRNA-seq to depict the cell populations

and subpopulations in the human fallopian tube epithelium, which is the putative

origin of serous ovarian cancer. First I built a clustering algorithm (ClinCluster) that

was tailored for clinical scRNA-seq data (see Chapter 4.1). By benchmarking this

algorithm with other frequently used computational tools, the analysis demonstrated

that it outperformed the other methods in both simulated and real datasets with
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confounding inter-patient variability.

The last part was aimed at improving the molecular classifier of ovarian cancer,

because the existing ones were not reproducible across independent datasets. The

scRNA-seq data of cells was acquired from human fallopian tubes. By applying

ClinCluster on this dataset, this work profiled previously reported cell types (see

Section 5.3.2) and discovered new secretory subtypes (see Section 5.3.4). Based on

this knowledge, the analysis decomposed the expression data of bulk ovarian cancer.

This led to the establishment of a molecular classifier that can predict prognosis

with higher sensitivity (see Section 5.3.5).

The contribution of the work presented in this thesis is manifested in three aspects.

The first aspect is the development and validation of new computational methods.

This thesis demonstrated two algorithms, masonmd and ClinCluster. Masonmd has

been released as an R package (https://github.com/zhiyhu/masonmd). Previous

studies have suggested the importance of NMD in cancer development [111] and

the possibility of treating cancer with NMD inhibitors [107]. However, no genome-

wide NMD predictor or annotation was accessible for cancer genomes. This work

provides an accessible and efficient tool that can be used to predict NMD targets.

Moreover, the integrative analysis of TCGA expression data and genomic data shows

that the NMD-elicit mutation was associated with the significant downregulation of

expression levels in the mutation-harbouring genes. It validated the effectiveness of

masonmd.

The other algorithm, ClinCluster, was designed for the clinical scRNA-seq data. Al-

though there are plenty of clustering algorithms for scRNA-seq data [24, 68, 95, 182],

no method has been tailored specifically for the data generated from clinical samples.

Furthermore, the performance of clustering algorithms largely depends on the struc-

ture of data. Arguably, ClinCluster narrows the gap between data acquiring and

data interpretation of clinical samples. Unlike other batch correction approaches,

ClinCluster does not require strong hypotheses that batch effects are orthogonal

to biological variability and that the composition of cellular types is consistent

across samples. It is based on a functional similarity hypothesis, in which the inter-

population discrepancy exceeds inter-sample diversity in terms of differential expres-
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sion. With the rapid growth of clinical scRNA-seq data [110, 131, 143, 154, 183],

ClinCluster can facilitate rational interpretation of this type of datasets.

The second aspect of significance is the construction of the first cell atlas of the

human fallopian tubes. Further work in our group has validated the novel secretory

subtypes using protein assays [73]. Whether a key component of the female repro-

ductive system or the origin of ovarian cancer, the fallopian tube, though small in

size, is a noteworthy tissue in research [164]. The knowledge of this tissue is also

valuable for studies on ovarian cancer. For example, Perets et al. used Pax8 to

specifically knockout tumour suppressor genes in the FTESCs, proving that HG-

SOC can originate from secretory cells [146]. However, previous knowledge was

limited to a monotonous Pax8-expressing secretory population, which hindered a

more accurate definition of cell subtypes of origin. Nevertheless, the comprehensive

profiling of secretory subtypes provides an opportunity to identify a more narrow

window of tumorigenesis for HGSOC.

Thirdly, this study found new strategies for cancer diagnosis and treatment. The

pan-cancer study confirmed that NMD is a potential therapeutic target by analysing

over eight thousand cancer genomes. Apart from the NMD inhibitors that can rescue

mutated tumour suppressors [25, 107, 121], inhibition of NMD can also be used to

induce the expression of neo-antigens in cancer cells, which can be potentially used

in chemotherapy [142]. The clinical implications of this ovarian cancer study are

reflected in the refinement of the HGSOC molecular classifier, which is significantly

associated with patients’ overall survival. More work will be done to verify its

robustness and explore the potential clinical utility for precise medicine.

6.2 Future directions

The prognostic predictor can potentially improve the stratification of patients and

the selection of therapies. However, this work has only validated the association

between EMT enrichment and patients’ overall survival in the published dataset.

Future work will further validate this relationship in independent cohorts. Moreover,

since the treatment outcome information is incomplete in the TCGA dataset, the
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statistical testing between the chemotherapy response and the proportion of EMT

cells did not reach a significant p-value. This association will be tested in the new

cohorts that have complete data of treatment outcome.

Although the deconvolution of bulk tumours reflected the intra-tumour hetero-

geneity at the transcriptomic level, the biological underpinning remains unclear.

Further work of our group found that the EMT enrichment was significantly in-

creased after chemotherapy in patients by comparing the expression data of pre-

and post-chemotherapy tumour biopsies from matching patients (M Artibani et al.,

unpublished data). This is consistent with a recent finding that an EMT signature

was upregulated in the resistant triple-negative breast tumours after neoadjuvant

chemotherapy [90]. I speculate that the poorer survival of the EMT-high HGSOC

subtype is caused by drug resistance. This notion has been introduced previously

[170]. More work is needed to verify this notion in HGSOC and explore the way

of repressing EMT, which will sensitise tumour cells for chemotherapy and improve

patients’ survival.

6.3 Conclusions

Overall, this work has identified the NMD pathway as a promising drug target

across multiple cancer types, constructed a cell atlas of human fallopian tubes, and

developed a classifier of molecular subtypes for HGSOC. It also reflects the genomic

and phenotypic heterogeneity of tumours at multiple levels.
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Appendix

Table 7.1. Marker genes of cell populations in human fallopian tubes.

Avg logFC Pct.1 Pct.2 Adjusted p Cluster Gene

1.68 0.936 0.213 2.81e−109 Secretory CLDN4

1.59 0.906 0.223 9.46e−98 Secretory ATF3

1.48 0.7 0.178 6.02e−55 Secretory CXCL2

1.45 0.995 0.436 1.13e−76 Secretory JUN

1.41 0.872 0.19 2.34e−87 Secretory ELF3

1.41 0.64 0.109 1.50e−69 Secretory HES1

1.39 0.921 0.258 1.52e−84 Secretory TACSTD2

1.37 0.877 0.171 1.35e−95 Secretory CYR61

1.18 0.961 0.416 8.86e−66 Secretory KRT18

1.18 0.995 0.544 2.45e−54 Secretory FOS

1.17 0.961 0.359 1.21e−69 Secretory KRT8

1.17 0.962 0.364 1.04e−73 Secretory MMP7

1.14 0.498 0.15 1.86e−26 Secretory OVGP1

1.13 1 0.586 8.58e−78 Secretory CLU
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1.13 0.621 0.136 1.79e−51 Secretory CTGF

3.85 0.986 0.16 1.42e−83 Ciliated TPPP3

3.49 1 0.225 8.31e−70 Ciliated CAPS

3.26 0.971 0.066 1.10e−135 Ciliated C9orf24

3.19 1 0.044 1.03e−171 Ciliated C20orf85

3.18 0.929 0.068 6.67e−123 Ciliated C1orf194

3.16 0.871 0.052 4.59e−127 Ciliated TMEM190

3.13 0.986 0.05 3.36e−159 Ciliated FAM183A

2.82 0.929 0.252 7.88e−51 Ciliated AGR2

2.80 0.943 0.206 5.25e−63 Ciliated AGR3

2.72 0.986 0.06 1.59e−146 Ciliated RSPH1

2.66 0.929 0.029 2.28e−180 Ciliated SNTN

2.65 0.957 0.044 2.84e−160 Ciliated C5orf49

2.60 0.914 0.054 3.70e−135 Ciliated PIFO

2.58 0.957 0.266 1.25e−55 Ciliated CETN2

2.53 0.9 0.028 2.84e−174 Ciliated C11orf88

1.93 0.926 0.158 5.11e−130 Lymphocyte CCL5

1.79 0.477 0.074 5.35e−58 Lymphocyte IL7R

1.78 0.803 0.101 3.90e−126 Lymphocyte CD7

1.78 0.677 0.194 4.28e−56 Lymphocyte CCL4

1.75 0.432 0.103 2.99e−35 Lymphocyte KLRB1

1.68 0.932 0.392 5.54e−74 Lymphocyte CXCR4

1.67 0.773 0.265 6.07e−67 Lymphocyte RGCC

1.58 0.978 0.612 2.15e−86 Lymphocyte ZFP36L2

1.57 0.865 0.287 3.77e−80 Lymphocyte CREM
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1.55 0.895 0.225 1.26e−95 Lymphocyte IL32

1.55 0.301 0.058 7.54e−28 Lymphocyte GNLY

1.54 0.3 0.061 7.56e−25 Lymphocyte GZMK

1.54 0.699 0.099 4.33e−93 Lymphocyte NKG7

1.50 0.345 0.027 3.71e−56 Lymphocyte XCL1

1.50 0.572 0.05 2.12e−96 Lymphocyte CD8A

3.69 0.759 0.024 7.92e−152 Monocyte LYZ

3.16 0.566 0.043 2.23e−72 Monocyte IL1B

3.00 0.518 0.021 5.02e−91 Monocyte C1QA

2.85 0.892 0.028 1.60e−183 Monocyte AIF1

2.81 0.434 0.073 5.83e−27 Monocyte CCL3

2.69 0.325 0.007 2.42e−69 Monocyte S100A8

2.68 0.325 0.016 9.43e−48 Monocyte CCL3L1

2.67 0.47 0.021 5.51e−78 Monocyte C1QB

2.66 0.904 0.084 2.75e−110 Monocyte TYROBP

2.59 0.53 0.091 2.13e−34 Monocyte IL8

2.58 0.361 0.034 1.32e−35 Monocyte S100A9

2.58 0.422 0.067 2.45e−27 Monocyte APOE

2.57 0.819 0.14 6.31e−66 Monocyte PLAUR

2.56 0.482 0.017 2.00e−88 Monocyte C1QC

2.51 0.88 0.073 2.65e−113 Monocyte FCER1G

5.69 1 0.011 3.54e−194 Dendritic TPSAB1

3.03 0.923 0.011 8.06e−177 Dendritic HPGDS

2.39 0.731 0.002 6.31e−195 Dendritic CPA3

2.37 0.731 0.066 3.47e−36 Dendritic VWA5A
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2.26 0.769 0.002 1.19e−206 Dendritic RGS13

2.21 0.654 0.028 1.63e−57 Dendritic GATA2

2.19 0.731 0.356 1.54e−05 Dendritic GLUL

2.13 0.654 0 1.22e−201 Dendritic HDC

2.11 0.731 0 5.78e−226 Dendritic SLC18A2

2.04 0.885 0.501 9.48e−09 Dendritic LMNA

1.96 0.846 0.322 5.90e−10 Dendritic BIRC3

1.96 0.731 0.124 7.88e−18 Dendritic PLIN2

1.95 0.692 0.145 1.17e−12 Dendritic GPR65

1.88 0.192 0 5.64e−57 Dendritic CTSG

1.87 0.462 0.032 6.26e−26 Dendritic HPGD

3.85 0.92 0.039 2.06e−184 Fibroblast 1 SFRP4

3.77 0.95 0.074 1.66e−150 Fibroblast 1 DCN

3.10 0.89 0.045 6.73e−163 Fibroblast 1 IGFBP5

3.05 0.93 0.078 1.96e−141 Fibroblast 1 FBLN1

3.00 0.81 0.025 9.17e−177 Fibroblast 1 PTGDS

2.73 0.67 0.022 4.34e−140 Fibroblast 1 LUM

2.72 0.7 0.004 1.81e−195 Fibroblast 1 MEG3

2.61 0.91 0.317 1.86e−59 Fibroblast 1 SPARCL1

2.60 0.77 0.079 9.94e−98 Fibroblast 1 IGFBP6

2.59 0.46 0.021 1.55e−80 Fibroblast 1 APOD

2.55 0.87 0.026 2.96e−192 Fibroblast 1 SERPINF1

2.23 0.68 0.109 6.90e−59 Fibroblast 1 ACTA2

2.15 0.94 0.319 3.19e−61 Fibroblast 1 LGALS1

2.12 0.64 0.009 1.54e−160 Fibroblast 1 IGF2
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2.07 0.57 0.092 8.38e−45 Fibroblast 1 MGP

3.93 0.957 0.042 1.48e−79 Fibroblast 2 RGS5

3.33 0.826 0.149 6.40e−18 Fibroblast 2 CCL2

2.92 0.913 0.086 3.96e−40 Fibroblast 2 TAGLN

2.89 0.957 0.442 4.73e−10 Fibroblast 2 MT2A

2.84 1 0.298 7.89e−19 Fibroblast 2 ADIRF

2.79 0.913 0.136 1.93e−25 Fibroblast 2 ACTA2

2.75 0.87 0.07 9.54e−43 Fibroblast 2 C11orf96

2.59 0.87 0.009 5.12e−163 Fibroblast 2 NDUFA4L2

2.47 1 0.327 1.54e−17 Fibroblast 2 MYL9

2.46 0.739 0.067 4.82e−31 Fibroblast 2 GEM

2.45 0.348 0.041 2.89e−08 Fibroblast 2 IL6

2.44 0.826 0.003 2.06e−210 Fibroblast 2 HIGD1B

2.39 0.87 0.058 4.34e−51 Fibroblast 2 GJA4

2.39 0.217 0.001 2.17e−53 Fibroblast 2 FABP4

2.35 0.609 0.006 7.95e−113 Fibroblast 2 MT1A

4.89 0.389 0.015 1.27e−25 Endothelial CCL21

2.88 0.944 0.128 4.61e−25 Endothelial GNG11

2.83 0.778 0.025 3.68e−66 Endothelial SDPR

2.74 0.889 0.334 2.58e−08 Endothelial TM4SF1

2.71 0.889 0.153 1.39e−17 Endothelial EMP1

2.65 0.833 0.015 1.29e−103 Endothelial RAMP2

2.26 0.889 0.276 3.08e−09 Endothelial SOCS3

2.26 0.5 0.002 5.22e−114 Endothelial CLDN5

2.22 0.389 0.06 7.25e−05 Endothelial TFF3
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2.06 0.667 0.003 7.16e−154 Endothelial ECSCR

2.02 0.667 0.028 1.53e−43 Endothelial THBD

1.96 0.889 0.277 8.87e−09 Endothelial CDKN1A

1.92 0.778 0.003 2.90e−187 Endothelial EMCN

1.88 0.5 0.076 6.96e−08 Endothelial A2M

1.82 0.667 0.013 5.57e−78 Endothelial AQP1
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[37] Cieślik, Marcin and Chinnaiyan, Arul M. Cancer transcriptome profiling at

the juncture of clinical translation. Nature Reviews Genetics, 19(2):93–109,

February 2018.

[38] H Clevers. Identification of stem cells in small intestine and colon by a single

marker gene Lgr5. European Journal of Cancer Supplements, 6(9):1, July

2008.

[39] M J Clyman. Electron microscopy of the human fallopian tube. Fertility and

sterility, 17(3):281–301, May 1966.
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Page 136 Chapter 7 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

Paul, Sastre-Garau, Xavier, and Mechta-Grigoriou, Fatima. miR-141 and miR-

200a act on ovarian tumorigenesis by controlling oxidative stress response.

Nature medicine, 17(12):1627–1635, November 2011.

[123] Isao Matsuura, Natalia G Denissova, Guannan Wang, Dongming He, Jianyin

Long, and Fang Liu. Cyclin-dependent kinases regulate the antiproliferative

function of Smads. Nature, 430(6996):226–231, July 2004.

[124] Christopher S McGinnis, Lyndsay M Murrow, and Zev J Gartner. Dou-

bletFinder: Doublet Detection in Single-Cell RNA Sequencing Data Using

Artificial Nearest Neighbors. Cell Systems, 8(4):329–337.e4, April 2019.

[125] L. McInnes, J. Healy, and J. Melville. UMAP: Uniform Manifold Approxi-

mation and Projection for Dimension Reduction. ArXiv e-prints, February

2018.

[126] J A Melero, D T Stitt, W F Mangel, and R B Carroll. Identification of

new polypeptide species (48-55K) immunoprecipitable by antiserum to purified

large T antigen and present in SV40-infected and -transformed cells. Virology,

93(2):466–480, March 1979.

[127] Y Miki, J Swensen, D Shattuck-Eidens, P A Futreal, K Harshman, S Tavtigian,

Q Liu, C Cochran, L M Bennett, and W Ding. A strong candidate for the

breast and ovarian cancer susceptibility gene BRCA1. Science (New York,

N.Y.), 266(5182):66–71, October 1994.

[128] Q H Miow, T Z Tan, J Ye, J A Lau, T Yokomizo, J-P Thiery, and S Mori.

Epithelial-mesenchymal status renders differential responses to cisplatin in

ovarian cancer. Oncogene, 34(15):1899–1907, April 2015.

[129] Munemasa Mori, John E Mahoney, Maria R Stupnikov, Jesus R Paez-Cortez,

Aleksander D Szymaniak, Xaralabos Varelas, Dan B Herrick, James Schwob,

Hong Zhang, and Wellington V Cardoso. Notch3-Jagged signalling controls

the pool of undifferentiated airway progenitors. Development (Cambridge,

England), 142(2):258–267, January 2015.

Page 137 Chapter 7 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

[130] Mort, Matthew, Ivanov, Dobril, Cooper, David N, and Chuzhanova, Nadia A.

A meta-analysis of nonsense mutations causing human genetic disease. Human

Mutation, 29(8):1037–1047, August 2008.

[131] Cyril Neftel, Julie Laffy, Mariella G Filbin, Toshiro Hara, Marni E Shore,

Gilbert J Rahme, Alyssa R Richman, Dana Silverbush, McKenzie L Shaw,

Christine M Hebert, John Dewitt, Simon Gritsch, Elizabeth M Perez, L Nico-

las Gonzalez Castro, Xiaoyang Lan, Nicholas Druck, Christopher Rodman,

Danielle Dionne, Alexander Kaplan, Mia S Bertalan, Julia Small, Kristine

Pelton, Sarah Becker, Dennis Bonal, Quang-De Nguyen, Rachel L Servis,

Jeremy M Fung, Ravindra Mylvaganam, Lisa Mayr, Johannes Gojo, Chris-

tine Haberler, Rene Geyeregger, Thomas Czech, Irene Slavc, Brian V Na-

hed, William T Curry, Bob S Carter, Hiroaki Wakimoto, Priscilla K Bras-

tianos, Tracy T Batchelor, Anat Stemmer-Rachamimov, Maria Martinez-Lage,

Matthew P Frosch, Ivan Stamenkovic, Nicolo Riggi, Esther Rheinbay, Michelle

Monje, Orit Rozenblatt-Rosen, Daniel P Cahill, Anoop P Patel, Tony Hunter,

Inder M Verma, Keith L Ligon, David N Louis, Aviv Regev, Bradley E Bern-

stein, Itay Tirosh, and Mario L Suvà. An Integrative Model of Cellular States,

Plasticity, and Genetics for Glioblastoma. Cell, 178(4):835–849.e21, August

2019.

[132] Aaron M Newman, Chih Long Liu, Michael R Green, Andrew J Gentles,

Weiguo Feng, Yue Xu, Chuong D Hoang, Maximilian Diehn, and Ash A Al-

izadeh. Robust enumeration of cell subsets from tissue expression profiles.

Nature Methods, 12(5):453–+, May 2015.

[133] Andrew Ng, Michael Jordan, and Yair Weiss. On Spectral Clustering: Analysis

and an algorithm. NIPS Proceedings, pages 1–8, April 2002.

[134] Annie Ng and Nick Barker. Ovary and fimbrial stem cells: biology, niche and

cancer origins. Nature reviews. Molecular cell biology, 16(10):625–638, October

2015.

[135] Serena Nik-Zainal, Ludmil B Alexandrov, David C Wedge, Peter Van Loo,

Christopher D Greenman, Keiran Raine, David Jones, Jonathan Hinton, John

Page 138 Chapter 7 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

Marshall, Lucy A Stebbings, Andrew Menzies, Sancha Martin, Kenric Leung,

Lina Chen, Catherine Leroy, Manasa Ramakrishna, Richard Rance, King Wai

Lau, Laura J Mudie, Ignacio Varela, David J McBride, Graham R Bignell,

Susanna L Cooke, Adam Shlien, John Gamble, Ian Whitmore, Mark Maddi-

son, Patrick S Tarpey, Helen R Davies, Elli Papaemmanuil, Philip J Stephens,

Stuart McLaren, Adam P Butler, Jon W Teague, Göran Jönsson, Judy E Gar-
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Borg, Anne Vincent Salomon, Gilles Thomas, Anne-Lise Børresen-Dale, An-

drea L Richardson, Michael S Neuberger, P Andrew Futreal, Peter J Campbell,

Michael R Stratton, and Breast Cancer Working Group of the International

Cancer Genome Consortium. Mutational processes molding the genomes of

21 breast cancers. Cell, 149(5):979–993, May 2012.

[136] Ciara H O’Flanagan, Kieran R Campbell, Allen W Zhang, Farhia Kabeer,

Jamie L P Lim, Justina Biele, Peter Eirew, Daniel Lai, Andrew McPher-

son, Esther Kong, Cherie Bates, Kelly Borkowski, Matt Wiens, Brittany He-

witson, James Hopkins, Jenifer Pham, Nicholas Ceglia, Richard Moore, An-

drew J Mungall, Jessica N McAlpine, CRUK IMAXT Grand Challenge Team,

Sohrab P Shah, and Samuel Aparicio. Dissociation of solid tumor tissues with

cold active protease for single-cell RNA-seq minimizes conserved collagenase-

associated stress responses. Genome biology, 20(1):210, October 2019.

[137] M A Olayioye, I Beuvink, K Horsch, J M Daly, and N E Hynes. ErbB receptor-

induced activation of stat transcription factors is mediated by Src tyrosine

kinases. The Journal of biological chemistry, 274(24):17209–17218, June 1999.

[138] Chris Ottolenghi, Emanuele Pelosi, Joseph Tran, Maria Colombino, Eric Dou-

glass, Timur Nedorezov, Antonio Cao, Antonino Forabosco, and David Sch-

lessinger. Loss of Wnt4 and Foxl2 leads to female-to-male sex reversal extend-

ing to germ cells. Human molecular genetics, 16(23):2795–2804, December

2007.

[139] Daniel Y Paik, Deanna M Janzen, Amanda M Schafenacker, Victor S Ve-

lasco, May S Shung, Donghui Cheng, Jiaoti Huang, Owen N Witte, and Sanaz

Page 139 Chapter 7 Zhiyuan Hu



Functional genomics studies of cancer and cells of origin

Memarzadeh. Stem-like epithelial cells are concentrated in the distal end of

the fallopian tube: a site for injury and serous cancer initiation. Stem cells

(Dayton, Ohio), 30(11):2487–2497, November 2012.

[140] Parker, Joel S, Mullins, Michael, Cheang, Maggie C U, Leung, Samuel, Voduc,

David, Vickery, Tammi, Davies, Sherri, Fauron, Christiane, He, Xiaping, Hu,

Zhiyuan, Quackenbush, John F, Stijleman, Inge J, Palazzo, Juan, Marron, J S,

Nobel, Andrew B, Mardis, Elaine, Nielsen, Torsten O, Ellis, Matthew J, Perou,

Charles M, and Bernard, Philip S. Supervised risk predictor of breast cancer

based on intrinsic subtypes. Journal of clinical oncology : official journal of

the American Society of Clinical Oncology, 27(8):1160–1167, March 2009.

[141] B A Parr and A P McMahon. Sexually dimorphic development of the mam-

malian reproductive tract requires Wnt-7a. Nature, 395(6703):707–710, Octo-

ber 1998.

[142] Fernando Pastor, Despina Kolonias, Paloma H Giangrande, and Eli Gilboa.

Induction of tumour immunity by targeted inhibition of nonsense-mediated

mRNA decay. Nature, 465(7295):227–230, May 2010.

[143] Patel, Anoop P, Tirosh, Itay, Trombetta, John J, Shalek, Alex K, Gille-

spie, Shawn M, Wakimoto, Hiroaki, Cahill, Daniel P, Nahed, Brian V, Curry,

William T, Martuza, Robert L, Louis, David N, Rozenblatt-Rosen, Orit, Suvà,
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