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Abstract

Topic modeling is a widely used approach to extract relevant information from large datasets. Recently
the problem of finding a latent structure in a dataset was mapped to the community detection problem
in network theory and a new class of topic modeling strategies has been introduced to overcome
some of the limitations of classical methods. We tested this approach on lung and breast cancer
samples from the TCGA and METABRIC databases, using data of messenger RNA, microRNAs
and copy number variations. The established cancer subtype organization is well reconstructed in
the inferred latent topic structure. Moreover, the “topic” that the algorithm extracts correspond to
genes involved in cancer development and they are enriched in genes known to play a role in the
corresponding disease; they are strongly related to the survival probability of patients too. In biology,
integrating transcriptional data with other layers of information, such as the post-transcriptional
regulation mediated by microRNAs, can be crucial in identifying the driver genes and the subtypes of
complex and heterogeneous diseases such as cancer. More specifically, we show how an algorithm based
on a hierarchical version of stochastic block modeling can be adapted to integrate any combination of
data. We will also show that the inclusion of the microRNAs layer significantly improves the accuracy
of subtype classification. As a final result, we show how operating in the low dimensional topic space,
one can predict the cancer subtype of a new unseen expression sample.
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CHAPTER 1

Introduction

In the recent years the number of gene expression measurements is growing and the challenges of
comprehending and interpreting the complexity of these biological networks are growing as well.
Clustering, both genes and samples (or single-cells), has been playing a major role in revealing hidden
structures in transcriptomic datasets.

The availability of gene expression datasets enables advancement in the understanding of how
changes in gene expression affects phenotypes. Recognising more precisely the population a sample
belongs to is part of an effort to develop personalised drugs: the so-called precision medicine [6].
Reduce the dimensionality and find a biologically relevant embedding space can also help to describe
and to visualise the network of the data [6, 71, 73]. Many different algorithms have been applied to
this kind of data so far; these include t-SNE [130], k-means, Nonnegative Matrix Factorisation [12],
LDA [10], Topic Mapping [75], WGCNA [76] and others [28, 30, 66, 69, 135].

We propose the use of topic modeling [57] to cluster and to mine information from transcriptomic
data and nevertheless to reduce the dimensionality of the datasets. Topic models, in particular in their
popular and widely used LDA [10] flavour, are being used in biophysics [137] and in particular by [29]
on the GTEx data as a grade of a membership model. They are particularly interesting because they
allow a complete description of the data space in terms of probability distributions and they are way
more informative than a simple clustering approach.

A few years ago, it has been proved that topic modeling can be related to a community detection [34,
35, 88] problem on bipartite networks [40], at the same time a new algorithm, which solved some of
the problems of an LDA-only approach, emerged: it is known as hierarchical Stochastic Block Model
(hSBM). This well-developed techniques based on stochastic block modeling [58] can be applied without
the need of a aprticular prior or using any hyper-parameter.

During my Ph.D., we investigated the properties of hSBM in classifying RNA-sequencing data mainly
from GTEx [45, 86],TCGA [7, 19] and METABRIC [27], in particular studying cancer (sub)types [127,
128] and we learnt some useful properties of this approach. The use of topic modeling in this framework
was driven by the fact that we observed emergent statistical laws in single-cell transcriptomic data [3,
77], the most important being the so-called Zipf’s law [138] common in many complex systems [4, 25,
42,93, 95]. This will be described in Chapter 2.

We demonstrated that hierarchical Stochastic Block Model can cluster together samples known to
be similar and that this happens at different layers of resolution.

In Chapter 3 we will investigate the behaviour and the properties of topic modeling if one considers
healthy tissues. We compare different algorithms to find the one which is optimal for this task [115],
then we looked into the latent structure of the data that emerged after each run. When using hSBM,
a global pattern emerges over the single-tissue structure, this encouraged us to prefer this approach
among LDA or others. Recently [121] suggested that potentially important genes are ignored, the
approach hereby described is unbiased in the choice of genes and could overcome this fact.

We show that applying a simple normalisation it is possible to retrieve well-known biological
functions and processes. In other words the topics we found are not trivial and they strongly correlate
with the biological properties of the samples analysed.

Once the method were stabilised and sufficiently understood, we propose to focus on the analysis of
cancer data. Cancer is the cause of 1 over 6 deaths [26] worldwide and if the first part of this work is a
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1. Introduction

proof of concept on a relatively easy task, carrying this approache to cancer’s research really worth an
effort [6, 14, 15, 16, 17]. This will be described in Chapter 4.

We also developed a novel approach [126] to integrate multiple kind of data using Stochastic Block
Modeling and we called it nSBM (widely described in Chapter 5). It can be useful to incorporate some
information (i.e. metadata) in the model in an unsupervised fashion, for instance [65] incorporated
lexical priors to add more knowledge into the model. A supervised [84] or a keyword assisted [32]
version of LDA emerged. Other approaches to incorporate information made use of Dirichlet Forest [5].
The idea of incorporating annotations in community detection problems has been discussed by [90];
moreover, [62] added metadata nodes before running a Stochastic Block Modeling to reconstruct links.
In a different context, it has been proposed to use Stochastic Block Modeling on multilayered networks
by [129] and recently [33] investigated the transition that happens when metadata really affects SBM.
Integrating information in networks can be useful, for instance, in recommendation systems [41, 47,
63].

Data in this kind of problem are often represented in the form of the so-called Bag of Words [2,
52], in the language of probability theory, this is an assumption of exchangeability for the words
in a document and in the context of the component systems [81, 82, 83], it counts the number of
components (words) in each realization (book). Although words are not the only source of data
available or useful for topic models, recently n-grams were used in Bag of Tricks [68] and Bag of Links
has been proposed [67, 107] to improve cross-lingual text classification.

Taking advantage of the network approach to topic models and using the idea of incorporating
additional layers of information in networks, we propose a way of incorporating metadata in a bipartite
network and we will discuss how it is useful to extract relevant information from texts in the framework
of topic modeling.

I packed a python tool nSBM, derived by hSBM [40], ready to install and easily executable on
n-partite networks trough graph-tool [99]. Since Stochastic Block Modeling is able to run on the whole
network, each new layer contributes to its own topics and distributions.

This multi-feature approach revealed itself very useful to integrate different ’omics. We will show
that including microRNA information in a topic modeling analysis improves the performances of this
method [126, 127, 128]. Some results of the multiomics topic modeling will be presented in section 6.

A topic modeling approach revealed itself powerful for the analysis of spatial transcriptomics data
in [116] and to integrate (using nSBM) Inc-RNA in the analysis of breast cancer single-cells [37].

Finally, let me highlight the fact that during my Ph.D. I contributed a lot to the open source
community (see Section 7 for the details, links and code) improving existing projects, developing
original code easily executable (packages or recipes) by anyone and developing minor classes to run
side projects.

In Appendix A the reader will find all the technical details about the implementation of the models
described in this work.
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CHAPTER 2

Emergent laws in single-cell

This whole work is based on the study, the analysis and the inference on RNA-Sequencing data (either
single cell or bulk), in this section we will describe how these data can be analysed and studied in the
framework of the so-called component-systems.

2.1 The data structure for component systems

A transcriptomic dataset, and more generally a component system, can be described by a matrix {n§}
where each entry represents the counts relative to transcript (i.e, the component) i € {1,..., N} in cell
(i.e., the realization) ¢ € {1,..., R}. N is the total number of different transcripts that could be present
(the number of genes as a first approximation), which is essentially the vocabulary of our system. R is
the number of cells analyzed. Each column of the data matrix is a vector {n°} = {nf{,...,n%} that
fully describes the expression profile of a single cell ¢. The size of the transcriptome of a cell captured
in the experiment is defined as M¢ = vazl n¢. While in other component systems, such as texts of
natural language, this parameter is simply the size of the realization (e.g., the book size), in our context
M¢€ represents the measured transcriptome size. Therefore, it does not necessarily correspond to the
total number of transcripts in the cell, that is due to the sampling process involved in RNA capture.
For each gene or transcript ¢, we can define its frequency in cell ¢ as f{ = ng

=3f and the abundance of a
gene as E; = 3. n;;.

2.2 Robust emergence of Zipf’s law for the gene expression levels at different
scales

One of the hallmarks of complex systems, from real-world networks to natural language, is a high level
of heterogeneity, which is often characterized by the emergence of power-law distributions [91]. For
component systems in particular, the frequency of components is often well described by a power law
known as Zipf’s law [4, 82, 91, 138]. In natural language, this law describes the distribution of word
frequencies in a corpus of texts, typically reported as a rank plot. In the context of transcriptomics,
this would translate in a law for the distribution of gene expression levels in a large-scale dataset.
Fig. 2.1A reports the rank-plot of the relative expression levels f; calculated by averaging across cells
belonging to the same organ (different curves correspond to different organs) in the Mouse Cell Atlas
(MCA) [50]. The distribution is largely compatible with a power-law decay with an exponent close to
—1, as in the classic Zipf’s law, followed by an exponential tail. The shape of the distribution does not
depend on the specific dataset or on the experimental technique used. An essentially identical plot
(Fig. 2.1B) is obtained by looking at the same organs in an alternative mouse expression atlas, i.e.,
Tabula Muris [123], in which different sequencing methods were adopted. This statistical property
seems indeed very general and not limited to scRNAseq data or to the specific species in analysis. For
example, the same law emerges considering bulk RNA sequencing measurements across healthy tissues
in human from the GTEx database [45] (Fig. 2.1C). This result corroborates previous observations
based on microarray and SAGE (serial analysis of gene expression) datasets that reported a power-law
distribution of gene expression levels across different species and experimental conditions [36, 55, 125].
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2.3. A Zipf’s law with multiple regimes
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Figure 2.1: A robust Zipf-like law for gene expression levels. The average relative expression
levels f; reported as a function of their rank. The distributions reported correspond to averages over
single cells belonging to different mouse organs from the Mouse Cell Atlas (A), from Tabula Muris
database (B), and to bulk RNA sequencing data from samples of healthy human organs in the GTEx
database (C). Each curve corresponds to a single organ or tissue. (D) The relative gene expression
levels evaluated in single cells (without averaging) follow an analogous Zipf-like trend. We report the
distribution relative to 100 cells from the heart sample in Tabula Muris. Similar results can be obtained
from other organs or from the Mouse Cell Atlas. The dashed lines are just a reference power-law
scaling with exponent —1.

Fig. 2.1D shows an illustrative example of the gene expression distributions in single cells. Besides
some variability, the distributions recapitulate the population ones reported in the other panels.
Therefore, the Zipf-like behaviour is an inherent property of single-cell expression profiles.

In conclusion, Zipf’s law appears to be a robustly emerging statistical property of gene expression
data from bulk to single-cell experiments. This empirical law essentially sets the only free parameters
fi of our null model. Since this model only describes a sampling process given the empirical average
frequencies of components, we can test what properties of the system can be explained merely by
sampling effects and what features are instead potentially due to biological variability.

2.3 A Zipf’s law with multiple regimes

At a coarse grained view, the rank plot of gene expression levels can be described as a power law followed
by an exponential tail. The presence of a double scaling in the component frequency distribution again
is a general feature of several component systems. A similar behaviour can be observed by looking at
protein domain frequencies in genomes of different species [82]. A double scaling was also observed in
natural language [39], where it was tentatively explained by a model with two different classes of words:
common words (high rank) composing a core vocabulary and the rest of more specific words in a vast
vocabulary. Analogously, two different groups of genes can be distinguished in bulk transcriptomic
data: a core of highly expressed genes with active promoters and a second group of lowly expressed
and putatively non-functional transcripts [55].

Considering all the cells in the MCA, highly expressed genes (around 100 genes) follow a power
law with exponent close to —0.5, while the central part of the distribution is well described by an
exponent close to —1 as in the classic Zipf’s law. Interestingly, a very similar law with three regimes
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2. Emergent laws in single-cell

was observed in a quantitative transcriptomic study of fission yeast [80].

The first regime appears to be composed by highly expressed genes related to basic functions
that are common across different organs. This second regime is composed of actively expressed genes
that are more tissue specific and whose expression approximately follows the classic Zipf’s law with
exponent —1.

2.4 The average number of detected transcripts follows Heaps’ law as
predicted by a sampling process

A complex biological system such as an organ is composed by multiple cell types with transcription
programs differentiated according to their functional role. Even the repertoire of genes that have
to be transcribed is expected to vary from cell to cell as a function, for example, of the level of
specialization of the cellular phenotype. Therefore, a basic observable difference between single-cell
expression profiles could be the total number of genes that are actually transcribed. Resuming the
analogy with texts of natural language, different texts typically use a different vocabulary (i.e., total
number of different words), and the size of the vocabulary can depend on several factors such as the
author style or the topic complexity. However, the average vocabulary of texts empirically displays
a specific and well conserved sublinear scaling with the text size, known as Heaps’ law [4, 54, 82].
Again, an analogous law relates the number of different genes or protein domains to the genome size in
prokaryotes [25]. Transcriptomic data present the additional complication: the number of detected
transcripts also depends on the sampling process due to the RNA capture process. This naturally
introduces a dependence on the sampling efficiency which is proportional to M€, i.e., the total number
of captured transcripts from a cell c. Fig. 2.2A shows the number of different mRNAs as a function of
the total number of UMI (as an estimate of the total number of detected mRNAs).

>
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Number of expressed genes

Number of expressed genes
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Figure 2.2: The number of detected different transcripts follows Heaps’ law. (A) The number
of mRNAs with at least one detected transcript h(M) is reported as a function of the transcriptome size
as measured by the number of UMI, i.e., M =" n¢. Each point in the scatter plot thus corresponds
to a single cell, for the illustrative example of cells in the Bone Marrow from the MCA. The average
empirical sublinear scaling (blue dots) is compared to the results of a stochastic sampling process
using detailed simulations (orange dots) and analytical predictions (red dashed line). (B) The same
sublinear average scaling is approximately conserved in all organs reported in the MCA. See Figure B.1
in Section B for the color legend of this Figure.

The sublinear power-law scaling is very similar to the one found in other component systems [4,
25]. This empirical trend can be compared with predictions from the model. The model assumption is
that the probability of observing a specific mRNA ¢ in the sampling process is only determined by its
empirical average frequency f;. It is easy to show [83] that according to this model the probability of
not observing a mRNA given the total number of transcripts sampled M is well approximated by

Pi(0|M) ~ e~ M, (2.1)



2.5. Variability in the repertoire of expressed genes follows Taylor’s law and reveals deviations from a
sampling process

From this expression, we can calculate the expected number of detected different transcripts h as

N N
(B(M)) = N =3 Pi(0|M)~ N =Y e /M, (2.2)
i=1 i=1
where N is the total number of possible mRNAs, given by the number of genes considered in the
experiment, which is in the order of 10%. The formula above well reproduces the results of direct
simulations of the sampling process reported as orange dots, and also captures quite accurately the
empirical average scaling. Therefore, the observed repertoire of expressed genes in these scRNAseq
experiments is on average mostly determined by the sampling process. This trend has to be carefully
taken into account in order to reliably estimate the biological variability in transcript repertoires.

A quantitative difference between the empirical average number of expressed genes (blue line in
Fig. 2.2A) and the expectation from sampling (orange line) can be observed. In fact, the sampling
model slightly overestimates the empirical trend. In other words, cells typically express a lower number
of genes to a higher expression level than expected.

The model can be simplified by exploiting this observation. Instead of considering all the f; values
as free parameters that have to be inferred from data, we can assume the double power-law scaling,
with exponents ; and 7, estimated by fitting, and the exponential tail for low frequency components.
In this case, it can be shown [83] that the expression for h(M) simplifies to

. N
(M) =N -3 (1-Aarm™ = 3 (1-Bi=)" = Y (1-ce )M (23
i=1 i=i*+1 i=1**+1

The factors A, B, C are defined by imposing normalization and continuity conditions between the
three regimes:

A = B(E*)
B(i**)™72 = Ce~ k(™) (2.4)
A i 4 BY i+ N L Ceh =1
1" is the rank at which the change of power law exponent is estimated, while ¢** is the rank at which the
exponential regime starts. This is the theoretical prediction reported as a dashed-red line in Fig. 2.2A.
If the sampling process is the dominant factor setting the repertoire of observed transcripts, the trend
should not depend crucially on the biology of the system in analysis. Indeed, the sublinear scaling is
well conserved across different organs as reported in Fig. 2.2B.

2.5 \Variability in the repertoire of expressed genes follows Taylor’s law and
reveals deviations from a sampling process

As discussed in the previous section, the scaling of the average number of detected genes can be
well explained as a result of the sampling process. However, there is substantial variability in the
empirical data, i.e., cells with the same total number of UMI can have expression repertoires of largely
different sizes. The question is if this variability can be again explained as sampling fluctuations.
The model provides a precise prediction for the variance 0,2Z as a function of the average value (h).
Fig. 2.3A compares the model prediction of a Poisson scaling (blue dashed line) with the empirical
scaling (grey dots) evaluated over all the cells in the MCA dataset in order to have large statistics. The
empirical variance displays a power-law scaling with the average vocabulary size that is not compatible
with a Poisson scaling. Fitting the empirical scaling with the function C'(h)* leads to an exponent
k = 1.64 £ 0.18. This value is significantly different from the Poisson scaling expected from sampling
(Z = 3.5) and more similar to the quadratic scaling (R? = 0.94 and Z < 2) that has been observed for
several other complex systems [31, 38, 42].

2.6 Validation on Smart-seq3

Single cell transcriptomic data can be generated with different RNA-seq library preparation protocols
(10X, Smart-seq2, Smart-seq3), in particular Smart-seq2 detects more genes in a cell, especially
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2. Emergent laws in single-cell
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Figure 2.3: Fluctuation scaling in the number of detected transcripts follows Taylor’s law.
(A) The variance in the number of measured expressed genes is reported as a function of its average
value for all cells in the MCA. Data are compared to a quadratic scaling (red dashed line) and to the
Poisson scaling predicted by a sampling process (blue dashed line). (B) The fluctuation scaling is
conserved by considering separately different organs and tissues. (C) Probability density function of
the exponents k obtained by fitting the curves in panel (B) with C'(h)*.

low abundance transcripts [133]. We searched the same Zipf and Hepas law on data coming from
experiments on a human cell line (HEK) [48]. As shown in Figure 2.4 the observations made on
Smart-seq3 seems consistent the ones described before and referred to other techniques.
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Figure 2.4: Test consistency of results on data coming from Smart-seq3 sequencing technique.
(A)Zipf’s law and (B) Heaps law referred to the HEK human cell line. They are consistent (same
exponent) with the observation made in mouse with another (Smart-seq2) and described in Figure 2.1
and Figure 2.3
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CHAPTER 3

Topic modeling: from Natural Language to
genomic data

In section 2 we demonstrated that RNA-Sequencing data share some statistical properties with texts
datasets. This suggests the possibility of using models developed in text analysis to study RNA-
Sequencing data, in particular in this section we will describe how we took advantage of a topic
modeling approach [57] to study RNA-sequencing healthy tissues.

Mining GTEX using hierarchical Stochastic Block Model

The scope of this part of the work is to investigate the use of topic modeling on another kind of complex
systems: transcriptional datasets. Similarly to a corpus of texts, a set of samples’ transcripts can be
seen as documents in which every word may appear multiple times, in the context of “component
systems” [81] genes are the components necessary to build samples that play the role of the realizations.
Our setting is so far composed by R samples, N genes and F edges that define a many-to-many
relationship between the two.

This kind of data can be naturally described as a bipartite network with genes on one side, samples
on the other and links between the two sides weighted by the gene expression values. In Figure 3.1 and
in the front page illustrative bipartite networks are pictured. It was demonstrated [40] that performing
community detection [35] using Stochastic Block Models [58] on this kind of bipartite network is
equivalent to performing topic modeling. The model considered and proposed by [40] called hierarchical
Stochastic Block Modeling (from now hSBM) does exactly this and it will be deeply discussed in the
next chapters of this thesis.

@® Gene @ Sample
[¢] Topic [§] Cluster

Figure 3.1: The hSBM partition of samples in clusters and genes in topics. The lines
connecting genes and samples encode the weights of the bipartite network (i.e. the gene expression
values in the different samples).
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The output of the hSBM model consists of blocks of samples (clusters) and blocks of genes (topics)!.
An illustration is in Figure 3.1. Topic models are different from other clustering algorithms because in
addition to clusters they provide “fuzzy” memberships. A sample can be described by a mixture of
topics via the probability distribution P(topic|sample) defined in Eq. A.6 and widely discussed in the
next sections. The membership of genes into topics is even probabilistic, we have the P(genel|topic)
(see Eq. A.7 for a definition) distribution that can be used to define a rank of genes based on their
contribution to a particular topic. Moreover, these blocks have a hierarchical structure of L layers.
Blocks of layer [, are nodes in layer I + 1 (see [100] for details and illustrations). There are two extreme
layers, by construction, one is composed by two blocks (one with all samples and one with all the
genes) and one in which each block is a node.

We picked up a subset of GTEx: 1000 samples from the most represented tissues and 3000 highly
variable genes were kept (see appendix A for details). We choose this as the experimental setup for
this introductory analyses. We run hSBM and looked at the composition of the clusters, since hSBM
is a generative model our expectation was that the algorithm reproduced the structure of the dataset
recognising the different tissues of our set. In this setting its output had four layers with 1, 8, 29, 978
clusters and 22, 273, 2725 and 2880 topics respectively. Notice that the first partition involved only
the gene side of the network: all samples were in the same cluster and genes were split into 22 topics.
This could be driven by the asymmetry of the network, genes were three times the samples.

We choose the Normalised Mutual Information (NMI) as a measure of the clustering quality and
to evaluate the performance of the model at each level of the hierarchy. See chapter A.4 for further
details about NMI.

The score is estimated across layers and reaches two maxima: one if we consider tissues as ground
truth and one if we consider sub-tissues. In other words, the tissue separation is better in the
upper levels when the number of clusters is similar to the number of tissues, but the sub-tissues are
better classified at deeper levels of the hierarchy. For instance in one layer a cluster is composed by
Brain’s samples, in the next layer this is splitted and a cluster corresponding to the subtissue Brain -
Cerebellum emerged; this particular separation of Brain samples was observed by [86] when the dataset
was published. For other examples of tissues and subtissues separation we recall the Figure 3.2.

The clusters’ tree and the scores confirm the first finding of this chapter: the algorithm is retrieving
the hierarchical structure of the data. Never forget another advantage of this approach: hSBM is
completely non parametric, the number of clusters and layers is detected autonomously by the model
[100].

IThese blocks can be set to be overlapping. We choose not to add this layer of complexity in this work since the
results we obtained so far are still full of information.
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3. Topic modeling: from Natural Language to genomic data
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Figure 3.2: hSBM retrieves tissue separation in GTEx data. (a) Here we show the hierarchy
structure in the form of a tree. The first layer from top is a all-documents node by construction. Then
the algorithm found another node with all documents, at this point only the gene-side of the network is
partitioned. Then the algorithm found 8 clusters with a rough separation of tissues. From left to right
the reader can identify a Brain cluster, a cluster with Colon, Esophagus and Skin, a clusters with Cells,
one mostly with Adipose tissue, one with Artery, one with Muscle and Hearth, one of Blood and in the
end one with Thyroid. In the next layers the classification become finer, from Brain it emerged a Brain
- Cerebellum cluster, Skin and Colon are separated, Cells are split into Fibroblasts and Lymphocytes,
Aorta, Coronary, Tibial emerged, Hearth and Muscle are separated. (b) The composition of clusters
at a given layer. Each column represent a cluster and columns are coloured due to the tissue of the
samples. We reported the layer of the hierarchy with the best performances. (c) We estimated the
NMI score considering both tissue and sub-tissue labels. This measures the accordance between the
cluster annotations and the ground truth given by the samples’ tissue. In the upper levels (when there
are few clusters) the tissue separation is better than the sub-tissues’ one; on the contrary the sub-tissue
separation’s performance is better at higher levels.
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3.1. Data processing effects on different models

3.1 Data processing effects on different models

Gene selection

In order to investigate if different gene selections may affect the outcome of different models, because
each model makes certain errors and, conversely, is able to correctly capture certain unique features [46].
We run some clustering and topic modeling algorithm with a random selected set of features (genes).
In Figure 3.3 the Normalised Mutual Information obtained with different random gene selections.
hSBM and LDA topic models seems to be the more stable (obtain an high score with low variance)
models [105].

hSBM
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O. 75 _|_ l —|_ hierarchical

0.8 T

OooEmE
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0.65 ==

0.6

0.55
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Figure 3.3: Score obtained by different algorithms with random selected genes. Box plot of
max(NMI) per different algorithms when selecting genes at random.

Log transformation

It is a common approach in processing this kind of data to apply a log-transformation of the data. In
Figure 3.4 the score obtained by the same model with and without applying a log transformation to
the data before running the models themselves. It is pretty evident that topic models tend to be less
susceptible to the pre-processing of the data.

3.2 The effects of priors in the model output: should we use markers?

When running a topic modeling algorithm each sample is described as a mixture of topics. We looked
at the topic distribution of samples to investigate the topology of the new topics’ space. To do this
we started considering P(topic|sample), then we marginalised samples by tissue and obtained the
P(topic|tissue). These two quantities carry the information about the relationship between the topics
and the tissues. The goal is to identify how a topic mixture in a sample is related to its tissue.

In Figure 3.5a,c we show that hSBM tends to find a power-law like distribution similar for all
the tissues. This means that samples of all tissues are described by a mixture of few important
(high P(topic|sample)) topics and a lot of more specific (low P(topic|sample)) ones. Interestingly this
distribution is similar for all the tissues.

LDA ( 3.5b,d) built the space differently and the distribution presents more peaks. In other words,
topics are more tissue-specific and a sample’s mixture contains almost a single topic. This is easier to
be interpreted since the relationship sample-topic is trivial: a sample is described by almost a single
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Figure 3.4: Log normalization effects. (a) Performances of different algorithms when running with
TPM or log(TPM +1). (b) We ran the algorithm on the TPM dataset, on the log transformed
logo(TPM + 1) and log, 0(TPM + 1) tables. With the log; 0 transformation we found just a single
hierarchy layer. The scores are comparable. We report the score of a simple null model which preserves
the number of clusters and their sizes, but reshuffles the samples’ labels.
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Figure 3.5: P(topic|tissue) for different tissues reflects the role of the prior in the inference
process. In (a) the output of hierarchical Stochastic Block Model and in (b) the output of LDA In
the setting with samples from 10 tissues of GTEx. Analysis with housekeeping genes with hSBM (c)
and LDA (d) reveals the differences of the topic space output by the two algorithms.

topic. Nevertheless this behaviour has been forced by the algorithm and it has not been inferred from
data.

Gene expression matrices present a power-law distribution in the abundances of genes [36]. This
power-law is almost the same for all the tissues (see Figure 3.6). hSBM tends to reconstruct the
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3.2. The effects of priors in the model output: should we use markers?

behaviour of the data in the inferred topic structure: this is one of the points that guided us to use
hSBM in this biological context.

The same fact is observed if one measures the correlation between the average frequency in topics
and topics’ frequencies. The correlation is clear in hSBM (Figure 3.7a), but it is not, for instance, in
LDA or other (see Figure 3.7b for example).

This is interesting biologically: hSBM avoids to find few, specific markers, but it searches for a
combination of topics, similar in all samples and tissues. The fact that hSBM has an uniform prior
and that the topic structure extracted by it is similar for different tissues suggests that this is a good
approach to avoid over-interpretation of the output, in particular regarding the gene side of the network.
In fact, if the algorithm injects its prior in the topics’ mixtures it is more difficult to separate the
relevant biological information from the algorithm biases.

Our point becomes even more clear when one considers housekeeping genes (Figure 3.5¢,d). They
are, by definition, highly expressed in every sample. So we do not expect that some genes are more
differently expressed than others. In this situation the distribution of hSBM’s topics is power-law like,
the LDA’s one have peaks induced by the Dirichlet prior or by other elements of the algorithm itself.
Since there do not exist free lunches [115] a model which is good in a task is not the optimal choice for
another task, one has to take into account as many algorithm priors as possible when looking at the
results obtained with different models.

Finally, [121] suggested that many important genes are potentially ignored in research and the
authors supported the hypotheses that an insufficient understanding of the biology of many disease
genes has prevented the successful development of therapies. The fact that topics follow a global
pattern rather than create a one-to-one relationship between topics and biological features, and the
fact that topic modeling works on both random and housekeeping genes without requiring specific
filtering could bring to light genes potentially ignored otherwise.
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Figure 3.6: P(topic|tissue) ranked for different tissues. Topics are ranked for each tissue. The
structure of the topic reconstructed by hSBM reflects the trend in the data (vlue line). This plot would
have no meaning for LDA as it would be very similar to Figure 3.5b, being its peaked structure.
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Figure 3.7: Topic ditributions correlations. In (a), (b), (c) and (d) we estimated the average
frequency of genes in each topic (f;): = ﬁEietElenij/R where R is the number of samples, ¢ is a
topic with [t| genes. We correlated this with the frequency of the topic f; = £, P(t]s), it is the
same measure in the case one considers topics as words. The different approach of the two algorithms
is evident in this plots. The topic distribution of hsbm is correlated to the distribution of words in the
original data. This recalls the observation, done by in the original paper [40], that topics have different
dissemination.
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3.3. Distances between samples are preserved when using hSBM

3.3 Distances between samples are preserved when using hSBM

As reported originally by [86] there is a hierarchy of distances between tissues. To measure the
distance between two tissues in the “topic space” we defined an archetype per each tissue averaging the
P(sample|topic) over all samples of a given tissue. After this, we measured the distances of a tissue
versus all the others. We did the same in the original gene expression space, so we ended up with two
vectors of distances per each tissue one with the distances from all the other tissues in the original
data space, one with the distances from all the other tissues in the topic space. At this point it is
possible to measure the Spearman correlation between this two vectors per each tissue, this correlation
would be 1 if the ranking of the distances of one tissue versus all the others is consistent after having
projected samples in the topic space. As shown in Figure 3.8 using hSBM to project the data in a
lower dimension space gives the most consistent results.
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Figure 3.8: Spearman correlation between vector of distance of one tissue versus all the
others. (A) hSBM, (B) LDA, (C) TM and (D) WGCNA.

3.4 Code availability

Code and notebooks to reproduce our analyses are available from https:/github.com/fvalle1/topics?.

2Topic and Clusters names (i.e. Cluster 1, Topic 1 may vary between the draft and the repository. We changed them
for writing porpuses.)
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CHAPTER 4

Topic modeling on breast and lung

In Section 3 we discussed how to apply hSBM-based topic modeling to healthy RNA-Sequencing
samples, in this section we will describe the same approach on cancer data from The Cancer Genome
Atlas (TCGA). Applying this kind of models on diseased data will, hopefully, shed light on cancer and
will help the clinicians with new information about the patients.

4.1 Analysis of breast cancer samples

Breast cancer is the most common malignancy in women and one of the three most common cancers
worldwide [11, 26, 51, 74]. It is also one of the few examples of a tumor for which there is a widely
accepted subtype classification [106, 110, 120] based on gene expression that has a relevant therapeutic
role and is instrumental for better clinical outcomes (in particular for HER2 subtypes). Breast cancer
samples are usually divided in 5 different subtypes: Luminal A, Luminal B, Triple-Negative/Basal,
HER2 and Normal-like. On the clinical side, this classification is based on the levels of a handful
of proteins whose presence in the biopsy is usually detected using immunohistochemistry (IHC)
assays. In particular, two hormone-receptors (estrogen-receptor (ER) and progesterone-receptor (PR)),
HER2 (the Human Epidermal growth factor Receptor 2 (HER2) is a growth-promoting protein and
plays an important role in several signaling pathways) and Ki-67 (Ki-67 is a nuclear antigen expressed
by all proliferating cells during late G1 through the M phases of the cell cycle, peaking in the G2-M
and with a rapid decline after mitosis and is thus an indicator of cancer cells growth).
Here is some information on these subtypes and their clinical outcomes.

o Luminal A breast cancer is hormone-receptor positive, HER2 negative and has low levels of the
protein Ki-67. Luminal A cancers are low grade, tend to grow slowly and have the best prognosis.

o Luminal B is very similar to Luminal A from the gene expression point of view. The main
difference is that it can be either HER2 positive or HER2 negative, and is typically characterized
by high levels of Ki-67. As a consequence, Luminal B cancers generally grow slightly faster than
Luminal A cancers and their prognosis is slightly worse.

o Triple-negative/Basal (which we shall simply denote as Basal in the following) are both hormone-
receptor negative and HER2 negative.

. HER?2 is hormone-receptor negative and HER2 positive. This class of breast cancers tend to grow
faster than the Luminal ones and can have a worse prognosis, but they are often successfully
treated with targeted therapies aimed at the HER2 protein.

o Normal-like breast cancer is similar to Luminal A: hormone-receptor positive, HER2 negative
and has low levels of the protein Ki-67. However, its prognosis is slightly worse than Luminal
A prognosis.

The same classification can be obtained (to a large extent [113]) looking at the expression levels of
the well known “Prediction Analysis of Microarray (PAM)50” signature [97, 109]. Given the expression
levels of these signature genes, samples are then classified using standard machine learning methods
(Classification and Regression Trees (CART), Weighted Voting (WV), Support Vector Machine (SVM),

18



4.1. Analysis of breast cancer samples

Nonnegative Matrix Factorization (NMF) or k-Nearest Neighbors (k-NN)) or using methods based on
the euclidean distance in the signature space like Nearest Template Prediction (NTP) [61] or with more
sophisticated network-based methods like Hopedgenes [14]. The agreement among different classifiers
and with the IHC-based subtyping is in general reasonably good but far from perfect. The classification
task is made particularly difficult by the heterogeneity of cancer tissues (biopsies may contain relevant
portions of healthy tissue) and by the intrinsic variability of gene expression patterns in cancer cell
lines. For instance, the TCGA samples that we shall use for our analysis have been recently reanalyzed
in TCGABiolinks [89] leading to a significant relabeling of samples.

To address this particular issue, we downloaded both the PAM50 labels from [72], which is the most
widely used set of annotations, and the more recent and highly curated SubtypeSelected annotation
provided by the new functionalities of TCGABiolinks [89]. In the following, we shall compare the
performance of our algorithms against both these annotations.

Our main goal in this framework was not to propose a new signature or a new classifier on top
of the existing ones, but to show that it is possible to obtain relevant information on the cancer
samples, like subtype annotation, the survival probability or lists of potential driver genes and altered
pathways, without resorting to the marker genes mentioned above but looking instead at the overall
gene expression pattern. We think this is an important achievement since it allows us to address
breast cancer (and in principle any other complex pathology or cancer) without being influenced by
the expression levels of few, often wildly fluctuating, marker genes, and opens the possibility to find
new driver genes and possibly new subtype structures that may have therapeutic relevance.

Clustering of breast cancer samples

We performed the hSBM analysis on a bipartite network starting from all the 1222 samples of the
TCGA-BRCA project on one side and a suitable selection of genes on the other side; the links were
weighted by the expression values. We used also a set of other state-of-the-art clustering tools: Latent
Dirichlet Allocation (LDA) [10], Weighted Gene Correlation Network Analysis (WGCNA) [76] and
hierarchical clustering (hierarchical) [69]. We also compared the quality of clustering with the two
annotations PAM50 [72] and SubtypeSelected [89]. Table 4.1 reports the number of samples annotated
for each subtype in the two annotation systems.

PAMS50 | Subtype Selected
Basal 212 188
HER2 91 82
Luminal A 633 576
Luminal B 231 217
Normal-like 42 142

Figure 4.1: Number of samples per each annotation in Breast cancer. TCGABiolinks assigns
more Normal-like subtypes.

On the gene side, instead of looking to cancer specific markers we selected, as mentioned above,
only breast related genes, i.e., genes whose behavior was different in breast tissues with respect to
other tissues (see Methods section for a precise definition). Results with the complementary choice of
highly variable genes can be found in [127]. After this selection, we ended up with 978 genes. Among
these genes, only HER2 among the classic markers discussed above was present.

hSBM finds a first layer of clustering in which the samples are divided into 8 clusters and the
genes are organized in 6 topics. It identifies a further more refined level of organization composed by
29 clusters and 41 topics (the algorithm identifies then two further levels of partition with 149 and
1204 clusters and 147 and 399 topics respectively). These partitions on the cluster side convey little
information and their score is very low. They correspond to the rightmost points in the Figure 4.3b,c.

Results are reported in Figure 4.3. Figure 4.3a,b report the subtype organization in clusters for the
first two layers (8 clusters for Figure 4.3a and 29 clusters for Figure 4.3b). We see looking at these
figures that hSBM is able to identify rather well Basal, HER2 and Normal-like samples, while it mixes
Luminal A and B samples. For this reason, we shall treat them as a single subtype “Luminal” in the
following.
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4. Topic modeling on breast and lung

We used the Normalized Mutual Information (NMI) measured compared to a null model as a score
to evaluate the performance of the various algorithms in identifying cancer subtypes. The NMI scores
are reported in Figure 4.3d for the comparison between different clustering algorithms and in Figure
4.3c for the comparison of hSBM results using the two different sample annotations.

Looking at the figures, we see that the highest NMI is reached for the first layer and that hSBM
outperforms Weighted Gene Correlation Network Analysis (WGCNA), Latent Dirichlet Allocation
(LDA) and hierarchical clustering. In order to set a comparison between different algorithms, the values
of their several free parameters have to be selected. We chose the configuration of WGCNA, LDA and
hierarchical clustering that could match more closely the number of topics and clusters obtained with
hSBM. The rationale is to compare the different methods at the same resolution level (i.e., number of
clusters and/or topics), thus at similar levels of dimensionality reduction. Therefore, it is possible that
the algorithms could achieve better performances at different resolutions or using different performance
metrics. This is for example the case of WGCNA. Setting WGCNA with different correlation threshold
can improve its score but at the cost of producing in output a much larger number of topics and
clusters with respect to hSBM.
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Figure 4.2: Performance of WGCNA with different settings. We ran WGCNA with different
thresholds. wgcna-high represents a configuration in which WGCNA is set to find an high number
of modules (topics): this case it similar to hierarchical clustering. wgcna-low represents a setting in
which the algorithm is set to found few modules. The label wgcna represents the setting reported in
the paper in which we set it to emulate the number of topics of hSBM (which searches the optimal
number of topics itself). When WGCNA searches many modules, its outcome is similar to the hSBM
(and of course to hierarchical clustering) one. Therefore, if WGCNA is set to replicate the resolution
(i.e., the number of topics and clusters) of hSBM its classification performances are low.

Interestingly, we find a higher value of NMI at both resolution levels for the recent and more refined
annotation of samples SubtypeSelected [89] with respect to the old one from [72]. In [89], the authors
recognized several additional Normal-like samples thanks to an extensive effort to systematically
quantify tumor purity with a variety of methods integrated into a consensus approach across TCGA
cancer types. Indeed, the tumor microenvironment includes non-cancerous cells of which a large
proportion are immune cells or cells that support blood vessels and other Normal-like cell.

Functional enrichment of the topics

Topics are nothing but lists of genes. A common way to investigate their properties is to
perform enrichment tests using tools like GSEA [122]. The enrichment analysis on genes
associated to subtype-specific topics finds functional categories that are precisely in agreement
with the specific annotations of the subtype. For instance, the first entries of the table,
corresponding to the Topic 1 mentioned above, show a strong enrichment for two sets of genes
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Figure 4.3: hSBM result for breast cancer analysis. In (a,b) it is reported the subtype composition
of the clusters obtained via hSBM. Each column is a cluster, each color is a SubtypeSelected label from
TCGABiIolinks. The height of each column is proportional to the number of samples within the cluster.
In (a) we report the results for the first layer of clustering (8 clusters) and in (b) those for the second
layer (29 clusters). (c¢) Comparison of scores across hierarchy between TCGABiolinks SubtypeSelected
labels [89] and TCGA labels from [72]. (d) Comparison of scores for different clustering algorithms.
In (c,d) the Normalized Mutual Information (NMI) is scaled to the score obtained with a null model
(NMI*). See Methods section for more details.

(labeled, following the GSEA convention as SMID BREAST CANCER_LUMINAL A UP and
SMID_BREAST_CANCER_NORMAL_LIKE UP ) taken from [119] which fully agree with our
subtype annotation in the topic space.

It is worth mentioning once again that in our analysis we selected only genes which are generically
expressed in breast and not specifically differentially expressed in breast cancer. This makes the above
results a non trivial consistency check of our procedure and further supports our idea of a role of the
whole gene expression pattern of the cell in driving breast cancer subtype phenotypes.

Predicting breast subtype annotation

One of the advantages of a topic model approach is that it is also a dimensionality reduction process.
Topics can be interpreted as new coordinates one can use to visualize and study the data.

We used the topic space as an embedding space to train a neural network model which can then be
used as an efficient classifier to associate samples to their specific subtype. Using topics as features and
SubtypeSelected as labels, our task becomes a simple supervised learning classification problem. The use
of the topic space greatly simplifies the data space, and therefore the classifier can be trained much
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faster and with fewer parameters. Moreover, we showed that the topics have a non-trivial biological
meaning and this can help the classifier in identifying the relevant structures in a possibly noisy data
set. We obtained a high accuracy classifier using a 399 dimensional topic space (the lowest level of the
hierarchical organization of the topic space) starting from a space with almost 20,000 genes. Figure
4.4 reports in detail the performance of the classifier.

To evaluate the performances of our predictor, we performed the same analysis using K-Nearest
Neighbors which is a standard and very popular tool in this context. It turns out that the performances
of our predictor model (AUC = 0.98) are greater than those of k-NN (AUC = 0.90) on the same
dataset. This tells us that the organization of the samples in the original gene expression space is not
trivial, and that the projection into the topics space improves the ability of the predictor to assign
the correct labels to test samples. We report the AUC score since it is less influenced by unbalanced
classes than, for instance, the accuracy score. We applied K-NN using 5 n_ neighbors and using the
euclidean metric on the log,(FPKM + 1) transformed data.
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Figure 4.4: Predictor model for breast cancer. We built a neural network and trained it on
the low-dimensional topic space to classify the different breast cancer subtypes. In (a) we report
the confusion matrix. In (b) the Receiving Operation Characteristic curve and the corresponding
Area Under Curve for each subtype estimated using a One-vs.-All strategy four times. The diagonal
(TPR = FPR) corresponding to random guessing is reported for reference. Luminal and Basal
subtypes are the ones with the lowest fraction of False Positives. Normal-like is the subtype with the
highest fraction of True Positives.

4.2 Analysis of Non-Small-Cell lung cancer samples

To reveal the potentialities of topic modeling in a different context, we analyzed Non-Small-Cell Lung
Cancer data taken again from TCGA. Lung cancer subtypes are currently defined by their pathological
characteristics. The two predominant histological phenotypes of Non-Small-Cell Lung Cancer are
adenocarcinoma and squamous cell carcinoma [20]. TCGA-LUAD and TCGA-LUSC projects provide
transcripts for samples of these two subtypes. In the same way as in the breast analyses, we collected
FPKM data with Genomic Data Commons’ tools. In this case we selected 3000 highly variable genes
(the second of the two options mentioned in the introduction). Results with the other choice, a tissue
specific selection of genes, can be found in the Supplementary Material in Figure S4.

The binary choice (LUAD versus LUSC) represents a much easier task for a clustering algorithm
and indeed, as we shall see, hSBM is able to correctly separate LUAD from LUSC. TCGA repository
on lung cancer data allows for a non-trivial test of clustering algorithms. Indeed, Cline et al. in [23]
observed that some samples from TCGA-LUSC have gene expression levels that are more similar
to LUAD than LUSC, although their similarity to LUAD is modest. On this basis, they suggested
that these samples may be borderline for subtype classification, for example because representing
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4.2. Analysis of Non-Small-Cell lung cancer samples

tumors that are less differentiated and thus difficult to classify by pathology. The list of these samples,
labeled as Discordant LUSC, is provided [23]. We analyzed how hSBM actually classifies these samples.
Finally, in the context of lung cancer, thanks to the recent work of [132], we may perform another
non trivial test of our topic modeling approach. We can combine together healthy and cancer tissues
and look at the ability of hSBM to separate healthy samples from cancer ones.

Classification of Non-Small-Cell Lung Cancer subtypes: LUAD and LUSC

Running hSBM on the above data we found three different layers of resolution with 2, 8 and 58 clusters
and 5, 12 and 42 topics, respectively.

a
1.0 S
- 0.8
3
u; 0.6
s
S 04
0.2
0.0 _ _
cluster
= healthy
= LUSC
= | UAD
mmm Discordant_LUSC
c 1

o
®

o
o

fraction of nodes
°
=

o
~

1l ‘ wm
o

30 40 || 50 60 m / \
cluster ((«((((«((«((((((«((«««(!((«f((t((((«(««««««(«c

Figure 4.5: The hSBM classification of Non-Small-Cell Lung Cancer subtypes. In (a) the
columns represent clusters and the colors refer to the sample annotations. Columns are normalized to
the total number of samples in the cluster so that the height of different portions of the column are
proportional to the fraction of LUAD (adenocarcinoma) or LUSC (squamous cell carcinoma) samples
in that cluster. (b) The hierarchical structure. Already in the first layer, many LUAD samples are
separated from LUSC, in the next layers the separation is complete. In (c,d) we report the results of
hSBM analysis including also healthy samples. In both settings Discordant LUSC are classified with
LUAD.
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The results of our analysis are reported in Figures 4.5 and 4.6. In particular, Figure 4.5a shows
that hSBM is able to separate well the two subtypes and that indeed most of the Discordant LUSC
samples are clustered together with the LUAD ones, capturing the fact that they are more similar to
LUAD than LUSC. Tt is instructive to follow the hierarchical organization of clusters (Figure 4.5b).
Already in the first layer, many LUAD samples are separated from LUSC, while in the next layers the
separation is complete.

Classification of LUAD and LUSC samples versus healthy tissues

We also tested the ability of clustering algorithms and in particular hSBM to separate healthy from
cancer tissues. We downloaded data with healthy (taken from the Genotype Tissue Expression [79]
GTEx project) and cancers samples provided in a unified framework by [131, 132]. We selected only
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4. Topic modeling on breast and lung

samples with valid metadata available from TCGABiolinks or GTEx. Looking at Figure 4.5¢ we see
that also in this case hSBM identifies LUAD and LUSC subtypes and that both are separated from
healthy samples. The majority of Discordant LUSC samples are clustered with LUAD as discussed
before. Even if in principle the task of identifying three categories instead of two is harder, it seems that
the inclusion of healthy tissues actually improves the performance of hSBM. Looking at Figure 4.6c¢,
we see that the scores are higher than without healthy tissues.
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Figure 4.6: Comparison of different clustering algorithms. In (a) we report the scores for the
classification of Non-Small-Cell Lung Cancer subtypes without healthy tissues. In (b) the scores in
presence of healthy tissues. (¢) The direct comparison between the case with and without healthy
samples shows that their addition improves the cancer classification. Note that the score on the y-axis
is normalized with respect to a case-dependent sample reshuffling (as explained in detail in the Methods
section). This explains the different ranges of the scores in the panels.

Figure 4.6 shows that in the lung setting hSBM outperforms both LDA and WGCNA and it is
compatible with hierarchical clustering.

As discussed in the breast cancer analysis, WGCNA is set to match the hSBM automatically
retrieved number of topics and clusters. Note that WGCNA with very relaxed thresholds on the
correlations becomes essentially equivalent to hierarchical clustering as it is shown in Figure 4.2.
However, the relatively high performance score on the sample cluster structure comes at the cost of
predicting a much larger number of topics (90) with respect to the 5, 12 and 42 topics retrieved by
hSBM in the three different layers of resolution. A similar warning also holds true for LDA. In order
to make a fair comparison with hSBM which has no free parameter, we used LDA with parameters set
to their default values. In principle, LDA performances could be improved by suitably fine tuning its
parameters, but such a extensive parameter exploration was beyond the scope of the present paper.
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4.3. Code availability
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Figure 4.7: Prediction model for lung cancer. In (a) we used
topics as features to train this model and we report the confusion
matrix. In (b) the Receiving Operation Characteristic curve is
reported. The Area Under Curve is reported as a score.

Predicting LUAD and LUSC

The topic embedding space can be used to build a predictor analogous to the one we developed for
breast cancer. In this case, the goal is to classify correctly LUAD and LUSC.

This predictor is actually a neural network with one hidden layer composed by 20 neurons and an
output layer activated by a sigmoid function for the binary classification. We report in Figure 4.7 the
output of this model on the test set. LUAD and LUSC are classified with high accuracy (accuracy:
0.9268, AUC: 0.9493). Additionally in this case, we compared our results with a standard K-NN
predictor. K-NN achieves slightly better performances (accuracy: 0.9756, AUC: 0.9733).

The classifier we are using is inherently probabilistic since in output gives the probability that a
sample belongs to a specific class. When the difference between tumor subtypes is not so clearly defined,
but there is instead a continuum of possible cancer types, a careful analysis of the actual classification
probabilities can be informative. This is the case for the classification of the Discordant LUSC samples
mentioned above. Figure 4.8 reports the algorithm output Z, which should be interpreted as the
probability of a sample to be of LUSC type. The Discordant LUSC samples have a score in the range
0.3-0.4 and interestingly seem to emerge as an intermediate peak in the classification probability
distribution. They typically have a probability to be LUSC greater than standard LUAD samples,
even if this probability is below the classic 0.5 threshold for LUSC classification.

4.3 Code availability

The codes, notebooks and data to reproduce this work are available on a GitHub repository at
https://github.com/fvalle1/topicTCGA.
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CHAPTER 5

nSBM: my original branch to the problem

When hSBM was released, its authors [40] demonstrated that topic modeling [57] can be seen as
a problem of community detection [34, 35] on bipartite networks. We propose to apply the same
principles but in a context where multiple information are available and documents are not longer
linked only to words but they are also linked to other sources of information.

a

Authors

Metadat

Documents

Keywords

[-—-—-—]

P(topic | document) P(topic | document) P(topic | document)

P(word | topic) P(author | topic) P(keyword | topic)

Figure 5.1: Schematic representation of the software. (a) A n-partite network is build with
documents, words and other layers of information. (b) This is nothing but the representation
of n Bag of Words. (c) After running Stochastic Block Modeling simultaneously on the whole
network, one has in output we topic model on each layer. In particular P(topic|document) and
P({word, keyword, author ...}|topic).

The idea of adding a layer of metadata to networks or to a graph of drug-drug interaction was
proposed by [33, 62] in the context of using SBM to reconstruct links, in this work the idea is not to
reconstruct links, but we were focused on finding communities and eventually taking advantage of the
fuzziness given by the topic modeling interpretation.

We pictured in Figure 5.1 our approach to the problem: starting from multiple Bag of Word-like
matrices, we built a n-partite network. The output consists of P(topic|sample) and P(word|topic)
estimated at each branch of the model. Moreover, the clustering is performed concurrently for each
kind of data and similar (of the same kind) nodes are grouped into blocks we call clusters (for samples)
and topics (for every other kind of data). We ran a nested version of the model and so all of this
information is available at different layers of resolution.

The fitting procedure is performed taking advantage of hierarchical Stochastic Block Model (hSBM).
hSBM, as widely discussed in this thesis, is a kind of generative model that tries to maximise the
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probability that the model describes the data
P(0|A) < P(A|0)P(0).

Its approach is completely non-parametric and it aims to maximise the posterior probability
P(0]|.A). We used the minimise_nested_blockmodel_dl function from graph-tool [99] to minimise
the Description Length ¥ = —log P(A|f) — log P(#) in a nested version of the model [100, 101, 102,
103, 104]. Minimising ¥ equals the maximisation of the posterior probability. In our setting A is
nothing but a block matrix in which each block is a Bag of Tokens (i.e. words, keywords, authors ... ).
It can be seen as a union of two dimensional matrix with entries A;;: A;; is the number of elements ¢
in document j. We set the model to do a sort of model selection minimising the Description Length %
multiple (10) times and we choose each time the model with the shortest Description Length.

Different kind of information on real-world datasets

Datasets have metadata. In this work we focused on a bunch of texts datasets of very different kind
such as: the papers of the American Physical Society (APS), PubMed Central to Reuters articles,
Wikipedia pages and tweets. When the full text was not available we built the Bag of Words [2, 52]
from the words in the titles and in the abstracts.

Each dataset has its kind of metadata to add information to the document, one of the most common
is represented by the keywords entered by the authors themselves. Twitter doesn’t provide keywords,
but we selected hashtags which actually plays a similar role. In the Wikipedia example we considered
the so-called categories as keywords.

See section A.1 for further details on the datasets utilised here.

We wanted to benchmark our model performance and to do so we used two different approaches
described below.

Which model is compressing more the data? was the first question we wanted to answer. If
one has to compare the behaviour of two models on the same network the right tool to measure the
performances is the Description Length ¥ [44, 101, 112] (see also section A.4). ¥ represents how much
information (i.e. the number of bits) is needed to encode both the network and the model parameters.
If we compare the Description length for the same network but different models, this tells us which
model is compressing more the data.

In the setting discussed in this work, we are comparing different models (actually SBMs with
different topologies and number of parameters) on two different networks (every network is built with
2,3 ...branches). In this case, since ¥ is a, non linear, increasing function in the number of edges F
the networks with more branches had trivially a greater 3. In order to have a more significant measure
we considered the Description Length per Edge (%), this is not even ideal since X is not linear in E
(see Figure 5.7), but it could give us some hints on which model is compressing more the information
per edge.

In Figure 5.2a we reported —A (%) which tells us the improvement on using the tri-partite model
with respect to the bi-partite hSBM. Since AX. is the ratio of two posterior probability, this is similar
to the estimation of the Bayesian factor [70] if one compares the two models. These —AXs are all
positive, this means that the model with three branches compresses better the information per edge
and there is a gain in the posterior probability in using this kind of model.

It is possible to estimate A = exp~2¥ in the TCGA example (the one with the highest —AY) it
is A > exp0.5 > 102! ~ 1.6. This means that nSBM description of each edge is almost two times
more probable than the model without miRNAs. Even if this is not an impressive improvement, we
are using information already available and we are also improving the classification. We would like to
suggest to use any source of information available that can lead to an improvement of existing models.

Measuring the Description Length is not the only way to benchmark this models.

How good was the partition in clusters? We compared the output of the model with a given
ground truth for each dataset. In the databases of research papers we considered the journal as a good
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5. nSBM: my original branch to the problem
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Figure 5.2: Studying the gain when adding multiple information in different datasets (a)
Difference in Description Length per edge E between hSBM and nSBM AY. This is the gain obtained
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Figure 5.3: Adjusted Mutual Information score as an alternative to NMI. (a) Adjusted
Mutual Information scores for different dataset. (b) scores scaled to triSBM to highlight the gain one
has appending additional layers of information.

variable to define the topic of the papers. In Reuters and Wikipedia we downloaded the topic of the
document and the Twitter dataset come with a label denoting its positive or negative attitude.

In Figure 5.3 we reported the Adjusted Mutual Information between the partition in output by
models and the ground truth of each dataset. In the Figure 5.3 we reported also another score the
Adjusted Mutual Information (it compares the Mutual information between the model’s output and
the ground truth with the mutual information between two random partitions) which confirms the
results obtained with the NM1IT.

If we compare the maximum NMI/NMI* reached by each model, as shown in Figure 5.2b we
have another insight that adding layers of information helps the classification of the documents.

5.1 Synthetic datasets

We tested this topic model approach with multiple kind of information also using synthetic data. In
this case we have full control over the properties of the data.

Our approach for the generation of synthetic data is based on what was done by [84] when adding
a supervision layer to Latent Dirichlet Allocation [10]. For each document a variable 6,4, like in
LDA, describes the topic distribution (Ptopic|document)), from this it is sampled, from a Dirichlet
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5.1. Synthetic datasets
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obtained with different algorithms. Latent Dirichlet Allocation (LDA) and its supervised version
(sLDA) are compared to their network-based concurrent. hierachical Stochastic Block Model (hSBM)
and nSBM (this work).

distribution, a variable z;4 which describes the topic assignment of word 7 in document d. For each
document d, a single rating Y is drawn taking into account the average topic assignment across words
().

In this work we extended this in two ways: first we consider the possibility of adding tokens of
different kinds (e.g. keywords, authors ...) representing additional layers of information; moreover, we
assume that more than one token can be assigned to a given document at each layer.

We ran hSBM [40] and nSBM (this work) on this kind of data and obtained the results reported in
Figure 5.4. The approach of adding different sources of information lead to a gain in the performances
of the models, as [84] demonstrated that sLDA can improve LDA [10], here we show that adding
branches is an upgrade of the bipartite hSBM. These network-based models, as already demonstrated
by [40], are themselves an improvement of the LDA-based algorithms.
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with a different parameter o giving them a different correlation with the average document topic.)The
Description Length (per edge) as a function of the number of planted topics K. (b) Description length
(per edge) X/ FE in configuration varying the number of topics K.
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5. nSBM: my original branch to the problem

Layers may bring different level of information

We have shown that adding certain layers of information can help topic modeling to find more
informative partitions. As pointed out recently by [33] there are regimes in which metadata completely
dominates the inference process and situations in which metadata does not play any role.
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Figure 5.6: Making bi and tri-partite networks can improve the classification in real data.
(a) A real world example of different setting when different sources of information are considered
more than the Bag of Words. Tetra-partite network of APS where documents are connected to words,
keywords and the number of authors. (b) Description length per edge X/F in this three different
settings. (¢) NMI/NMI* score for the different layers in the titles from American Physical Society.
We compared a network made with a classical Bag of Words (hSBM), adding a layer with keywords
(triSBM), adding a layer with institution’s zip codes, authors’ number and, finally, adding two layers:
one with keywords and one with the number of authors (tetraSBM).

Again, we investigated how new branches can affect the learning process. On a real data example,
adding different kind of metadata may have a different impact on the performances of topic model.
We show in Figure 5.6b that adding zip codes (of the authors’ institution), keywords or the number of
authors of a paper have a different impact on the learning process.

We consider the number of authors as a feature despite authors themselves, we expected that only
certain fields are characterized by big collaborations, for instance. This was done since we choose a
subset of recent papers, and there were few authors with more than a paper published on APS in this
short time window.

30



5.2. Description of the software

Moreover we tested the same question on synthetic data whose branches had different grade of
noise. In this case we are able to generate branches with tokens related to the planted topics. In fact,
Yas,; (the j-th token of document d in branch b) is sampled from a normal distribution N (zjm, (72).
If 02 is small the tokens on additional branches will carry the exact information about the topic the
document belongs to. If o2 is big there is a weaker relation between tokens of the new branch and the
planted topics, we would expect this kind of new layer to be less informative.

Figure 5.5b reports our results on synthetic data. When branches are added, the Description
Length X (per edge) decreases. Moreover, if the appended branch is “noisy” (02 > 0.1) there is not a
gain in Description Length (inf line in Figure 5.5a).
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Figure 5.7: The description length of a trivial network scales more than linearly with F

and V. Scaling of the description length of trivial partitions with the number of vertices V' and the
number of edges E.

5.2 Description of the software

Together with this work we released a Python package easy to install and useful to perform SBM topic
model on n-partite networks.

This inherits the code provided by [40], available from https:/github.com/martingerlach/hSBM_
Topicmodel, and adds the methods to extend their topic modeling analyses simultaneously to each
branch of a n-partite network. We passed the gene expression matrix as a weighted graph to their
model.

In this case the graph required to running the model is created using a list of Bag of Words [2]

(represented as pandas DataFrames [85]). Each Bag of Words corresponds to a different layer of
information as shown in Figure 5.1a.
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5. nSBM: my original branch to the problem

Once one has installed the package, it is possible to fit, for instance, a tetra-partite network with
words, keywords and authors as shown below.

from nSBM import nSBM

model = nSBM()

model.make_graph_multiple_df(df, [df_keywords, df_authors])
model.fit()

model.save_data()

The output is the same as hSBM; its output-files contain: P(topic|document), P(word|topic),
clusters (blocks of documents) and topics (blocks of words) at each layer of the hierarchy. Running
nSBM this kind of output is produced for each layer; in this case each branch is processed separately
as in the scheme represented in Figure 5.1c.

The package to run nSBM [126] can be downloaded from GitHub ( https:/github.com/BioPhys-Turin/
NSBM) or, alternatively, it can be installed using Anaconda ( https://anaconda.org/conda-forge/nsbm)
running conda install nsbm -c conda-forge.

The code, which itself uses the aforementioned package, to reproduce the analyses in this work is
available at https://github.com/fvalle1/multiSBM.
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CHAPTER 6

Multi-omics topic modeling

It is, by now, well-established that miRNAs play an important role in several human diseases, par-
ticularly in cancer. Accordingly, miRNAs have been proposed as diagnostic biomarkers of human
cancers [13, 17, 53]. This is particularly true for breast cancer, for which several studies have highlighted
the prognostic role of miRNAs [8].

Following this line of evidence, we integrated miRNA expression levels with protein-coding mRNA
levels using a n = 3 version of nSBM (which, in the following, we shall denote as triSBM). In this
case, the analysis output, besides the clusters of samples and the topics of genes, will also contain
a collection of miRNA-topics. In Figure 6.1 we pictured a bi- and a tri-partite network.
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Figure 6.1: Cartoon of multipartite networks with samples, protein-coding genes, and
microRNAs. (a) A bipartite network with a layer of protein-coding genes and a layer of samples.
A gene is connected to a sample if it is expressed in that sample and the link weight is proportional
to the expression level. (b) A tripartite network obtained by adding the miRNA expression layer.
The topic model algorithm essentially outputs a block or topic structure in each layer.

6.1 The inclusion of miRNAs in the topic modeling analysis leads to a better
separation of healthy and tumor tissues

We tested the ability of the algorithm in recognizing healthy from cancer samples. The hSBM algorithm
showed good performances on this task by considering only gene expression dataas in Section 4 (and
Ref. [127]), as summarized in Figure 6.2b. we then tested triSBM, in which gene expression levels were
considered jointly with miRNA levels in the same set of TCGA samples. The detailed procedure and
the algorithm output at different hierarchical levels are described in the Methods section. We found
a significant improvement in the performance of the algorithm. In fact, Figure 6.2a clearly shows that
normal samples are collected in a single cluster by triSBM, while the separation is less neat in the
absence of information on miRNA expression (Figure 6.2b).

33



6. Multi-omics topic modeling

The two model settings (hSBM and triSBM) are compared quantitatively in Figure 6.3
using Normalized Mutual Information (NMI) as a score [114, 117]. The NMI score is explained
in detail in the Methods section.
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Figure 6.2: Clustering of breast samples with and without the miRNA branch. we compare
normal and solid tumor tissues from TCGA using (a) triSBM and (b) hSBM at a similar resolution
level.

40

35

«@» hsev
30 @ trisBM
o« » shuffle

25
20

15

NMI/NMI* score

10

10° 10! 102

Number of clusters

Figure 6.3: The increase in performance when separating tumor and normal samples
by the addition of the miRNA layer. The NMI is evaluated at different resolution levels
(numbers of clusters) using (triSBM) or not using (hSBM) the information of miRNA expression.
The normal/tumor annotation from TCGA is used as ground truth.

6.2 Validation on an independent source of data: METABRIC

We applied the same pipeline applied on TCGA to the METABRIC [27] dataset and measured
the agreement between our partition on this data and the labels provided by [60]. we confirmed
the results obtained on TCGA: the triSBM model has a better agreement (NMI score is reported
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6.3. Including regulatory interactions in the TriSBM framework

in Figure 6.4) with the labels assumed as ground truth with respect to the model without miRNA
(hSBM).
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Figure 6.4: Validation on METABRIC dataset. we run hSBM bi-partite model and triSBM model
including both mRNA and miRNA data on METABRIC dataset. As reported here the improvement
given by the introduction of an additional feature can be seen also on this dataset.

6.3 Including regulatory interactions in the TriSBM framework

MiRNAs exert their biological function by regulating target genes
at the post-transcriptional level. It is thus of great importance to be able to include this information
in the topic modeling analysis. This is not an easy task, since miRNAs act in a combinatorial way:
typically, several miRNAs cooperate to regulate a single target gene; at the same time, a single miRNA
can regulate hundreds of targets. Moreover, while the standard miRNA—-target regulatory interaction
is of inhibitory type, it sometimes happens that a miRNA can have a widespread (indirect) activatory
role by interfering with a repressed epigenetic pathway. These are the so-called “epi-miRNAs” [94, 111]
that have been recently shown to play an important role in cancer development [111]. Keeping track
of these interactions can be of crucial importance to correctly decode the information contained in the
miRNA expression data. To this end, one can make use of a few specialized databases of miRNA—target
interactions. In particular, in the following, we shall use MirDip [124] and TarBase [96], which are
among the most popular ones and are somehow complementary in their target selection choices.

To integrate the regulatory information, we made use of the analogy of this prob-
lem with inclusion of the citation information among documents in standard topic model-
ing applications to texts [63]. In our case, the additional links are not between samples
(as it would be a citation link or a hyperlink); therefore, for links between branches in particu-
lar, We added gene-miRNA links.

We ran the tripartite model as described before; then, in a second moment, we ad-
ded links gene-miRNA from regulatory network (We tested separately MirDip [124] and
TarBase [96]), as shown in Figure 6.5a. On the fitted triSBM model, we ran steps
of the fast merge-split implementation of SBM [104] to improve the description length
(see Methods for a precise definition) of the data made by the model, taking advantage of the gene-
regulation information in a way similar to the citation between documents when they are used
to improve the classification ability of hSBM in that context.
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6. Multi-omics topic modeling

We report in Figure 6.5b the Normalized Mutual Information, measuring the ability of the full
process (fit triSBM, add links, run merge-split) in identifying the breast subtypes. Remarkably enough,
we see that by including the information on miRNA—genes interactions, we reach a higher NMI, i.e.,
a better agreement of our clusters with the subtype organization. This does not happen when simply
running merge-split after triSBM is run.

This shows that it is possible to integrate not only multiple layers of sample-related information,
but also knowledge about correlations between different kinds of features. Our results represent a first
proof of concept in this direction, and we plan to further pursue this type of analysis in future.
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Figure 6.5: Configuration and scores when adding gene-miRNA links. (a) A graphic
of a tripartite network with links gene-miRNA. (b) The scores of this new setting using two different
(mirDIP [124] and TarBase [96]) regulatory networks separately.

6.4 Adding further layers of information: the case of Copy Number Variation

As we discussed in the introduction, the nSBM algorithm can be extended in principle to any other layer
of information on the samples. A natural candidate is Copy Number Variation (CNV). It is well-known
that chromosomal aberrations are a hallmark of cancer and that several types of cancer are characterized by
a well-defined set of chromosomal loci whose deletion or duplication can drive the onset of that particular
type of cancer. we already noticed that, using the information contained in the miRNA branch, we could
identify two loci whose alteration were known to be associated with the onset of breast cancer. In TCGA
database, we also have the information on the CNV values for all samples. We included this information
by adding a fourth branch to our algorithm (accordingly, we shall call it in the following, “tetraSBM”)
As a preliminary test, we selected only genes with positive CNV (i.e., genes contained in duplicated loci)
and that were neglected for the moment deletions.

We performed a gene selection also in this new branch. Highly Copied Genes were selected, keeping
the ones with an average (over samples) CNV greater than 3.5. A total 1353 genes passed our selection.
This selection would select genes with at least 2 duplications (CNV = 4) on average.

It is important to stress that, at this stage nodes, which corresponds with the same gene in the gene
expression branch and in the CNV branch, are completely uncorrelated and are seen by the algorithm
as independent nodes. we shall discuss below how to address this issue.

In our setting, we have 3000 protein-coding genes in the gene expression branch, 1353 genes in the
CNV branch, and 417 of them are represented by nodes in both branches.

We ran the tetraSBM model on this network with samples, protein-coding genes, miRNAs, and CNV
genes and obtained two hierarchical levels. In the first one, the four branches were partitioned into 13
clusters, 7 gene-topics, 5 miRNA-topics, and 5 CNV-topics. In the second one, we found 397 clusters, 49
gene-topics, 14 miRNA-topics, and 31 CNV-topics.

Performing the usual Gene Set Enrichment Analysis we found, with very low values of False
Discovery Rate (FDR), a few chromosomal loci that we think represent the complete collection
of chromosomal aberration associated with breast cancer and could be used as a robust signature
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of this type of tumor. The relevance of this result is supported by the other set of enriched keywords
(taken from [92]), and show that for some of these loci, the association with breast cancer is already
known and is indeed very strong.

On the other side, if we test the performance of tetraSBM to identify the samples subtype, we see that,
including the information on CNV, we have a decrease in the NMI value (see Figure 6.6). This is not sur-
prising because within the duplicated
(or deleted) loci, besides the few drivers of the cancer, there are hundreds of “hitchhikers” genes that
simply add noise to the process of subtype classification performed by the other two layers (genes
and miRNAs). The variability of the gene expression values that are associated to the different
cancer subtypes (and in fact, are allowed to classify the subtypes in the hSBM and triSBM versions
of the algorithm) were completely shadowed by the noise induced by the CNV branch.
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Figure 6.6: Normalised Mutual Information of models with genes and mRNA (hSBM), plus
miRNA (triSBM) and plus both miRNA and CNV (tetraSBM). Adding CNV introduces
noise to the model.

This tells us that adding further layers of information does not automatically improve the quality
of clustering. It is always important to perform a careful analysis of the biological information contained
in the data and of its possible interference with the other layers. In this particular example, we learned
that miRNAs cooperate together to assign coregulated genes to the same gene-topic and samples
of the same subtype in the same clusters. This fact becomes particularly clear looking at the probability
(see Equation (A.5) in the Methods section and [103] for further details) of moving nodes between
groups: when moving a gene between gene-topics, it is more probable to move in a topic where there
are genes with many connections to the miRNAs connected to the gene itself. This is confirmed by
the fact that, as We discussed in the previous sections, there are miRNA-topics that overlap with
clusters of miRNA [18] known to coexpress in breast cancer. On the other hand, the CNV features
force samples with the same duplicated loci to be together and this seems not to be correlated with
the cancer subtype, at least in TCGA-BRCA data.

This does not mean that the addition of CNV data is useless. It is only by including CNV that we
may have, as we have seen, precise information on the chromosomal aberrations involved in breast
cancer. It is also interesting to notice that this information is somehow complementary to the one
we obtained in the previous section looking at the miRNA clusters. The chromosomal loci that we
detected there are not present in this CNV analysis because their CNV value is below the threshold
we fixed to include CNVs in the tetraSBM.
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6.5 Code and nSBM software package

The Python package to run nSBM [126] can be downloaded from GitHub ( https:/github.com/BioPhys-
Turin/nsbm, accessed on February 10 2022) or, alternatively, can be installed using Anaconda (https:
//Janaconda.org/conda-forge/nsbm, accessed on on February 10 2022) by running conda install
nsbm -c conda-forge.

We discussed in this paper the application using genomics data; however, the package is written
in a way that makes it agnostic with respect to the type of data it receives in input and to the number
of branches. One can ideally integrate as many different sources ("omics) of data as needed. Eventually,
it can process not only biological data, but every kind of dataset whose input could be represented
as a rectangular matrix (Bag of Words) for each feature.
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PART III

Contributions to the community
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CHAPTER 7

Open Source contributions

During my Ph.D. I took the opportunity to contribute to the open source community multiple times
and I developed code that is now available (under open source licenses) via git on the GitHub platform.
Some of the project take advantage and are reproducible thanks to a containerized approach using
Docker [87].

7.1 Contributions to existing projects

hierarchical Stochastic Block Model

I contributed actively to develop the hSBM model: I proposed multiple consistent Pull Requests (#9,
#18, #33, #44) and important bug fixing (#29, #30, #45). Thanks to those PRs I became one of
the contributors of the hSBM algorithm (Figure 7.1).

Contributors 5

P00@@

Figure 7.1: Contributors of hSBM on GitHub.

GSEApy: a little bug-fixing for a powerful tool

I contributed to GSEApy https://github.com/zgfang/GSEApy/pull/112 in order to have a Python tool
to interact with the powerful Gene Set Enrichment Analysis Tool [122].

Ida gibbs sampling

I modified the Python lda implementation, in particular I fixed(https:/github.com/Ida-project/Ida/pull/
118) the estimation of the Log-Likelihood. This was different than the classical and documented way
of estimating Log-Likelihood and therefore it could lead to meaningless results.

I also made some improvements to spatial-LDA (https:/github.com/rmsander/spatial_LDA/pull/5).

7.2 Original developments and packages

nSBM: multi branch topic modeling

I developed and released the n-branched Stochastick Block Modeling discussed deeply in Sections 5
and 6. It is available at https:/github.com/fvalle1/sbm and it is distributed as a conda package https:
/l[github.com/conda-forge/staged-recipes/pull/14567. It can be simply installed running conda
install -c conda-forge nsbm.
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7.3. Side projects

from nsbm import nsbm

3 model = nsbm()

model.make_graph_multiple_df(df, df_key_list)

model.fit(n_init=1, B_min=50, verbose=True)

Figure 7.2: Example of use of the nsbm package.

topicpy: Python meets topic modeling

T developed a Python package named topicpy(https:/pypi.org/project/topicpy/) available through pip
pip install topicpy to perform all the common analyses and plots described in this work.

7.3 Side projects

Component System

I developed a Tool for the Analysis of COmponent Systems (tacos https://github.com/fvalle1/tacos),
written in C+4+ it can efficently estimate quantities described in Section 2 to study rectangular matrices
from a component systems point of view.

Running Tacos

threads: 2

Please write some options

0 ---> read mainTable.csv

1 ---> read and extimate correlation mainTable.csv
2 ---> extimate means and variances

3 ---> GenerateNullData

4 ---> read nullTable.csv

5 ---> nullTable.csv read and extimate correlation
6 ---> nullTable.csv extimate means and variances

7 ---> read and make bipartite graph

Figure 7.3: Example of use of the TACOS package.

LatentTrees

I developed a latent tree model to generate Zipf’s law like entries https:/github.com/fvalle1/latentrees,
it has also a GPU implementation https:/github.com/fvalle1/latentrees/independentrees.

from latentrees import *
runtime = analyses()

3 runtime.append_model(distribution = lambda node: rng.integers(node-1-np.sqrt(3)=*abs(node), node+l+np.

sqrt(3)*abs(node)), name="unif")
runtime.append_model(distribution = lambda node: round(rng.normal(node,abs(node))),name="normal")
runtime.append_model(distribution = lambda node: rng.gamma(l, node+l), name="gamma'")

runtime.append_model(name="negative binom")
moi_index = "negative_binom" #model of interest
layers = runtime[moi_index].layers

L = runtime[moi_index].L

nl = runtime[moi_index].nl

cnts = layers[-1].sorted_nodes

Figure 7.4: Example of use of the latentree package to sample numbers power-law distributed.
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7. Open Source contributions

The Hopefield network: a modern implementation

I developed hopefield4py https://pypi.org/project/hopfield4py/ in order to run simple simulations using
the Hopfield model [59] (https://towardsdatascience.com/the-hopfield-network-67267d0569d2).
This is available at https:/github.com/fvalle1/hopfield.

// Create a dataset with memories
std::vector<Memory> training_dataset;
training_dataset.emplace_back(Memory(6, 1, 1, 0,
training_dataset.emplace_back(Memory(6, 1, 1, 1,

//Create a model
auto model = Model(training dataset.size(), training_dataset[0].size());
model.load_memories(training_dataset);

// Build a corrupted memory

spin corrupted_datal[]l = {1, 1, 1, 1, 1, 0};

Memory corrupted_memory;

std::memmove (corrupted_memory.fData,corrupted_data, corrupted_memory.size of());

// Train the model. Use can use kNull, kCPU, kGPU, kMultiThread, kOMP

// If the chosen device is not available another one is automatically picked up
model.train(kCPU);

model. reconstruct(corrupted_memory);

cout << "Reconstructed: " << endl;
for (uint8_t i = 0; i1 < corrupted_memory.size(); i++) cout << corrupted_memory.fData[i] << " ";

cout << model;

Figure 7.5: Example of using my Hopfield tool to reconstruct trivial memories.

import tensorflow as tf
from hopfield4py import Hopfield

data = tf.convert_to_tensor([[1,1,1,1,1,1],[1,-1,-1,1,1,1]1)

model = Hopfield(6)

model.load(data)

corrupted = tf.convert_to_tensor([1,-1,-1,1,1,1], dtype=tf.double)
reconstructed = model.reconstruct(corrupted)

Figure 7.6: Example hopfield4py tool to reconstruct trivial memories.
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PART IV

Conclusions
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CHAPTER 8

Conclusions

We demonstrated that topic models are powerful tools to mine information from transcriptomic
datasets.

In particular the main goals of this work are:

o the description of RNA-Sequencing data using statistical laws (see section 2) found also in

linguistics and use this fact to motivates the use of tools like topic modeling on this kind of data.

among topic models hSBM presents some advantages, for instance it is non parametric and it
avoids to search few markers, as discussed in section 3.

hSBM has good performances on cancer data from TCGA as discussed in Section 4;

I developed a new tool nSBM that allows scientists to integrate multiple kind of data in a hSBM
framework. (Section 5);

Using the nSBM python package, inherited from hSBM [40], ready to install and easily executable
on n-partite networks, it will be straightforward to address different types of biological data;

the integration of multiple sources of data, such as microRNA expression levels and the protein-
coding mRNA ones, greatly improves the ability of the algorithm to identify breast cancer
subtypes as discussed in the Section 6.

In conclusion, we released a new tool to easily integrate different sources of data and we showed

some application in different cases, with some sources of data (mRNA, miRNA, CNV). Indeed, this
approach can be applied to other datasets and, more importantly, to any possible sources of data
(genomics, proteomics, IncRNA, circRNA...).
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APPENDIX A

Materials and Methods

A.1 Data
TCGA Data

The results published here are in part based upon data generated by The Cancer Genome
Atlas (TCGA) managed by the NCI and NHGRI. Information about TCGA can be found at
http://cancergenome.nih.gov.

We downloaded data from TCGA using tools provided by Genomic Data Commons (GDC) [43].
We downloaded Gene Ezpression Quantification data type in transcriptome profiling category.
We choose RNA - Seq with HTSeq - FPKM as workflow type. We downloaded the 1222 samples from
TCGA-BRCA project and 1145 from TCGA-LUSC and TCGA-LUAD projects.

We downloaded the subtype annotations using TCGABiolinks GUT [24, 89, 118]. We downloaded
the independent Breast Cancer Consensus Subtypes (BCCS) related to the TCGA files provided by
the Supplementary files of [60].

During the analysis of breast cancer, we downloaded both the SubtypePamb0 classification labels
provided by [72] and the more recent annotations reported in [22]. We discussed the performance of
hSBM in classifying the two in [127].

The Genotype Tissue Expression dataset

The Genotype-Tissue Expression (GTEx) Project was supported by the Common Fund of the Office of
the Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and
NINDS. The data used for the analyses described in this manuscript were obtained from the GTEx
Portal (version phs000424.v8.p2) [79]. GTEx data were downloaded in Transcript Per Million (TPM)
format. We also downloaded from the GTEx portal https:/gtexportal.org the annotations of samples
and in particular we focused on the tissue type (the area from which the tissue sample was taken) and
its subtypes (SMTS and SMTSD labels).

METABRIC miRNA Landscape Data

We downloaded METABRIC data from the European Genome-Phenome archive. We downloaded
METABRIC miRNA landscape study (EGAS00000000122), in particular, Normalized miRNA
expression data (EGAD00010000438) and Normalized mRNA expression (EGAD00010000434).

Unified Dataset

We downloaded data with both healthy and diseased tissues from a dataset prepared by [132]. They pro-
cessed data from GTEx and TCGA with the same pipeline and successfully corrected for study-specific
biases, enabling comparative analysis. We downloaded the second version of their normalized data
from figshare [131].

Only samples with a valid annotation from TCGABiolinks or GTEx were considered. We applied a
logy(FPKM + 1) transformation; this reduced the number of edges E and let the algorithm to be
faster even with a large number of nodes N.
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A.1. Data

Single-cell datasets

The Mouse Cell Atlas (MCA) was selected as the main illustrative dataset for the component system
Section 2. In the MCA more than ~ 4 * 10° single cells were profiled using scRNAseq from all major
organs [50]. An advantage of this dataset is the use of Unique Molecular Identifiers (UMI) [64]. This
technique allows the identification of the absolute number of unique RNA molecules detected by
sequencing, thus eliminating the amplification noise. In the context of single-cell gene expression assays,
this method provides a reliable estimate of the number of mRNA detected for coding genes and an
estimate of the transcriptome size sampled.

We also analyzed the compendium of Tabula Muris (TM) for comparison. This atlas comprises an
analogous number of cells from 20 organs and tissues [123] that were processed with the Smart-seq2
protocol [108], which produces a full-length transcriptome profiling but does not use UMI.

Finally, we analyzed two additional single-cell datasets, relative to a HEK cell line and to mouse
fibroblasts, profiled with the Smart-seq3 protocol [49].

Texts data

In the Section 5 of this work, we analysed texts from different sources. In particular we choose.

PMC Text Mining collection from Open Access Subset of articles from March to April 2020 https:
/lwww.ncbi.nlm.nih.gov/pmc/tools/textmining/. Keywords available in the fields kwd-group made
the additional layer. Different journals were considered as classes.

Twitter Subset of tweets available from http://www.nltk.org/nltk_data/ [9]. Positive and negative tweets
were considered as classes. The additional layer was made with hashtags.

Wikipedia Data from a Wikipedia texts already used by [40] with the respective Physics/Chemistry
assignment. Additional layer is composed by categories obtained trough the English endpoint of
the Wikimedia API https://www.mediawiki.org/wiki/API:Main_page

APS made data available to researchers; they are based on their publications for use in research about
networks and the social aspects of science at https://journals.aps.org/datasets. We picked a subset
of papers from 2020 issues in Physical Review A/B/C/D/E. Additional layers of information
were built using keywords from classificationSchemes and the number of authors.

Reuters articles were downloaded using nltk python tool [9] described at https:/www.nltk.org. A subset
of 1000 articles from the 10 most common categories were used. In this setting the additional
layer was build using titles.

Synthetic datasets

As described above we tested our approach on synthetic data. This matrices are sampled with the
following generation process: for each topic K, we draw S from a Dirichlet distribution D(¢). For
each document d:

1. we draw 04 from a Dirichlet distribution D(«);
2. for each of the Ny words, w

a) we draw topic assignment z,,q from a multinomial M (6,);

b) and we draw the i-th word w from a multinomial M (¢.,,,);
3. We estimate the average assignment zg; = Nid ’f\iil Zid;
4. For each additional branch B;

a) we draw N/4 branch-specific components Yq; from a normal distribution N (241, 02).

47


https://www.ncbi.nlm.nih.gov/pmc/tools/textmining/
https://www.ncbi.nlm.nih.gov/pmc/tools/textmining/
http://www.nltk.org/nltk_data/
https://www.mediawiki.org/wiki/API:Main_page
https://journals.aps.org/datasets
https://www.nltk.org

A. Materials and Methods

If not explicitly defined otherwise we choose the following parameters: the number of topics K = 10,
the number of documents D = 250, the number of words (with repetition) W = 1000, o = %, o= %,
n = 17?, o = 0.005 and, finally, the number of tokens of each kind is chosen equal to the number of
words Ny/ = Ny.

In this way, we extend [84] with B additional branches and, for each branch, a given number of

words or tokens is assigned to each document.

A.2 Gene and miRNA Selection

The data provided in the atlas consisted of 1000 samples associated with almost 20 000 protein-coding
genes and 2000 miRNA entries. Without preprocessing this would have led to an adjacency matrix
too big to be handled efficiently by the algorithms.

We performed two kinds of preprocessing to reduce the number of nodes and the number of edges.

In order to reduce the number of nodes, we filtered genes and miRNAs selecting only the highly
variable ones. The highly variable are the ones with the highest dispersion (variance over mean) with
respect to the genes with the same average expression. This selection was performed using the scanpy
python package [134]. This analysis was performed separately on genes and microRNAs since they are
provided by different experiments and different normalization. We selected in this way 3 000 genes and
~ 1200 miRNAs.

Furthermore, we applied a standard approach to reduce the weights of the links and applied
a log(counts + 1) transformation to the data before running the topic models. This helped us to reduce
by some order of magnitudes the number of edges.

An interesting feature of the SBM type of algorithm is that they are typically robust with respect
to gene selection. In the analyses of this paper, we considered only highly variable genes; however,
in the Supplementary material of [127], we discussed different types of gene selections showing that
they were typically leading to similar performances.

In the analysis of the METABRIC dataset, we utilized the previously selected genes and microRNA.

A.3 Models

Hierarchical Stochastic Block Model

We adapted hierarchical stochastic block model (hSBM) to gene expression data.
Hierarchical stochastic block model is a kind of generative model that tries to maximize the
probability that the model 8 describe the data A

P(0].A) = P(A|9)P(6) (A.1)

using a non-parametric approach. In the setting described in this paper, A is the gene expression
matrix and the entries A;; represent the number of counts of gene ¢ in sample j. In other words,
A is the incidence matrix of a bipartite network composed by genes and samples, the edges of this
network are weighted by the gene expression. The minimise nested blockmodel dl function from
the graph-tool package [99] minimizes the description length ¥ = —InP(A|f) — InP(0) of the model.
We used the nested version of the model since we expected some sort of hierarchical structure in the
data [100, 101, 102, 104].

We set the algorithm to minimize the description length ¥ many times and selected the model that
obtained the shortest description length.

As output of the model, we find the probability distributions P(topic|sample) and P(gene|topic).
These probabilities are defined, in terms of entries of the program as follows:

number of half-edges on sample coming from topic

P(topic|sample) = (A.2)

number of half-edges on sample

and

. number of half-edges to topic going to gene
P t = . A.
(geneltopic) number of half-edges to topic (A-3)
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The complexity of hSBM is O(V Ln?V) if the graph is sparse, i.e., if E ~ O(V) [100], where V is
the number of vertices (samples and genes) and E the number of edges. For £ >> V the complexity
increases and the CPU time needed to minimize the description length increases as well. In this case,
to reduce the CPU bottleneck, one can apply a log-transformation to the data, which strongly reduces
the number of edges F.

Implementation of WCGNA

In this work, some of the analysis required other clustering methods. We tested Weighted Gene
Correlation Network Analysis (WGCNA) [76, 136], which outputs modules of correlated genes. We
used the implamentation in its R package https://cran.r-project.org/package=WGCNA. This was run
using default parameters: power was set to the lowest for which the scale-free topology fit index curve
flattens out, minModuleSize was set to 5 and mergeCutHeight to 0.2. WGCNA creates modules of
genes, we considered them as topics. In order to obtain clusters we cut the tree built using modules to
estimate distances between samples. WGCNA is a valid option when the number of topics or clusters
(e.g., suptypes) is well-known a-priori and, probably, a grid search of the best parameters will lead to
even better results, but this is beyond the scope of this work since we wanted to compare it to hSBM
which is completely non-parametric.

Implementation of Latent Dirichlet Allocation (LDA)

Latent Dirichlet Allocation (LDA) [10] is a standard and well-known topic model and we used the
implementation provided by scikit-learn [56]. The model was configured using the default setting for
the parameters o and 3 ': they were set to %, being K the number of topics. K was set based on the
number of clusters in output from hSBM. When managing LDA output, we selected the argmaz of
P(topic|sample) to define clusters.

To get a list out of the LDA topic distribution we selected the 20 most distinctive genes of each topic.
The distinctiveness was described and used in LDA analyses of GTEx by [29] and is the minimum
Kullback-Leibler of P(topic|gene).

0
DY [K] = minhgkekg log (01;g> + 919 — ekg (A.4)
g

being 0y, 1, the P(geneg|t0pic{k71})-

Topic Mapping

Another algorithm of topic modeling we took into account is Topic Mapping (TM), described by [75],
with defaults parameters: the number of runs -r was set to 10 and the minimum topic size -t was
even set to 10.

Topic Mapping requires in input a corpus of text and not a Bag of Words [2, 52] or a design matrix,
this is why we built a corpus in which each text was constructed from the 1000th most expressed gene
in each sample. In other words each sample were translated in a text composed by the 1000 genes
most represented in that sample.

Hierarchical clustering

In the end we tested hierarchical clustering [69] (hierarchical) implemented in sklearn and set to use
euclidean affinity and complete linkage as done by [29]. Hierarchical clustering is not a topic modeling
algorithm, we reported it for comparison and for its simplicity to be run and interpreted.

Lo and B represent the parameters of the Dirichlet distribution from which the words (of a topic) and the topics (of

a document) are sampled
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nSBM: A Multibranch Stochastic Block Modeling Algorithm

As deeply discussed in Section 5 we implemented nSBM wich has some advanteges over the bipartite
hSBM, in particular:

e the training process is performed simultaneously in all branches of the network: this means that
all the types of data contribute to the learning process at the same time, without, in principle,
any preference at the beginning.

e nSBM is completely nonparametric [101] and as hSBM it minimizes the Description Length

Y = —logP(Alf) — log P(6). We used the minimise_nested_blockmodel_dl function
from graph-tool [99]. In our setting, A is a block matrix in which each block is a “Bag
of Features” (i.e., genes, miRNAs; ...). It can be seen as a two-dimensional matrix whose entries

w;; are the weights mentioned above. The probability of accepting the move of a node with
a neighbor ¢ from group r to group s is [101, 103]

€ts T €
€t+EB,

P(r—slt) = (A.5)
where e;s is the number of edges between groups ¢t and s; e; is the total number of edges
connected to group t. From this, another advantage of a multibranch approach should be clear:
different ’omics may have their own normalization. In fact, when moving a sample from r to s,
the probability is estimated considering only the branch to which ¢ belongs. If the node ¢ is
a gene, e;s/e; is normalized, taking only into account the mRNA expression values.

As the output of the model, we find the probability distributions P(topic|sample) and P(gene|topic).
These probabilities are defined, in terms of entries of the program, as follows:

. number of half-edges on sample coming from topic
P(topic|sample) =

(A.6)

number of half-edges on sample

and

number of half-edges to gene-topic going to gene

P(gene|gene-topic) = (A7)

number of half-edges to gene-topic
The same is true for miRNA-topics and for each and every eventual additional layer of features.
We ran the model on a 48-core machine with 768 GB of memory [1].

A.4 Evaluation metrics

Normalized Mutual Information (NMI)

In order to evaluate the agreement between the sample partitions and the annotations, we chose the so-
called “Normalized Mutual Information” (NMI) [114], it was proposed in [117] as a new evaluation
framework for topic models. Moreover, as discussed in [127]?, it can be shown that NMI is the harmonic
average of two metrics that evaluate, respectively, the completeness and the homogeneity of a partition
of annotated samples.

Given a set C of labeled samples and a partition K in clusters of these samples, the NMI is defined
as the harmonic average of homogeneity h and completeness C:

hxC
NMI=2——
h+C ’
where the homogeneity is defined as
Ly H(CIK)
H(C)

2] wrote a generalistic article about this at https:/towardsdatascience.com/v-measure-an-homogeneous-and-complete-
clustering-ab5b1823d0ad
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A.4. Evaluation metrics

and the completeness as
H(K|C)
H(K)

In these definitions H(C') and H(K) are the usual Shannon entropies associated to the partitions
C and K; H(C|K) and H(K|C) are defined as:

C=1-

Nek Nek
H(CIK)=-X,. — |
(CIK) eck ex - log ( - )

and

Ne Ne
H(K|C) = —Xceok eKWk log ( nf)

respectively, where n. is the number of samples lebelled ¢, n; the number of samples in the cluster k
and n. the number of samples lebelled ¢ in the cluster k. With this definition it is easy to understand
the meaning of homogeneity and completeness. If all the samples in cluster k belong to the label ¢
then ng = ne and A = 1. Similarly the completeness C' equals 1 if all samples belonging to the label ¢
are in the same cluster k.

The NM1 is estimated using Shannon’s entropy formula to measure the quantity of information
in the partition. The problem of this measure is that even in a random partition, there is a residual
entropy and the NM1I is not zero; this effect is particularly important in the layers of the models
with high resolution (many small clusters/topics). In order to avoid this bias, we evaluated this
default NM1I by randomizing the ground truth annotations of the samples. This was performed
multiple (~ 50) times, each time preserving the number of clusters and the number of samples in every
cluster; we call the average NM I on these multiple random assignments N M I*; this is the residual
information on the considered partition. Moreover, we set the normalized score NMI/NMI* to 1
when both NMI and NMI* are zero, which is at the first layer where only one cluster is present. In
the results, we reported NMI/NMI+, which measures how much information the model learns with
respect to a random assignment. It is important to stress that this measure has no absolute value and
should not be used to compare performances on different datasets; however, it can be successfully used
to compare different algorithm in the same dataset.

Homogeneous Not homogeneous

1.0 1.0

0.8 0.8

0.6 0.6

0.4 0.4
“HEN
0.0 0 1 2

0.0
1.0
0.8
0.6
0.4
0.2
0.0 0 1 2

Table A.1: Examples of homogeneity and completeness. Homogeneous clusters contain all
nodes with the same label. A label is complete if it is fully represented by a single cluster. In this
image some examples of these definitions. The NMI score discussed in this work is nothing but the
geometric average of completeness and homogeneity [114].

1 2

1.0
os [
oc

0.4

.. 1N I
0.0 0

Not completelComplete

Description Length 3 measures how well a model describes the data

In addition to the NMI, it is also possible to compare different classes of topic modeling algorithms on
their ability to compress the data [103, 135]. This can be addressed measuring the description length
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Figure A.1: Correlation between the description length and the Normalized mutual
information. The two measures are anti-correlated: the shorter the description length the higher the
normalised mutual information.

3 of a model, which represents, in nat units, the number of bits a model requires to describe the data
network. Unlike NMI, it has the advantage not to rely on any ground truth. Using % (where F is
the total number of edges), it is possible to measure the quantity of information that the model requires
to describe an edge. In a typical run on cancer data, hSBM requires a % ~ 6,26, which is greater than
the 1,4 units required by triSBM. One can estimate the difference of the two A (%) ~ 4.9; this can be
related to the Bayes factor [70] (being the posterior P = exp —3) A = exp AY ~ %9 ~ 102! meaning
that the model with miRNA is a ~ 100 times more probable description of the data network links.

We tested in a setting like the one described in section 5 if it exists a correlation between the NMI
and the Description Length score. This is not trivial at all since the DL is a unsupervised score and
NMI is a supervised one instead. The Figure A.1 represents this anti-correlation. The fact that with
this kind of data the DL and the NMI are related further justifies the use of hSBM-like models that
tries to minimise the DL in a setting in which one would like to obtain the maxima Normalised Mutual
Information with the considered ground truth.

A.5 Investigate the enrichment of the topics

A topic is nothing but a list of genes, it can be investigated using hypergeometric tests. The results
shown in this paper are computed using the GSEA [122] tool.

A.6 Box topic and gene ontologies

Once an algorithm outputs the distribution over topics, we centered the P(topic|sample). The new
probability distribution centered was P(topic|sample) = P(topic|sample) — %% csamples P(topic]s),
being R the total number of samples. This centered P(topic|sample) can be studied, after grouping
samples by their tissue.

Topics are nothing but lists of genes, this naturally brought to perform gene ontology tests. We
searched for enrichment using GSEA [122].

A.7 Predictor on latent space

We built a Neural Network predictor using topics as features, doing this we could train a simple model
on a low-dimensional space instead of a complex model on the original ~ 20000 dimensional space.

52



A.8. A MNIST-like dataset with IATEX symbols

We fit hierarchical Stochastic Block Model using this subset. In output we obtained the topic
distribution of samples.

At this point we considered topics as features and P(topic|sample) as entries of the design matrix X.
The entry X;; is the P(topic;|sample;). The matrix needed a further normalisation to be fitted using
Stochastic Gradient Descent later. The normalised matrix X was obtained subtracting features’ means

Xi P Xl, Yy
0.5*(111&1)9}7 Xf‘,,—]ni.i]nj, Xijs) "

The dataset was split into a training and a test set; the training set contains the 95% of the samples.
This is quite unbalanced, but we were not going to use it to really evaluate the performance of the
model. Moreover, 25% of the training set was used as validation set. The model consisted of a neural
net with an hidden layer with 100 neurons activated by ReLU, the optimiser was Stochastic Gradient
Descent (SGD). Finally, the output layer uses a softmax activation to classify tissues.

and dividing by its range each feature. The entries of this new matrix are X;; =

We wanted to evaluate the performance on completely new samples, never retraining neither
topic modeling neither the neural net. From the original dataset we selected all the samples of
the tissues considered, not involved in topic modeling. These are ~ 5000 new samples never
fitted by hSBM or the neural net. We project this unseen samples into the topic space. To
do this, firstly we selected the genes involved in topic modeling, the ones the passed the highly
variable filter we imposed. The P(topic|sample) for the new samples were simply P(topic|sample) =
Ygene P (topic|gene) « P(gene|sample), in other words each expression array is multiplied to the matrix
genesx topics. We now evaluate the Neural Net performances on this new dataset.

The confusion matrix and the Receiving Operating Characteristic curves were estimated using
scikit learn [98]. The ROC curve represents the True Positive Rate or sensitivity (%) versus the
False Positive Rate or 1 — specificity (F[iipTN)

The whole predictor model was implemented using keras [21].

A.8 A MNIST-like dataset with IATEX symbols

I wrote the code to create images in the same format as the MNIST dataset [78] using data from the
detexify project using handwrittten KTEX symbols https://detexify.kirelabs.org/classify.html, the code
is freerly available at https://github.com/fvalle1/detexifyasMNIST.
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Figure A.2: Examples of images in the MINIST format from detexify.
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APPENDIX B

Figure Legends
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