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ABSTRACT

The flow of genetic information within a cell is a complex interaction between DNA, RNA, and
proteins. Understanding this interplay amounts to understanding how genetic code manifests
itself into cellular function, it is therefore a critical part of understanding the mechanisms of
life itself. Recent technological advances have made it possible to simultaneously measure the
expression of more than one of these three modalities in a single cell, thereby paving the way
for machine learning to attempt the uncovering of these interactions. Algorithms for causal
discovery build a graphical model to represent the causal relationships between the variables
in a system. However, these methods are usually ill-suited to handle the large amount of
variables and the cyclical causal relationships that are inherent to the problem at hand. Here,
a two-tiered approach is proposed that first assigns the variables to partially overlapping
clusters and subsequently uses an adapted interpretation of the fast causal inference (FCI)
algorithm, that can handle cyclical causality, on each of the individual clusters. We investigate
whether this approach can construct a collection of causal graphs that reasonably models
the observed data by checking its consistency among overlapping clusters. This consistency
holds up for causal graphs based on the same batch of experimental data, but not across data
from distinct experiments; leading to the conclusion that this two-tiered approach opens up
promising avenues to inferring cyclical causality in high-dimensional processes, but, in its
current form, is yet unable to expose the intricacies of intracellular dynamics. Overall, this
work can be viewed as a stepping stone towards the ultimate goal of combining all the cluster-
specific graphs and creating a single high-dimensional cyclical causal graph that describes the
flow of genetic information in a cell.

iii






CONTENTS

1 INTRODUCTION

1.1 The flow of informationinacell . ... ... ... ... ... ... .. ......
1.2 Multimodal single-celldata . . . .. ... ... ... .. ... .. ... .. ...
1.3 Causalinference . . . . . . . . .. .
1.4 Researchgoals. ... ... ... ... ... ... .. .. . .. . .

2 LITERATURE REVIEW

4 METHODS

2.1 Multimodal single-celldata . . . ... ... ... ... .. .. ... .. .. ... ..
2.1.1  CITE: measuring RNA and proteins from a singlecell . . . . ... ... ..
2.1.2 MULTL measuring DNA and RNA from a singlecell . . . .. ... ... ..
2.2 Causal graphs: notation and definitions . . . . .. ... ... .. .. ... .. ..
221 Edges. . ... ... ...
222 Graphs . . ... ...
223 Graphsofsetsofgraphs . . .. ... ... ... .. .. ... ... ...
2.2.4 Acyclification . .. ... Lo L
2.3 Causalinference . . . . . . . . . ..
23.1 PCalgorithm . . ... ... ... ... .. ... ... ...
2.3.2 Greedy equivalencesearch . . ... .. ... ... .. ............
23.3 Fastgreedysearch . ... ... ... ... ... .. ... .. . .0 ...
2.3.4 Fastcausalinference . . . ... ... .. ... ... ... . ..
23.5 FClandcyclical causality . . . ... .. ... ... .. ............
3 DATA
3.1 CITEdatasets. . . . . ... .. ... . e
3.2 MULTIdatasets . . . ... ... .. ... ... i
3.3 Reducing DNA dimensionality . .. .. ... .. ... ... .. ...........
3.4 SUMMATY . . . . o v vttt et e

4.1 Clustering . . . . .. ... . .

4.2 FCIforcyclical causality . . . .. .. ... ... .. ... .. .. ... .
5 RESULTS AND DISCUSSION

51 Consistency . . ... ... e

5.2 Limitations and futureresearch . . . . . . .. ... .. .. Lo Lo oL

6 CONCLUSION

BIBLIOGRAPHY

19
19
21
23
25
27
27
30

33
33
36
39

41



ACRONYMS

DNA deoxyribonucleic acid
RNA ribonucleic acid
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INTRODUCTION

1.1 THE FLOW OF INFORMATION IN A CELL

All living things are made up from cells, these are the basic building blocks of any organism.
Some bacteria consist of only a single cell, while complex mammals may be made up of
vast amounts of them. The human body, for example, is estimated to count as many as 37
trillion cells (Bianconi et al. 2013). To a large extend the function and behavior of these cells
is determined by the proteins that float within it. Proteins fulfill many different roles within
the ecosystem of a cell, among which are the duplication of DNA during cell division and the
transport of molecules to various locations. However, their primary task is to catalyze chemical
reactions. By enabling certain reactions, but not others, proteins dictate the metabolism of the
cell (Clancy and Brown 2008).

Proteins are encoded for in the genes of the deoxyribonucleic acid (DNA) of an organism. The
expression of these genes, meaning: the production of the protein corresponding to that gene,
is done via ribonucleic acid (RNA). The information contained in a DNA gene is copied to a
messenger-RNA (mRNA) molecule during a process called transcription. This piece of mRNA is
then used to create the intended protein during the process of translation.

In other words, the flow of genetic information within a cell is governed by roughly three
modalities that interact with each other. At the highest level is DNA, this can be transcribed to
the second level: RNA, which can then be translated into the third level: proteins. The study
of the interaction between these layers is crucial in understanding how cells, and by extension
how life, operates.

1.2 MULTIMODAL SINGLE-CELL DATA

Measurement of these three modalities present a number of difficulties. Traditional methods
for sequencing DNA or RNA measure the occurrences in mixtures of millions of cells (e.g. Shen-
dure and Ji 2008). A substantial drawback of these methods is that information on individual
cells is lost, the investigation of cellular function and cell diversity is nigh-on impossible with
aggregated data only. Enter: single-cell sequencing, where measurements can be taken from a
single cell. Since the first single-cell transcriptome by Tang et al. 2009, multiple techniques for
these deep-level measurement have been developed and innovated upon. Nowadays it is pos-
sible to perform single-cell measurements on large quantities of cells simultaneously (Klein
et al. 2015, Macosko et al. 2015).

However, in order to study the interplay between modalities it is not enough to have a single
modality measured in a single cell, to enable this an additional innovation was needed. This
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came with Stoeckius et al. 2017 and Cao et al. 2018, who introduced the first procedures
to measure multiple modalities in single cells. Commercial kits for both methods came out
two years later in 2019 and 2020 respectively, opening the door for data scientists to unravel
the relationships between the many DNA genes, RNA molecules, and proteins floating around
in a cell. This is one of the open problems in the industry, and it is the focal point of this
thesis.

1.3 CAUSAL INFERENCE

The field of machine learning provides ample angles to approach this problem from. For
example, the approaches in Lance et al. 2021 focus around deep learning to predict and match
modalities and to summarize cellular identity from observed data. Our investigation, however,
is centered around causal inference models.

Studying causality is important for anyone who is interested in questions like how did these
various causes influence their effect, and why did the consequence manifest itself the way
it did. To satisfyingly answer these questions it is not enough to study correlation; The ob-
served negative correlation between ice-cream sales and household gas consumption in the
Netherlands does not imply that buying ice-cream causes people to consume less gas, nor
vice versa. More likely, the two phenomena share a common cause. In this sense, the study
of causality is an enrichment to the age-old field of classical statistics that tends to deal with
correlation.

A principled approach to investigating causality in a system is the construction of a directed
mixed graph (DMG) that represents the conditional dependencies between the various vari-
ables, represented as nodes in the graph. In the current investigation these variables are the
DNA genes, RNA molecules, and proteins present in a cell. If accurate, such a causal graph, in
combination with a set of functions, can be used to make the same predictions as those that
Lance et al. focus on. However, it tries to answer the much more general open question of how
all the different genetic entities interact with each other to produce the specific metabolism
that a cell exhibits.

Sachs et al. 2005 successfully attempted a similar investigation using single-cell protein data.
Note that their research predates the existence of single-cell DNA and RNA data, let alone mul-
timodal single-cell data. The data that is available now gives a much more fine-grained view
of the cellular processes, but it also introduces new challenges. While Sachs et al. constructed
a causal graph where the nodes represented the few dozen measured proteins, the current
data would give rise to a causal graph with hundreds of thousands of nodes, this is a degree
of dimensionality that standard causal inference algorithms cannot handle. Some recent work
like Ramsey et al. 2017 have shown the efficacy of algorithms that search through the space of
equivalence classes of directed acyclic graphs (DAGs), instead of searching through the space
of DAGs directly. These, and similar, methods could potentially handle the construction of the
high-dimensional causal graphs that are needed for multimodal single-cell data.

The second major challenge of multimodal single-cell data for causal inference is the cyclical
nature of many of the causal relationships in this network. In the simplest case of a negative
feedback loop, one could think of a gene that promotes the production of a certain protein.
Once the protein in ubiquitous in the cell, the accessibility of that gene should be inhibited to
prevent further production, creating a direct cycle of causality. Causal inference algorithms do
not generally allow such cycles, certainly not the algorithms that are equipped to handle the
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high-dimensional systems. However, for low-dimensional graphs solutions exist to represent
cyclical relationships (Forré and Mooij 2018, Mooij and Claassen 2020).

1.4 RESEARCH GOALS

In order to tackle the problems outlined above, we propose a two-tiered approach to find
the causal relationships between the numerous interaction in a cell. First we use a custom
clustering algorithm to assign all variables to one or more clusters. The goal is to (i) create
clusters within which the variables are heavily dependent on each other; (ii) make sure that the
clusters are relatively small in size; and (iii) retain some partial overlap between clusters.

In the second tier we take each cluster and consider it independently of the rest of the nodes.
Using the resulting low-dimensional dataset a causal graph is constructed with a causal infer-
ence algorithm that allows for cyclical causal relations.

The central question of this thesis is, whether this process can be used to create a causal graph
that accurately models the observed data. If that is the case, it could be a general approach for
high-dimensional cyclical causal inference. Our data, however, is hard to interpret, noisy, and
high-dimensional, consequently the validation of results is a difficult task.

The main source of validation will be achieved by checking whether the overlapping parts
between clusters imply consistent causal relationships. Admittedly, this is by no means a
rigorous assessment, but it should provide a rough indication of the merit of this method.
Additionally this consistency would indicate whether or not our procedure could be used as
a first step towards creating a single high-dimensional cyclical causal graph by recombining
all the cluster-specific causal graphs into one.






LITERATURE REVIEW

Here we discuss the existing literature that provides the theoretical basis of our work. First we
cover some background knowledge about the data that we are working with; then we go over
the needed definitions and theory concerning causal graphs; and last, we discuss some of the
key causal inference algorithms and their traits.

2.1 MULTIMODAL SINGLE-CELL DATA

The collection of multimodal single-cell data is a relatively new, and non-trivial, endeavor; it is
therefore useful to have a certain level of understanding of how the data was produced in the
laboratory, and be aware of any resulting limitations. Here we look at two different procedures
for measuring this type of data. The first: CITE, it measures two modalities, namely RNA and
proteins. The second: MULTI, also measures two modalities, namely RNA and DNA.

2.1.1  CITE: measuring RNA and proteins from a single cell

The cellular indexing of transcriptomes and epitomes by sequencing (CITE) procedure was
first proposed by Stoeckius et al. 2017. It is a single-cell RNA-sequencing (scRNA-Seq) method
that simultaneously extracts information of the proteins on the surface of the cell for which
antibodies are available.

The procedure begins by preparing a mixture of antibody derived tags (ADTs), these are
molecules that bind to specific proteins, and are labeled with a barcode to later identify which
antibody it is, by extension this can be used to identify to which protein it is bound. The cells
that are to be analyzed are first subjected to this mixture, during which the ADTs bind to the
proteins on the surface of the cells.

Using the Drop-Seq procedure, the cells can be individually extracted from this mixture along
with a bead. This bead is important because each bead is covered by uniquely barcoded DNA,
these barcodes can later be used to identify which RNA molecules and proteins all came from
the same cell. Next, the membrane of the cell is broken down causing the RNA from the cell as
well as the ADTs on the surface to move freely and to form complementary-DNA (cDNA) with
the barcoded molecules from the bead.

Once all cells have undergone this procedure, the sequencing can begin. Since all RNA
molecules have a barcode that is readable by sequencing and that maps to a single cell, and
since all ADTs also have this in addition to a barcode identifying to which protein it was bound,
the sequence data can be labelled correctly.



LITERATURE REVIEW

The limitations of this method are that no measurement is taken for the proteins within a cell,
nor for the proteins for which no ADT is prepared or even exists. Additionally, CITE inherits
the limitations of the more general scRNA-Seq method, this includes: (i) a high degree of noise,
and (ii) difficulty measuring genes that are expressed only in low quantities.

2.1.2  MULTI: measuring DNA and RNA from a single cell

A large part of the DNA in a cell is usually tightly wrapped up, and is therefore unable
to be transcribed into RNA. Consequently, the parts of the DNA that are not wrapped up,
the open parts, are important for the function of a cell. The assay for transposase-accessible
chromatin using sequencing (ATAC-Seq) technique cuts up these open parts to expose them to
sequencing.

The chromium single-cell multiome ATAC-Seq + gene expression (MULTI) method, proposed by
Cao et al. 2018, combines scRNA-Seq, with a single-cell ATAC-Seq (scATAC-Seq) procedure, which
measures the accessible parts of the DNA using ATAC-Seq while simultaneously barcoding them
uniquely per cell.

Combining the two sequencing methods starts with isolating the cell cores, the nuclei, from
the rest of the cells. This can be done in bulk, resulting in a mixture that contains all the
nuclei; these can then be extracted from this mixture one by one using the same Drop-Seq
procedure used by CITE. During this process, each nucleus is accompanied by a uniquely
barcoded bead.

Next, the isolated nucleus is broken down, exposing the accessible pieces of DNA so that they
can be cut up and bound to the barcoded molecules from the bead; simultaneously, these
same barcoded molecules also bind to the RNA floating around in the nucleus. Once all the
nuclei have undergone this procedure all pieces of RNA and DNA are labeled such that, during
sequencing, it can be identified to which cell they belonged.

Similar to the CITE procedure, the MULTI procedure also inherits the limitations of scRNA-Seq.
Apart from that it should be noted that only RNA data from the cell nucleus is being measured,
RNA that floated in the rest of the cell is invisible to this method.

2.2 CAUSAL GRAPHS: NOTATION AND DEFINITIONS

Before going over the various causal inference algorithms, we should discuss the different
types of causal graphs that they use. Generally, a graph is a combination of nodes and edges
between those nodes, but different types of graphs can allow different types of edges, and may
be interpreted in different ways. Throughout this section we primarily keep to the notations
and conventions maintained by Mooij and Claassen 2020. We start by defining the different
types of edges, moving on to the different types of graphs, and finishing with the types of
graphs that themselves represent collections of graphs.

2.2.1  Edges

For a graph §, its collection of nodes is denoted by V. Throughout this work self-cycles are
not allowed, so an edge is a connection between two distinct nodes v, w&V and can belong to
one of the following type-collections.

* Undirected edges (—): Denoted as: U = {{v,w}|v,weV, v # w}.



2.2 CAUSAL GRAPHS: NOTATION AND DEFINITIONS

Directed edges (—): Denoted as: € ={(v,w) [v,weV, v # w}.

Bidirected edges (+=): Denoted as: F = {{v,w} | v,weV, v # w}.

Directed open-circle edges (o—): Denoted as: D ={(v,w) | v,weV, v # w}.
* Undirected open-circle edges (o-): Denoted as: C = {{v,w} [ v,weV, v # w}.

Additionally we may use an asterisk () instead of an edge-end to denote any type of edge-end
that a specific graph allows. Edges with such ends are never part of any actual graph, but may
be used colloquially to describe them. For example, the edge *= in a graph § = (V, €, 5, D, €)
can be either —, «—, or o—.

2.2.2  Graphs

Figure 1a represents the relationships between the different graphs that we consider here.
Starting with the most general, a directed mixed graph (DMG) is a graph that allows directed
edges and bidirected edges, that is: § = (V, £, F). The interpretation of a directed edge v—w is
that v causes w, whereas a bidirected edge v«»w means that there exists a latent confounder
that causes both v and w. Multiple edges between nodes are allowed as long as they do not
create duplicates in either € or J.

The following definitions for a DMG § = (V, €, F) will be useful.
o Set of parents: PAg(v) :={weV |[w—vel}.

¢ Adjacency: Two nodes v,w € 'V are considered to be adjacent if v—w € &, vi—w € €, or
vi—w e J. Denote the set of adjacencies: ADg(v) :=={we€V | v and w are adjacent in G}.

e Walk: A tuple (vo,eq, ... en,vn) of alternating nodes vy, ..., vn € V and edges ey, ...,en €
€ UJ, where ey is an edge between vi5 and vy, is called a walk between vy and vy,.

e Path: A walk (vg,ej,...,en,vn) Where all nodes vy, ..., vy, are distinct, is called a path
between vy and v;,.

* Directed walk/path: A walk or path (vo,er,...,en,vn) is called directed if ex = vic3—vi
fork=1,..,n.

* Trivial walk/path: A walk or path is called trivial if it contains only 1 node and no edges.

e Collider: Let Tt = (vp, e1,...,en,vn) be a walk on G, then vy is a collider on 7t if ey is of the
form vi_1#>vy and ey, is of the form vy +xvy g with ke{1, ..., n—1}.

- By extension, a non-collider is any node on 7t that is not a collider.
* Directed cycle: A directed path from v to w combined with w—wv € € is a directed cycle.

* Almost directed cycle: A directed path from v to w combined with w«v € € is an almost
directed cycle.

e Acyclic: G is called acyclic if it contains no directed cycles.
e Set of ancestors: ANg(v) :={we&V |G has a (possibly trivial) directed path from w to v}.
- By extension for V C V: ANg(V) := UyeyANg(V).
e Set of descendants: DEg(v) :={weV | G has a (possibly trivial) directed path from v to w}.

- By extension for V C V: DEg(V) := UyeyDEg(V).
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e Strongly connected component: scg(v) := ANg(v) N DEg(V).
— By extension for V C V: scg(V) := Uyeyscg(v).

 d-blocked: A walk T = (vg, eq,...,en,vn) is d-blocked in G by C C V if at least one of the
following three conditions is met:

1. vo€C or v, €C.
2. 7t contains a collider vy, for which vy € ANg(C).
3. 7 contains a non-collider vy for which: v € C.

e o-blocked: A walk T = (vg, eq,...,en,Vn) is o-blocked in G by C C V if at least one of the
following three conditions is met:

1. voeCorv,eC.
2. 7t contains a collider vy, for which vy € ANg(C).

3. 7 contains a non-collider vy for which: vi € C and at least one of the following two
conditions is met:

a) € = Vk—VkH and ViH g SCg(Vk)
b) ex = vig+vx and v & scg(vk)

e d/o-separation: For s €{d, o}: subsets A, B C V are s-separated by C C V if every path in §
between any node a€ A and any node b € B is s-blocked by C. Notation: A 1§ B | C.

— If A and B are not s-separated by C, then they are said to be s-connected given C.

* d/o-independence model: For s €{d, o}: the set of all s-separations is called the s-indepen-
dence model of §: IM(§) := {(A,B,C) | A,B,CCV, (A L& B C)}.

¢ d/o-Markov equivalence: For s €{d, o}: two DMGs G and G, are considered to be s-Markov
equivalent if IM(G71) = IM4(92).

A DMG that is acyclic is also called an acyclic DMG (ADMG). Note that for these graphs, o-
separation reduces to d-separation, since strongly connected components loosely describe
nodes that are tied together in directed cycles. More precisely, for acyclic graphs, the fol-
lowing holds: scg(v)={v} for all v € V. The notion of o-separation and its derived concepts
are extensions of the d-separation concepts, they are designed to account for the presence of
cyclical causal relationships.

If a DMGs has no bidirected edges, it is called a directed graph (DG). The absence of bidirected
edges means that these graphs are assumed to contain no latent confounders, that is, all
relevant variables in the causal network are assumed to be observed in the data. A graph that
is both an ADMG and a DG is called a directed acyclic graph (DAG). Note that by excluding
bidirected edges and by excluding cycles (among which cycles of size 2: v—w—v), a DAG
has at most one edge between any two nodes.

2.2.3 Graphs of sets of graphs

Typically, causal inference algorithms are not able to return one specific causal graph, but
rather a set of possible causal graphs that is implied by the data. Think, for example, of two
graphs that are d-Markov equivalent, given just the data and no further contextual knowledge,
it would be impossible to favor one over the other. However, these sets of graphs are in turn
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DMGs DGs sets of DAGs (C)PDAGs
l DAGs sets of ADMGs | DMAGS || sets of DMAGs | (C)DPAGS
LLBIEE sets of DMGs (C)DPAGs
(a) Venn-diagram depicting (b) Set-element relationships for the various graphs of
types of causal graphs. sets of graphs.

Figure 1: Relationships between the different types of graphs and graphs of sets of graphs.

often represented as graphs themselves. In this section we will cover these kinds of graphs to
prepare ourselves for the ensuing algorithms that produce them.

A simple example of a graph that represents a set of graphs is the partially directed acyclic
graph (PDAG). This is a graph § = (V, £, U) with both directed (+—, —) and undirected (—)
edges. By interpreting any undirected edge v—w as possibly being either of the form v—w
or v<—w, it represents any DAG that can be constructed by orienting every undirected edge
one way or the other without violating the condition of acyclicity. In other words, a PDAG
represents a set of DAGs.

To describe the significance of a completed PDAG (CPDAG) we first introduce the following two
definitions.

e Skeleton: The skeleton of any type of graph is an undirected graph § = (V,U) with the
same nodes as the original graph and an undirected (—) edge between any two adjacent
nodes in the original graph.

* Equivalence class: The equivalence class of a DAG § is the set of all DAGs that are d-Markov
equivalent to G.

e v-structure: A triplet (vi,vy,v3) is called a v-structure in PDAG § = (V, €, U) if and only
if vi,v2,v3€V and vi—v; €€ and vy+—v3 €€ and v; and v3 are not adjacent in G.

Verma and Pearl 1990 have shown that two DAGs are equivalent if and only if they have the
same skeleton and the same v-structures. An equivalence class can thus be represented by its
CPDAG, which is a PDAG that consists of a skeleton where the edges of the v-structures have
been oriented as well as any edges whose orientation is implied by the conditions that no
cycles and no extra v-structure may be introduced. As such, a CPDAG uniquely identifies an
entire equivalence class of DAGs, Figure 1b gives an overview of the relationships between
these different graph-types.

Now we move on to the introduction of some useful types of graphs that describe sets of
ADMGs. In order to do so, we first define some notions that will come in handy in the descrip-
tion of these graphs.

e d-inducing path: A path m = (vg,e1,...,en,vn) on ADMG G, is called a d-inducing path
between vy and vy, if vic € ANg({vo,vn}) and vy is a collider on = for k=1, ..., n—I.

e o-inducing path: A path m = (vg,eq,...,en,vn) on DMG G, is called a o-inducing path
between vy and v, if v € ANg({vo,vn}) and any directed edge on 7 pointing out of vy
points to an element of scg(vy) for k=1,...,n—1.

* Maximal: If an ADMG contains no d-inducing paths between any two nodes that are not
adjacent to each other, then the graph is said to be maximal.
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e Ancestral: A DMG G is said to be ancestral if it contains no directed or almost directed
cycles.

Using the above definitions, an ADMG is called a directed maximal ancestral graph (DMAG) if
it is (i) maximal, (ii) ancestral, and (iii) contains no more than one edge between any pair of
distinct nodes.

Since a d-inducing path between two nodes implies that they cannot be d-separated by any
conditioning set (not containing the nodes themselves), the maximal condition on a DMAG §
means that any two nodes that are always d-connected have to be adjacent in G.

A procedure proposed by Richardson and Spirtes 2002 creates a DMAG from an arbitrary
ADMG G, this is called the DMAG induced by §: DMAG(G) and is constructed as follows.

1. For § = (V,¢&,9), let DMAG(S) = <\~7,é,§"> with V = V.

2. Create an edge between two distinct nodes v,w € V if and only if the original graph §
has an inducing path between v and w. The type and orientation of the edge should be:
v—wif ve ANg(w), v«—w if we ANg(v), and v<»w otherwise.

The resulting DMAG maintains the same information with regards to the absence and presence
of ancestral relations and d-separation, and we can now interpret a DMAG § as the set of ADMGs
G for which DMAG(G) = G.

Taking yet a further step towards generalization, we can define a directed partial ancestral
graph (DPAG) as a graph P = (V,&,5,D, C) that, in addition to directed and bidirected edges,
can also contain directed open-circle edges and undirected open-circle edges. That is, an edge
in P can be of type: —, <, <=, 0=, o, or oo. Apart from that, the same conditions as for a
DMAG should hold: P is (i) maximal, (i) ancestral, and (iii) contains at most one edge between
two distinct nodes.

The interpretation of any open-circle edge-end is that it can either be an arrowhead or an
arrowtail. As such, it identifies the set of all DMAGs that can be created by resolving every
open-circle edge-end in the DPAG to either an arrowhead or tail, without violating the DMAG-
constraints. Because every DMAG, in turn, represents a set of ADMGs, we can also say that an
ADMG § is contained in P if P contains DMAG(G).

Since a DMAG § retains all the d-separations and connections of the ADMGs that it is induced
by, we can say that its independence model M 4(§) equals the independence model M 4(9)
of any § with DMAG(G) = §. Using this definition we say that, if a DPAG P contains § and an
edge-end is identified (i.e. not an open-circle) in P if and only if it is identifiable from M4(9),
then P is called the complete DPAG (CDPAG) of G. By extension P is then also the CDPAG of
any ADMG § that induces §. As such, a CDPAG represents a d-Markov equivalence class of

ADMGs.

Figure 1b provides an overview of the graphs that represent sets of graphs that we have
discussed here. An important takeaway from this all is that CPDAGs and CDPAGs are specific
cases of PDAGs and DPAGs respectively that represent d-Markov equivalence classes, while in
general PDAGs and DPAGs do not.

2.2.4 Acyclification

A (possibly cyclical) DMG § = (V, €, F) can be transformed into an ADMG §’ = (V/, €', F’) by
way of the following acyclification procedure.



2.2 CAUSAL GRAPHS: NOTATION AND DEFINITIONS

1. Let G’ have the same nodes as G, V' := V.
2. For all edges v—we & with vgscg(w), let v—w’ €&’ for all w’ e scg(w).
3. For all edges v«i-w e F with vgscg(w), let viow’ €F”’ for all w’ e scg(w).

4. For all pairs of distinct nodes v,w € V with v € scg(w), let one of the following hold:
v—weé&/, vi—weé&’/, or vioweJ’.

This process can be described as copying all edges (directed and bidirected) pointing into
a strongly connected component to also point to all other nodes in that strongly connected
component, and additionally, making any strongly connected component fully connected. This
last part can be done in multiple ways, so acyclifications are generally not unique. Also note
that this procedure potentially creates a lot of extra edges which should not be interpreted
as representing causal relationships, instead, the point of these edges is to maintain the same
o-separations in G’ asin G.

This leads us to the reason why we might be interested in an arbitrary acyclification §’ of DMG
G, which is that IM (G) = IM4(G’) and there exists a o-inducing path between two nodes v
and w in § if and only if there exists a d-inducing path between the two nodes in §’ (Mooij
and Claassen 2020). Via this interpretation we can define, for DMG G, the set of all ADMG
acyclifications of G, and denote it as: ACY(G).

From the previous section, a DPAG P is a graph that, through DMAGs, represents a set X of
ADMGs. However, without changing the definition of its construction, we can also interpret it
to additionally contain any DMG § for which all acyclifications are contained in X. That is, P
is interpreted as representing a set of DMGs: X U{G | ACY(G) C X, G is a DMG}.

Mooij and Claassen 2020 show that for a DMG § contained by DPAG P the following
holds:

¢ Two nodes v and w are adjacent in P if and only if § has a o-inducing path between v
and w.

e If P has edge: v<+w then v¢Z ANg(W).
e If P has edge: v—w, then ve ANg(w).

Note that if G is an ADMG, then this interpretation is consistent with the interpretation from
the previous section, that is, P contains the DMAG DMAG(9).

The latter two points concerning (non-)ancestry are useful, but it is possible to make stronger
assertions about these properties. In order to make those, we first define the following two
properties for a DPAG P.

e Possibly directed path: A path (vg,eq, ..., en,vn) between vp and vy, in P is called possibly
directed if e; is of the form v; 1—vV;, vijo3Vvi, or vijoov; fori=1,..,n.

e Uncovered path: A path (vo, e, ...,en, vn) between vy and vy, in P is called uncovered if
vi— and v; are not adjacent in P for i=2,...,n.

With these definitions in hand we can posit the stronger results by Mooij and Claassen 2020
about identifiable (non-)ancestry of a DMG contained by a DPAG P = (V, €, T, D, €).

e If P is a CDPAG and for v,w € V either of the following two holds: (i) there is a di-
rected path from v to w in P, or (i) (v,e1,u,ez,...,en, W) and (v, ej,u’, e}, ..., e/, w) are
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uncovered possibly directed paths from v to w, where u # u’ and u ¢ App(u’); then
VEANg(W).

* For v,we, if there exists no possibly directed path from v to w in P then v{Z ANg(w).

The generalization of CDPAG to interpret possibly cyclical DMGs finishes up our coverage of
different types of graphs that represent sets of causal graphs. As a reference, Figure 1b sum-
marizes the various relationships.

2.3 CAUSAL INFERENCE

Finding a correct DMG to represent a system of interacting variables comes with a range of
problems. Indeed the number of possible DMGs for a system with n variables quickly becomes
astronomically large. If we allow for latent confounders and place no restrictions on cyclicity,
then for each of the In(n—1) pairs of nodes, there could be a directed edge in either direction
(or both) as well as a bidirected edge between them, resulting in gzn(n) possible DMGs.
Even for a system with the modest amount of 10 variables this already amounts to over 10#°
possibilities.

Clearly, efficient algorithms are needed if we are even to attempt a search like this. First we
discuss Peter Spirtes & Clark Glymour’s algorithm (PC algorithm) which is the basic starting
point of most causal inference problems. As such, it nicely introduces some of the core ideas
of the field, and additionally it illustrates the two main challenges of our own investigation.
Next we will go over some algorithms that can handle the high-dimensional data that we
are dealing with, fundamentally this is the GES algorithm, with the FGS extension of it. After
that we will turn to the FCI algorithm because it provides a solution to the problem of latent
confounders, and additionally it provides a good segue into its extensions that deal with
cyclical causality.

2.3.1  PC algorithm

The PC algorithm, proposed by Spirtes and Glymour 1991 assumes that the input data was
generated by a DAG G = (V, £), it consists of three parts. First a skeleton graph is constructed,
then the v-structures are identified, and finally edges whose orientations are now implied by
the DAG-assumption are set accordingly. These steps build a PDAG H = (V,&,U), with the
same vertex set as G that should represent (among others) the DAG G that generated the data.
The main ideas of the three steps are as follows.

I. SKELETON CONSTRUCTION: The construction of the skeleton uses that if two variables
v,w eV are independent of each other conditional on any C C Apg(v) \ {w}, then there
is no direct causal link between the two, though an indirect causal relation may still
exist.

Concretely, we start by instantiating } as the fully connected undirected graph. Then,
forn =0,1,..,n—2 we iteratively do the following:

* Check for every edge v—w in J{ whether v and w are independent of each other
conditional on any subset C C ADg¢(v) \ {w} of size n. If so, we (i) we remove v—w
from X, and (ii) store C in memory.

The resulting trimmed undirected graph is the skeleton and is used as input for the
next step. By trimming down the graph iteratively, we see to it that each iteration gen-
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erally has less variable pairs that need to be tested. This is significant since conditional
independence tests become less accurate with larger conditioning sets.

II. V-STRUCTURE IDENTIFICATION: For each connected triplet of nodes vi—v;—v3 in H
with vi € ADg((v3), we check whether v, was in the conditioning set that was recorded
in the previous step for vi and v3. If this is the case, we leave the edges undirected,
otherwise we orient the triplet as a v-structure: vi—wv+v3.

III. IMPLIED EDGE ORIENTATION: After the previous step, we can assume that all v-
structures have been identified. Any still undirected edges that would create a new
v-structure when oriented in a certain direction, can thus be oriented in the opposite
direction.

Similarly the PC algorithm assumes only acyclic causal relationships, so any undirected
edge that would create a directed cycle if oriented one way, should be oriented the other
way.

The result is a PDAG 3 which, by virtue of the steps I and II has locked in its skeleton and
v-structures; subsequently, step III completes it, making it a CPDAG.

2.3.2  Greedy equivalence search

Performing (conditional) independence tests is an intensive computational task, and although
step I of the PC algorithm is designed to avoid unnecessary calculations, this nevertheless be-
comes an unfeasible endeavor for systems with large amounts of variables. The greedy equiv-
alence search (GES) proposed by Chickering 2002 combines two main ideas to improve on this.
Both are connected to the idea of calculating a decomposable score to judge a graph’s fitness
to represent the data. Here, decomposable means that it is the sum of parts, where each part is
determined by only a single node and its parents.

The first idea concerns this score in relationship to equivalence classes of DAGs as discussed
in section 2.2.3. Since two d-Markov equivalent DAGs fit any body of data equally well, we
know that their score should also be the same. Knowing that the scores of all DAGs in the
same equivalence class are the same, we can significantly increase efficiency by searching the
space of equivalence classes of DAGs instead of searching the space of individual DAGs which
contain all these redundancies. Remember that an equivalence class of DAGs can be uniquely
represented by a CPDAG, which is precisely what the GES searches for.

The second idea is that by having a decomposable score, we can relatively cheaply check
what the score-impact is of adding or removing a single edge and use this to move through
the space in a greedy fashion. This means that every possible edge addition (or removal) is
evaluated, and then the best action is chosen; instead of choosing an action after each test, as
is the case in the PC algorithm. Perhaps surprisingly, Chickering 2000 has shown, by proving
the conjecture set out by Meek 1997, that GES (in the limit for large datasets) finds the perfect
CPDAG.

The algorithm itself consists of two parts, the forward equivalence search (FES), where edges
are greedily added to the graph, followed by the backward equivalence search (BES), where
edges are greedily removed from the graph. The flow and main points of the algorithm are as
follows.

I. FORWARD EQUIVALENCE SEARCH: The goal of FES is simply to find a CPDAG that is an
independence map of the true CPDAG. In theory, we could just take the fully depen-
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dent CPDAG, and this entire step could be skipped. However, this would place too much
burden on the BES. Ideally the result of FES is a sparse graph that still satisfies the in-
dependence map condition. To that end, we start with a fully unconnected graph, and
repeat the following three steps.

1. CHECK PROPOSED INSERTS: For each pair of non-adjacent nodes v and w, and for
each subset T of the nodes that are undirected adjacent to w and not adjacent to v, we
calculate the score improvement of inserting v — w and orienting t—w as t — w for
all te T. Additionally we check the validity of this change, that is: could we potentially
orient all the undirected edges of the resulting PDAG in such a way that it respects
the current v-structures and acyclicity. Note that the newly added/oriented edges are
construed in such a way that they introduce v-structures into the graph. Since we are
searching the space of CPDAGs, v-structures are a focal point of the algorithm.

2. APPLY INSERT: If none of the valid inserts yields a positive improvement we termi-
nate the FES part. Otherwise we apply the insert that promises the greatest improvement.

3. CONVERT TO CPDAG: The resulting PDAG need not be completed. To that end, we
convert it into a DAG by orienting all undirected edges in an arbitrary way that respects
v-structures and acyclicity (note that the validity check in step I ensures that this is
possible). From the resulting DAG we can now create the CPDAG.

II. BACKWARD EQUIVALENCE SEARCH: Now that we have an independence map, BES is
used to trim the graph down by finding more (conditional) independencies, again in
a greedy fashion. Starting with the graph found in the FES part, we repeat the following
steps.

1. CHECK PROPOSED DELETIONS: For each pair of adjacent nodes v and w (either
directed or undirected), and for each subset H of the nodes that are undirected adjacent
to w and adjacent to v, we calculate the score improvement of deleting the edge between
v and w, and orienting all undirected edges between {v, w} and H, as pointing into H. As
in FES, we check the validity of each change.

2. APPLY DELETION: Terminate the BES if no valid positive improvements are found,
otherwise, apply the deletion with the greatest improvement.

3. CONVERT TO CPDAG: In the same way as in FES, the possibly non-completed PDAG
is converted into a CPDAG.

The resulting graph is a CPDAG that represents an equivalence class of DAGs that all fit the
data equally well.

2.3.3 Fast greedy search

Ramsey et al. 2017 build on the work of Chickering 2002 by proposing the fast greedy
search (FGS) algorithm. The main ideas of this approach are the same as in GES, with four
modifications.

The most significant improvement is the parallelization of each of the forward and backward
steps. Specifically this concerns point 1. of both the FES and the BES, which require lots of
calculations that do not depend on each other.

The second modification is the optional assumption of single-edge faithfulness, meaning that a
direct edge between two variables will never be added during the FES if they are not correlated
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with each other. In some cases this might be incorrect, e.g. perfectly cancelling paths, but it
can speed up the search considerably for high-dimensional problems.

The third modification is the explicit use of the Bayesian information criterion (BIC) with a
penalty term to score the graphs. The penalty can be adjusted to force sparser graphs. Chick-
ering also mentions the BIC, but does not recommend any specific scoring mechanism in
particular. Instead, he gives the properties that a scoring function should adhere to in order
to be used for GES, these properties include decomposability and equal scoring for equivalent
DAGs.

Their fourth modification is the caching of the calculated score-improvements. Since most of
these will be the same in the next step, this saves considerable computation time at the expense
of a small amount of extra memory usage. Although Chickering 2002 does not mention this
explicitly it seems likely that this was also implied in GES.

As per the title of the work of Ramsey et al. 2017, this approach can handle high-dimensional
problems, in the order of a million variables. This would be more than sufficient for our
investigation; however, the example problem with 1,000,000 variables by which they show
this, has a sample size of only 1,000 observations. Our multimodal single-cell data has sample
sizes that are some two orders of magnitude greater; casting serious doubts on the feasibility
of applying FGS to our problem.

2.3.4 Fast causal inference

Reasoning from the basis of the PC algorithm, a number of problems appear when taking latent
confounders into consideration. These are unobserved variables that have a causal effect on
multiple observed variables. In DMGs they are usually denoted by a bidirectional edge between
each pair of observed variables that have a common latent confounder.

The first problem is that the observed variables alone are no longer causally sufficient. Con-
sequently, finding the subset conditioned on which two variables are independent may not
be possible if such a subset would have to contain a latent variable. Second, the PC algorithm
drastically reduces the number of computations by assuming that any conditioning set is a
subset of the adjacent nodes of one of the variables. Now, however, such a variable can also
have any number of unobserved parents through which dependencies can slip through.

The fast causal inference (FCI) algorithm, proposed and described in Spirtes, Glymour, and
Scheines 2001, addresses these issues while trying to retain some of the computational efficien-
cies of the PC algorithm. It starts with the same procedures to construct a skeleton and identify
v-structures, it is then followed by a correction step to create a trimmed-down skeleton, after
which we again identify v-structures and finalize by orienting implied directions.

Note that in contrast to the previously discussed algorithms, FCI assumes that the data was
generated by an ADMG § = (V,€,J) (instead of a DAG). The algorithm builds up a DPAG
H=(V,&73,D,C) that should contain G.

I. SKELETON CONSTRUCTION: This step is the same as step I in the PC algorithm, but instead
of undirected edges (—), the resulting graph I is now a skeleton of undirected open-
circle edges (o).

II. V-STRUCTURE IDENTIFICATION: This is also similar to step II of the PC algorithm, with
the modification that also bidirectional edges can be formed now.
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That is, instead of looking for uncovered triplets of nodes of the form vi—v,—v3, we
look for uncovered triplets of nodes of the form vi+ovyo+v3 in J(; and, if orientation
is warranted, orient only the open-circle edge-ends attached to the middle node into
arrowheads.

III. POSSIBLE D-SEPARATION TRIMMING: Here, we will remove any edges from J that are
actually incorrect, but have remained after step I due to latent confounders. This is done
by identifying for each node v its possible d-separation set S,, C'V, which contains all nodes
that can be reached via a path that contains only colliders or nodes that could still be
a collider but have not been identified in step II as such because it is part of a triangle.
That is, every non-end-node u of such a path is of the form *=u, *out*, *>uo=, or
H-OULO—k,

To test for conditional independence between two adjacent variables v, w €V, it is now
sufficient to try all subsets of S,\{v, w} (or of S,,\{v, w}) for conditional independence, if
this is found, the edge can be removed.

IV. V-STRUCTURE RE-IDENTIFICATION: Now we return the resulting graph again into
skeleton form by turning all edges into undirected open-circle edges (o). Once more
we perform step II, with the slight modification that if a triplet of nodes (vi,vz,v3) is
not identified as a collider, we then mark it as a definite non-collider.

V. IMPLIED EDGE ORIENTATION: Similar to the PC algorithm’s step III, we now orient any
edges that are implied by the orientations already filled in, of course taking care of the
existence of bidirected edges.

This is done by (i) identifying edges that would otherwise create a cycle; (ii) using the
identified conditioning sets to find additional colliders; (iii) resolving colliders in trian-
gles; and (iv) by identifying nodes that would otherwise become colliders but had been
marked as definite non-colliders.

As is shown by Zhang 2008, the resulting DPAG of the FCI algorithm is a CDPAG.

2.3.5 FCI and cyclical causality

Besides the handling of latent confounders, the FCI algorithm is important because, as Mooij
and Claassen 2020 surprisingly showed, it can easily be adapted to represent cyclical causal
relationships. In order to do that, we must first acknowledge that the concept of d-separation
falls apart if we allow for cycles in a causal graph. Intuitively this is because nodes in the same
cycle are too tightly linked together, infinitely causing and being caused by each other, such
that d-separating them does not coincide with making them conditionally independent.

To this end, Forré and Mooij 2018 introduce the idea of o-separation as an extension of the
notion of d-separation in possibly cyclical DMGs, defined and discussed in Section 2.2.2. For
all subsequent definitions leaning on the notion o-separation holds that they reduce to the
definition of their d-separation counterpart in case of an ADMG.

Forré and Mooij also propose a search algorithm to use their o-separation concept in a prac-
tical setting. However, it can handle only a handful of parameters, so we will not discuss it
here, but instead move directly on to the proposal by Mooij and Claassen 2020. Interestingly,
this proposal does not involve any modification to the FCI algorithm itself, but instead simply
a modification to the interpretation of its input and output.
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Input-wise, the FCI algorithm can be fed the (conditional) independences of a possibly cyclical
DMG, instead of being limited to ADMGs. On the output-side, the resulting CDPAG can be
interpreted to represent possibly cyclical DMGs as described in Section 2.2.4.

Mooij and Claassen 2020 go on to derive various methods to identify properties about the un-
derlying DMGs from the algorithm’s output. These include (i) identification of non-confounded
pairs, (ii) identification of direct (non-)causes, (iii) identification of non-cycles, and (iv) iden-
tification of (non-)ancestral relations. In this work we shall focus only on the last of these
identification methods, as defined in Section 2.2.4, for the reasons outlined below.

Later we shall look at partially overlapping subsets of variables, where each subset has its own
CDPAG. An important question we shall then need to answer is whether the CDPAGs of two
such overlapping subsets imply non-contradictory statements about their underlying DMGs.
With this in mind, the (non-)ancestry of two variables is a useful property; if v € ANg(W)
in the context of one subset, but v ¢ ANg(w) in the context of another, then these are clear
contradictory statements about the true causal relationships underlying the data.

Contrary to this, the other identification rules have limited utility. Note, for example, that a
common cause of two variables in one subset may be a latent confounder in the other. Similarly,
causes may be direct in one subset but indirect in the other; or multiple variables may be part
of a cycle in one subset but not so in the other. Note that the above identification rule (iii) only
concerns the identification of definite non-cycles; not the identification of cycles, which would
have provided additional useful information on ancestry.
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The data used for our analysis comes from a data science problem hosted by Open-Problems
2022 as an open competition (Kaggle 2022). It contains the experimental results produced
by each of the two sequencing techniques, CITE and MULTI, discussed in Section 2.1. Both
techniques produce two sets of data, one for each of the genetic modalities that they measure,
a schematic overview can be seen in Figure 2.

Multimodal Single-Cell Data

CITE Data (70,988 cells)

MULTI Data (105,942 cells)

RNA Expression Data
(22,050 RNA Genes)

Data Size:
70,988 x 22,050

Surface Protein Level Data
(140 Proteins)

Data Size:
70,988 x 140

DNA Accessibility Data
(228,942 DNA Genes)

Data Size:
105,942 x 228,942

RNA Expression Data
(23,418 RNA Genes)

Data Size:
105,942 x 23,418

Figure 2: Overview of the multimodal single-cell data, split between the two sequencing methods (CITE
and MULTI), each with measurements of two modalities of genetic information.

The number of observations (number of cells) is relatively modest for both sequencing meth-
ods, but the great number of variables per observation quickly make for substantial datasets.
Specifically the chromatin accessibility data, which measures the DNA modality, contains a
prohibitive amount of data. One of the main challenges of this work will be to manage these
sizable datasets. First, however, we present a preliminary exploration of the data, first for CITE,
and then for the MULTI data. Subsequently we will briefly discuss the importance of the RNA
modality in combining the data from both techniques, and finally we shall discuss the method
used for reducing the dimension of the DNA accessibility data.

3.1 CITE DATASETS

For each cell processed by CITE, we have 22,050 expression measurements of different RNA
genes, and 140 surface level measurements of different proteins. In the left panels of Figure 3
one of these cells is visualized. There are 449 RNA genes for which all measured cells report
an expression of o, these genes are left out of our investigation, leaving a total of 21,601 RNA
genes remaining.

The RNA genes are named for their Ensembl gene ID (Ensembl 2023), and calculated by trans-
forming their measured occurrence count to the natural logarithm of 1 plus its library-size
normalized value. That is, each raw count fg . of gene g and cell ¢ is transformed to:
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fé,c = log 1+ (1)

_k
Zg, fg’,c g,c

where k is a constant across all cells, back-calculation shows that this value was set at
k=1,000,000. Because all the counts from the same cell are scaled by the same factor, we ob-
serve the regular pattern in Figure 3a. Also note that we do not observe a similar pattern when
we look at a single RNA gene across different cells, as in the Figure 3b, since each data-point
is transformed by a different, cell-specific, scalar.

The protein data is the most modest in terms of dimensionality, with only 140 different pro-
teins for which measurements have been taken. Partly this is because there are a bit fewer
human proteins than there are genes; partly because CITE measures only proteins on the cell
surface; but mostly this is because, for every protein that could potentially be measured by
this technique, a specific ADT needs to be identified and added to the process. This inherent
form of physical whitelisting rather limits the scope of proteins that can be measured.

The protein level measurements are denoised and scaled by background (DSB), this is a nor-
malization method described by Kotliarov et al. 2020 and designed for CITE data specifically.
It uses droplets that are known to contain very little RNA, and as such can be used to reliably
measure background protein levels that can act as a benchmark from which to measure the
protein levels during CITE. Note that because both the background levels and the actual levels
are estimated values, the DSB-normalized levels can be negative, as is visible in Figure 3c.
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Figure 3: Example slices of data from the CITE datasets of the RNA modality (top) and protein modality
(bottom), taken from a single cell across genes and proteins (left) or across a single gene and
a single protein across all cells (right). The alternating green areas in (b) and (d) indicate
different cell types and the alternating shades within them indicate distinct test-days. All
values are represented in their normalized form.
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Figure 4: Distribution of CITE data across all RNA genes (a), all proteins (b), and all cells (both).

The right panels of Figure 3 show the CITE data from another perspective, namely a single
RNA gene and a single protein across all measured cells. As an additional piece of context, all
the cells in the datasets have been annotated with a cell-type, which the publishers of the data
have pre-estimated based on the work of Velten et al. 2017. To be clear, this extra information
is an estimate based on the RNA data and it is not a ground truth. It will also not play a
further role in our work, but it is nevertheless worth mentioning, as the figure shows that
especially the protein levels seem distinctly correlated with the type of cell that they are in.
Sampling from the donors took place over three different test-days which are also marked
in the right panels. Any dependence on this is less apparent from the graphs, though some
correspondence seems visible from Figure 3d.

From the distribution histograms in Figure 4 of the full datasets we glimse that the RNA
expression data is relatively sparse, with only 22% of the data-points being greater than zero.
The protein level data is measured on a much more continuous spectrum and as such displays
no such sparsity.

3.2 MULTI DATASETS

The MULTI datasets contain observations for more cells than the CITE datasets, this is mainly
because there was one additional test-day, four instead of three. For each of these cells we
have measurements for 228,942 DNA genes, this already makes the MULTI data many times
more voluminous then the CITE data. All these cells also have measurements for 23,418 RNA
genes, but just as with the CITE data, these include several genes for which all measurements
are o. Eliminating these from our dataset leaves a total of 22,858 RNA genes.

The DNA genes are labeled by their chromosome and their genomic coordinates on that chro-
mosome on the reference genome specified by 10xGenomics (2020). In Figure 5 the two modal-
ities of an example cell are visualized. The RNA expression depicted in panel 5¢ should look
familiar, it is the same kind of data and transformed in the same way as the CITE RNA data we
saw in Figure 3a.

The DNA data is calculated by applying the term frequency inverse document frequency
(TF-IDF) normalization. This is a transformation routinely used for natural language models,
but it is also commonly used for chromatin accessibility peak counts (e.g. Cusanovich et al.
2018). It consist of two parts, the term frequency tfg . of gene g and cell ¢ is calculated as the
normalized occurrence of g in c:

f
tfg,c = 9. (2)

Zg/ fg/,C
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Figure 5: Example slices of data from the MULTI datasets of the DNA modality (top) and RNA modality
(bottom), taken from a single cell across DNA and RNA genes (left) or across a single DNA
gene and a single RNA gene across all cells (right). The alternating blue areas in (a) indicate
different chromosomes. The alternating green areas in (b) and (d) indicate different cell types
and the alternating shades within them indicate distinct test-days. All values are represented
in their normalized form.

where fg . is the raw peak count of gene g in cell c. The inverse document frequency part,
idfy, is the inverse fraction of all cells that contain gene g:

2 o]

B IS &

idf

using the Iverson bracket notation. Combining the above two factors translates the raw chro-
matin accessibility peak counts to their normalized variants as follows:

fg,c = log(tfg,c) . log(idfg). @

The right panels of Figure 5 show examples of the two genetic modalities across all cells. Again
they are ordered first by cell-type, and then by test-day. Besides a correlation to cell-type, we
can also speculate as to a correlation to test-day, both for the DNA data and the RNA data this
example seems to indicate such a dependence.

Moving beyond examples, Figure 6 displays the distribution of normalized measurements
from both modalities. Similar as in the CITE datasets, the RNA data is quite sparse, but not as
sparse as the DNA data. With over 24 - 107 data-points this is by far the largest dataset, however
some 97.5% of those values are zero.
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Figure 6: Distribution of MULTI data across all DNA genes (a), all RNA genes (b), and all cells (both).

3.3 REDUCING DNA DIMENSIONALITY

The largest dataset under our consideration concerns the DNA modality of the MULTI method.
With 228,942 variables per observation it is too large to feasibly include all these variables as
nodes in a causal graph. Consequently, before using this data in any causal inference algo-
rithm, we should decrease the dimensionality of this particular modality.

Among the methods considered for this job are linear dimension-reduction techniques like the
principal component analysis (PCA) (Pearson 1901), and singular value decomposition (SVD)
(Eckart and Young 1936), as well as non-linear approaches like autoencoders (Kramer 1991).
However, none of these methods managed to significantly reduce dimension while retaining
a substantial fraction of the information in the DNA data. This is why ultimately we settled on
a non-standard method that is more specific to the data at hand, and at least retains a certain
degree of interpretability for the resulting variables.

We do this by taking into consideration some additional information that we have on each
DNA gene in the dataset. Namely, we know on which chromosome the gene lies, and what
its start- and end-location is on that chromosome: its genomic coordinates. To view this in its
context, again consider Figure 5a where the DNA data is ordered by chromosome and genomic
coordinates across the x-axis, or consider Figure 5b that displays the data of the DNA gene on
chromosome 6 between genomic coordinates 149,450,686 and 149,451,557.

We divide each chromosome into segments that are roughly evenly large in terms of genomic
coordinate-distance. Concretely, we set a target size s of 10,000,000 and define, for chromosome
¢, the number of segments N, and the length of each individual segment L. respectively
as:

Lc _ ic,max _]\}c,min + 1 ) (5)
c

Nc _ ’Vic,max - i(:,111in + 1 -‘ and

S

Here, ic,min and ic,max are the lowest and highest genomic coordinates respectively on chro-
mosome c present in the data. Each chromosome c is now subdivided into N. segments
spanning a genomic coordinate distance of L., and every DNA gene in the data is assigned to
the segment that covers its middle coordinate. Let A be the set of all DNA accessibility val-
ues of genes in the k’th segment of chromosome c. These values are aggregated into a single
value by way of the following calculation:
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log (1 T2 aen, la# O])

log (1 + ZaeAc,k 1) ' ©

acx =median{a|a#0,a€A i}

such that the aggregated accessibility value of a segment consists of two factors, the median
of non-zero values, scaled by a logarithmic measure of the presence of non-zero values.

Figure 7 illustrates how this works out for a single example cell on chromosome 8, the 10,361
dimensions of the full DNA chromatin accessibility data for this chromosome have been re-
duced to a mere 15. The bottom panels further clarify how the two factors tackle the high
degree of sparsity of the data, on the left we see that the segment accessibility stays relatively
close to the non-zero median because of the decent amount of non-zero values in the segment;
whereas, on the right, the segment accessibility is almost reduced to zero.
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(n: 1,039; non-zero: 0.96%). (n: 472; non-zero: 0.21%).

Figure 7: Example of the DNA chromatin accessibility for MULTI cell #010452 of a single chromosome,
with the corresponding aggregated segment accessibility values (top). The alternating blue
areas indicate different segments on the chromosome. The bottom panels each show, for a
single segment (o-indexed), how the aggregated value relates to the data-points within that
segment.

It should be noted that it is a bit awkward to squeeze the two factors that make up @ into
a single value. An obvious remedy to this would be to let every segment be represented by
a two-dimensional value. However, performing causal inference on multi-dimensional nodes
comes with a lot of complications that are beyond the scope of this work; which is why we
have opted for this single-value-approach instead.

In Figure 8 the results of this compression method are visualized. We see that the higher-
numbered chromosomes have less segments, as they are shorter in length. Note also that
besides the 22 numbered chromosomes, and the X- and Y-chromosome, there are also some
rest-categories (named with the prefix GL or KI) with genes whose location on the genome
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is unknown. These all contain very few genes and are discarded from consideration going

forward.

In total this procedure reduces the dimension of the data substantially from 228,942 variables
to 309. The final result is visualized in Figure 9, which can be seen as an extension of Figure 5
and Figure 6. The compressed segment data is shown across all segments for a single cell, and
across all cells for a single segment.
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Figure 9: Dimension-reduced MULTI DNA dataset by way of chromosome segment aggregation. Top:

example slices of data taken from a single cell across segments (left), or from a single segment
across all cells (right). Bottom: distribution of segment accessibility across all segments and
all cells. The alternating blue areas in (a) indicate different chromosomes.The alternating
green areas in (b) indicate different cell types and the alternating shades within them indicate

distinct test-days.

3.4 SUMMARY

Figure 10 shows an overview of the resulting data after the steps described in the previous

sections. Comparing it to the raw data summarized in Figure 2 the data is reduced in size:

some of the RNA data has been discarded for both CITE and MULTI due to O-variance across
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all cells; and the high-dimensional DNA chromatin accessibility data has been replaced by its
aggregated values per chromosome segment. In subsequent chapters when we mention DNA

data, it will be these aggregated values that we refer to.

An important final note on the data is that both the CITE and MULTI techniques measure
RNA expression, consequently this is the modality that will ultimately have to link the causal
relationships together. However, the two RNA datasets themselves have less overlap than might
be expected. In total there are 18,021 RNA genes that occur in both techniques’ final selection
of data. This seems enough to create a bridge between the two, however it does mean that
there are 3,580 RNA genes that occur only in CITE, and 4,837 RNA genes that occur only in the

MULTI data.

Prepared Multimodal Single-Cell Data

RNA Expression Data
(21,601 RNA Genes)

Data Size:
70,988 x 21,601

CITE Data (70,988 cells)

Surface Protein Level Data
(140 Proteins)

Data Size:
70,988 x 140

MULTI Data (105,942 cells)

DNA Agg. Accessibility Data
(309 Chrom. Segments)

Data Size:
105,942 x 309

RNA Expression Data
(22,858 RNA Genes)

Data Size:
105,942 x 22,858

Figure 10: Overview of the multimodal single-cell data after the application of all data preparations.




METHODS

The approach that we propose to deal with high-dimensionality and cyclical causality is com-
prised of two parts that are both described in this chapter. First we discuss the subdivision of
the variable-spaces into small, partially overlapping clusters; next we discuss the execution of
the FCI algorithm on each of these individual clusters.

4.1 CLUSTERING

After the measures taken in the previous chapter, the CITE and MULTI datasets still contain
21,741 and 23,167 variables respectively; orders of magnitude more than can be handled by
cyclical causal inference algorithms. In order to make this task manageable, we first perform
a clustering procedure which produces small clusters of variables that slightly overlap with
each other. This overlap can later be used to verify the consistency of causal relationships
that we find in individual clusters, and future research could potentially use such overlap to
generate a single aggregate causal network from all these sub-networks.

60 60
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i — RNA x Protein i — DNA xRNA
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Correlation Correlation
(a) Correlations of CITE data among RNA genes (n: (b) Correlations of MULTI data among DNA chrom.
233,290,800), among proteins (n: 9,730), and segments (n: 47,586), among RNA genes (n:
between RNA genes and proteins (n: 3,024,140). 261,232,653), and between DNA chrom. segments

and RNA genes (n: 7,063,122).

Figure 11: Distribution of correlations of (a) the CITE data (RNA expression and protein levels), and (b)
the MULTI data (chromosome segment DNA accessibility and RNA expression).

The basis of the used clustering procedure is the Spearman’s rank correlation, which is de-
rived by first transforming the values of each variable to their corresponding rank values and
calculating the Pearson correlation between those. This choice was made in order to accom-
modate the sparse and asymmetric nature of our data. Alternatively we could have assumed
linearity, or we could have employed estimators capable of discerning more general dependen-
cies. However, using linear estimates, like directly applying Pearson correlation to the data,
does not seem to be justified, see: Figure 3, Figure 5, and Figure 9; and the use of more general
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dependence-tests, like calculating mutual information (Shannon 1948) on continuous variables,
are computationally too intensive to be feasible for our large datasets.

Figure 11 visualizes the calculated correlations by splitting them up by paired modalities. Cor-
relations among RNA genes tend to be quite close to zero and are slightly positively biased
(owing at least in part to the sparsity of these variables), whereas among the denser protein
data, and the denser DNA (chrom. segment) data, we observe more pronounced positive cor-
relations. Interestingly, while the correlations between RNA and proteins tend to be positive,
in line with the primary biological relationship between the two; correlations between RNA
expression and DNA accessibility tend to be negative. The latter perhaps pointing to the (in-
direct) inhibitory effects of RNA on DNA outpacing the promotion by DNA of RNA in terms of
how many different genes are involved in either process.

Given these correlations, all the variables v €V are assigned to (possibly multiple) clusters of
size s. This is done with an iterative procedure during which we keep track of the counter n(v),
which is the number of clusters that variable v is already assigned to, and we start by creating
a new cluster € that contains an arbitrary variable v; for which n(v{)=0, that is: ¢ = {vi}.
Subsequently, the next step is repeated s—I times in order to create a cluster of size s:

¢:=CU {v ‘ v:af%;riaéx{wé?\“("/) A ‘p(\/',w)’} } 7)

Here, p(v/,w) denotes the Spearman’s rank correlation between the variables v/ and w, and
A € (0,1] is a decay factor that diminishes the correlations to make it less likely that corre-
lations of variables that are already included in other clusters dictate the selection of new
variables.

GCo1839
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‘ RNA: ENSG00000250474

RNA: ENSG00000241282

RNA: ENSG00000237232
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CCo1164 N RNA: ENSG00000247627
\\ Prot: CD119 L
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\ Prot: CD83 CC02930
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(a) Full overview (b) Inset highlighted in (a), cluster cco46022 is shown to
contain 6 RNA variables and 4 protein variables

Figure 12: Clustering of CITE data, each node (n: 4,181) represents a single cluster, each edge (n: 4,694)
indicates that the two adjacent clusters share at least two variables. Clusters containing RNA
variables exclusively are shown in purple, clusters that also contain protein variables are
shown in red (darker shades of red indicate higher concentrations of protein variables).



4.1 CLUSTERING

We can describe Equation 7 as adding to the cluster a new variable that has the highest average
absolute decayed correlation with the cluster’s other variables. This process of creating clusters
is then repeated until there are no variables v left with n(v)=0. In other words: we stop creating
new clusters if every variable veV belongs to at least one cluster.

The cluster size is set relatively low at s=10 in order to facilitate the execution of the compu-
tationally heavy cyclical causal inference algorithms later on. The decay factor A influences
to what degree the same variable is chosen again and again for multiple clusters, as such it
determines how many clusters are needed in total to cover all variables. Ideally, the overlap
of clusters is evenly spread out over the space of variables, this argues for a strong aversion
to choosing previously chosen nodes, and thus for a low A. On the other hand, we have to
choose previously chosen nodes in order to get the overlap we need to decently connect the
space of variables, which argues for a high A. This trade-off is made by aiming at having
every variable on average included in two different clusters. By examining multiple possible
values, we settled on A = 0.7, which approximately satisfies this aim for both datasets. With
this decay factor, a CITE variable is on average included in 1.92 clusters, and a MULTI variable

in 1.94.

In Figure 12 the results of this clustering method applied to the CITE data is visualized. The
21,741 variables of this dataset are assigned to a total of 4,181 clusters, which are represented
as nodes in the displayed network. Clusters that share two or more variables carry special
significance because this will later allow us to verify whether the causal networks found for
both clusters are consistent with each other. As such, clusters that have this overlap are joined
together by an edge in the visualization. We can see in the figure that the protein variables
tend to cluster together, consistent with the higher correlations we saw in Figure 11a.
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(b) Inset highlighted in (a), cluster cM03835 is shown to
contain 6 RNA variables and 4 DNA variables

(a) Full overview

Figure 13: Clustering of MULTI data, each node (n: 4,497) represents a single cluster, each edge (n: 5,328)
indicates that the two adjacent clusters share at least two variables. Clusters containing RNA
variables exclusively are shown in purple, clusters that also contain DNA variables are shown
in blue (darker shades of blue indicate higher concentrations of DNA variables).

The same visualization can be seen in Figure 13 for the MULTI data, where the 23,167 vari-
ables are assigned to 4,497 clusters. Even more so than for the CITE data, we can observe the
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clustering together of non-RNA variables, in line with the even higher correlations observed in
Figure 11b for DNA variables among themselves.

4.2 FCI FOR CYCLICAL CAUSALITY

Now that we have the different clusters, we can finally apply causal inference on the data. Each
cluster has a mere 10 variables, that number is modest enough to be fed to the FCI algorithm.
As discussed in Section 2.3.5, the output of this algorithm can be interpreted as representing a
system including cyclical causal relationships, this is the primary reason we employ it in this
work.

Similar to the use of Spearman’s rank correlation in Section 4.1, and for the same reasons,
we run the FCI algorithm on the rank values of the data instead of directly on the data itself.
Fisher’s Z tests (Fisher 1921) with a standard significance level of 0.05 are used in the FCI runs
to test for (conditional) independence.

In Figure 14 two clusters are visualized as examples of the output that this FCI procedure
produces. Remember that this output is a DPAG P, where adjacency between two nodes implies
the existence of an inducing path between them in any DMG § that is represented by P. More
precisely, an edge v—w in P means that v is an ancestor of w in §; v<-»w means that v is not an
ancestor of w nor vice versa in §; and open-circle edge-endpoints are interpreted as possibly
being either an arrowtail or an arrowhead.
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ENSG00000161133 ENSG00000250474 .

ENSG00000249884

(a) FCI output of cluster cC04022. (b) FCI output of cluster cco1164.

Figure 14: Output of the FCI algorithm on two CITE clusters (open-circle endpoints are represented by
filled dots). The two displayed clusters share two variables which are highlighted in both
figures (this overlap can also be seen in Figure 12b).

The FCI outputs of both example clusters imply an inducing path between the RNA variables
ENGS00000234665 and ENGS00000247627, but they do not agree on the ancestral relationship be-
tween the two. Figure 14a clearly designates the former as an ancestor of the latter by way of
the directed edge (—) between them, but in Figure 14b we observe no such edge. Stronger
still, the graph does not contain a possibly directed path between the two nodes; specifically
implying non-ancestry.
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To get an idea of what a typical output DPAG looks like beyond these two examples, we turn
our attention to Figure 15, here the composition of edge types for each cluster’s DPAG is vi-
sualized. For both the CITE clusters and the MULTI clusters, the distribution of edge types is
very similar. Note that since a cluster has exactly 10 variables, it contains % -10-(10—1) =45
possible edges, so we can observe that about a third of all clusters yielded a fully connected
graph consisting only of undirected open-circle edges (c<). On the other side of the spec-
trum, we see that there is not a single cluster that contains less than 15 edges in total, which
makes sense considering that the clusters were formed by searching for correlated variables,
making it highly unlikely that within a cluster many variables would be independent of each
other.
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(a) CITE clusters (n: 4,181).

40

20 A

Edge Count

(b) MULTI clusters (n: 4,497).

Figure 15: Counts of different edge types resulting from the execution of FCI across all clusters (along
the horizontal axis) for both the CITE and MULTI data.






RESULTS AND DISCUSSION

With the two-tiered approach to causal inference wrapped up, we now inspect the results. This
is done by checking the consistency of ancestral relationships between overlapping clusters,
which we shall discuss first. After that, we go over some of the shortcomings of this approach
and cover subsequent suggestions for future research.

5.1 CONSISTENCY

In Section 2.2.4 we ended on the sufficient conditions needed to determine both ancestry and
non-ancestry of an ordered pair of distinct variables (v, w). Here we use this to verify the
consistency of the output of the FCI algorithm for all the different sub-clusters. In order to
do so, we first gather every (unordered) pair of clusters that have an overlap of at least two
variables, and subsequently gather every ordered pair of variables within that overlap. This
collection of pairs, which we shall call O, contains 20,606 and 24,174 pairs for CITE and MULTI
respectively. Additionally, we can look at the overlap between CITE clusters and MULTI clusters.
Both clusters” FCI outputs were created with altogether different datasets, but these datasets
still share a considerable portion of their RNA variables, leading to 18,906 overlapping pairs in
O for this cross, denoted as CITE x MULTL

An element p € O is a tuple of two variables and an unordered pair of associated clusters:
p = (v,w,{Cq, Cp}). For each of these we can now determine, for both its clusters, what the
verdict of the FCI’s output CDPAG P is. That is, whether P either (i) implies ancestry ve ANg(w),
(ii) implies non-ancestry v ¢ ANg(w), or (iii) could not make a statement about v's ancestry
of w in the underlying DMG §. In the first two cases, we call the verdict identified within the
context of that cluster, otherwise we call it unidentified. If two verdicts are both identified, but
not in agreement with each other, then they are called inconsistent, otherwise consistent.

Let Xq(p) and Xy(p) be the verdicts on ancestry of p € O in the context of its two clusters
respectively, and X.(p) may refer to either of the two. Each of these can take on one of the
following three values: (A)ncestor, (N)on-ancestor, or (U)nidentified. Figure 16 visualizes the
results of these evaluations, where we can see that the majority of cluster-specific evaluations
of an overlapping ordered pair leave its ancestry unidentified. This is important to note, be-
cause any duo of verdicts that includes an unidentified one is always consistent.

In combination with the high correlation of the identifiability of paired verdicts, this creates
a problem. Namely, if we were to test whether paired verdicts are more often consistent than
chance; that is, for independent random pairs p and p’:

P(Xa(p) and Xp(p) are consistent) > P(X*(p) and X,(p') are consistent), 8)
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(a) CITE (n: 20,606). (b) MULTI (n: 24,174). (c) CITEXMULTI (n: 18,906).

Figure 16: Counts of ordered pairs of distinct variables (v, w) that are together contained in an overlap
between two (unordered) clusters; categorized by whether v is an ancestor of w according to
the FCI's output CDPAG of both clusters. The evaluation of ancestry is either identifiably yes
(Ancestor), identifiably no (Non-anc.), or unidentifiable from the CDPAG (Unident.). The two
clusters are either based on CITE data (a), on MULTI data (b), or on one of each (c).

then we would be likely to observe the opposite instead. This is due to the bias of an identified
verdict to pair up with another identified verdict, thereby creating the necessary conditions for
inconsistency; whereas a random draw would pair most identified verdicts with unidentified
ones, never creating these necessary conditions in the first place. To correct for this, we shall
leave out any variable-pair for which either cluster claims unidentifiability.

First, however, we should back up the claim of dependence between the identifiability of a
pair’s two verdicts. To that end, we set up a binomial test with a null-hypothesis that claims
that the probability of identifiability is not affected by conditioning on the other cluster’s
identifiability. That is, for a random pair p:

P(Xo(p) # U | Xalp) #£U) = P(Xu(p) # U). ©)

For our test, we are interested in the degree to which identifiable ancestries match up in their
overlap compared to a random draw from the unconditional verdicts. With that justification,
we can use the following estimate of P(X.(p)#U) as the Ho-probability in our test:

po = 5ig (X [Xalp) £ U]+ X [Xulp) # U], (10)

peO peO

The total count and success count for the test are then calculated by considering every sin-
gle verdict (two for every pair in O) and check whether this verdict was (i) identified for
the total count, and (ii) identified and paired with another identified verdict, for the success
count:

Now = ) [Xalp) ZU]+ D [Xelp) # U],
peO peO
(11)
Nsuccess = 2 - Z Xb #UandX ( )#U]
PO

The alternative hypothesis is that the conditional probability from Equation g is instead greater.
Table 1 shows that the test-statistics, the success-ratios estimated from the counts, are signifi-
cantly higher than their respective py’s; leading to minuscule p-values and a sound rejection



5.1 CONSISTENCY

DATASET NroTaL NsuccEess Hp PROB. STATISTIC P-VALUE
CITE 9,728 4,718 0.236 0.485 0.0-10732

MULTI 11,941 5,494 0.247 0.460 0.0-1032

CITE X MULTI 7,618 2,736 0.201 0.359 0.0-1032

Table 1: Results of the binomial tests that test the dependence between the identifiability of the two
verdicts of a pair p € O; for both datasets and their cross. The null hypothesis claims the
equality of Equation 9, the alternative claims the left-hand side to be greater.

of the null-hypotheses. We are thus justified to exclude the pairs p € O which include an
unidentified verdict from consideration in our upcoming tests.

With this confirmation in hand, we can now test the consistency of pairs p € O with solely iden-
tifiable ancestry verdicts. Our null-hypothesis claims that the probability of a pair’s verdicts’
consistency, given that both are identified, equals the probability that two randomly drawn
identified verdicts are consistent. It is captured by the following equation for independent
random pairs p and p':

P(Xa(p) = Xu(p) | Xa(p) # Uand Xy(p) # U)

(12)

with the alternative hypothesis claiming the left-hand side to be greater. The Hp probability
is calculated as the probability of drawing two consecutive A-verdicts or two consecutive
N-verdicts from the pool of observed single verdicts that are either A or N:

e o= ) [Xap)=x]+) [Xelp)=x], for xe{ANU
peO peO

na 2 Ny 2
vo = (o) +Gtn)
N + Ny N + Ny

For the total count and success count of the test, we consider all pairs (instead of single
verdicts) and check (i) whether both verdicts of the pair are identified for the total count, and
(ii) whether, additionally, they are also consistent for the success count:

(13)

Niotal = Z [Xa(p) # U and Xb(p) # U],
pcO
(14)
Nsuccess = Z [Xa(p) # U and Xp(p) # U and X4(p) = Xb(p)] .
pcO

The results are summarized in Table 2. We see that, with a significance level of 0.01, the null-
hypotheses are cleanly rejected for both the CITE and MULTI datasets, but this is clearly not
the case for their cross CITEXMULTI; this difference can also be seen in Figure 16c. A possible
explanation for the consistency within datasets not carrying over across datasets could be the
following.
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RESULTS AND DISCUSSION

DATASET N1oTAL NsuccEss Ho PROB. STATISTIC P-VALUE

CITE 2,359 1,601 0.627 0.679 1.1-1077

MULTI 2,747 2,031 0.668 0.739 24.1071°
CITEX MULTI 1,368 765 0.560 0.559 0.528

Table 2: Results of the binomial tests that test the consistency of the two verdicts of a pair p € O; for both
datasets and their cross. The null hypothesis claims the equality of Equation 12, the alternative
claims the left-hand side to be greater.

The full data from a single dataset implies a certain structure of causal relationships that
the FCI algorithm performed on its sub-clusters is indeed able to find, explaining the internal
consistency. However, this implied structure does not accurately reflect the underlying process
that generated the data, explaining why we find different causal relationships when we repeat
the process based on new data. This idea is reinforced by high degree of noise observed
in the data; noise can shape the causal structure implied by the data, which is lost when
considering another dataset, but is retained when looking at an overlapping cluster in the
same dataset.

This is rather poor news for our effort to map the flow of genetic information in a cell. However,
due to the highly significant results for each single dataset in Table 2, we can still safely
conclude that performing FCI on small subsets of the full variable-space retains at least some
of the causal relationships implied by the full space. This is important, as it justifies to a
degree the representation of a global causal network by the sum of its parts; a key piece of
our approach to tackling cyclical causality in high-dimensional spaces.

5.2 LIMITATIONS AND FUTURE RESEARCH

The most obviously limitation is the lack of consistent causal graphs across datasets, but, as
mentioned in the previous section, that might be an indication of a general difficulty the FCI
algorithm has in discerning the true causal DMG from the noisy data. For future research, a
suggestion would be to give the algorithm a bit more foothold to help it along. We could,
for example, assume that adjacencies in an underlying DMG can only occur between different
modalities. This would be justified by considering the primary flow of genetic information:
DNA—RNA—protein—DNA. In the context of a single dataset, this would reduce to either
RNA—protein—RNA or DNA—RNA—DNA for CITE and MULTI respectively; in either case, ad-
jacencies are expected to be between differing modalities. From the outset, it is not entirely
clear how one would incorporate this kind of extra knowledge in the FCI algorithm. However,
that may be worth investigating, as it would significantly reduce the number of possible ad-
jacencies; especially considering that each dataset is dominated by a single modality (RNA) in
terms of variable count. As such, it could limit the influence of noise on the output.

Also the significant results in Table 2 deserve some scrutiny. Though the observed consistency
is much better than mere chance, it is far from perfect; 0.679 and 0.739 for CITE and MULTI
respectively. If we were planning to use the numerous CDPAGs as building blocks to create a
single network spanning the entire variable-space, then it seems likely that we would require
perfect or near-perfect consistency between these building blocks. A suggestion for future
research would be to handle this as follows. Instead of performing FCI on each cluster inde-
pendently; perform them one by one, each time moving to an overlapping cluster and taking



5.2 LIMITATIONS AND FUTURE RESEARCH

any previously identified information as background information to the FCI algorithm. In this
way the consistency between clusters is a given, and the use of additional information may
also lead to more conclusive FCI output. The obvious drawback of this is that the consistency
between clusters can no longer be used to verify the found results. This drawback, instead
of ruling out the suggested method, should instead be interpreted as a symptom of a more
general limitation of this work; one that can be fixed as well.

It concerns the following. Both issues outlined above are in some way connected to our effort
to solve two problems simultaneously. The first one is the development of a causal inference
method that can handle cyclical causality in high-dimensional data; compounded by the ad-
ditional complication that the data is segregated into two datasets that need to be bridged by
their overlap in variables. The second problem is the application of this method to a relatively
poorly understood and noisy corpus of data. The lack of a ground truth makes it hard to verify
this new method, and the lack of a verified method makes it hard to judge its output.

This brings us to the primary suggestion for future research, which is to take a more principled
approach by splitting this problem up into the two separate projects that it deserves. The
verification of the method can be done by generating experimental data, given a cyclical DMG §
of high dimension. In order to mimic the segregated nature of the multimodal single-cell data;
the generated data can be split into two separate datasets, deleting a subset of the variables in
one, and deleting another subset in the other. Since we know the causal graph § underlying
the data, we know the ground truth of this problem to be its o-independence model IM 4(9).
With this ground truth in hand, the verification of our method as well as the impact of the
updates suggested above, can be straightforwardly evaluated. Additionally, it would give a
sturdy foothold to tweak the method and optimize it for fidelity. Note that there is still a lot of
room for variation in the construction of the clusters and in the use of background information.
Experimentation with these variations has little value now, but would have considerable value
if a ground truth was available to evaluate these variations against.

If and when this method is verified, including any updates and modifications, it can be reap-
plied to the multimodal single-cell data under consideration here. An additional venue of
further research would then be to verify the resulting causal relationships against known re-
lationships from biological research. The relationship between DNA and RNA is fairly well
understood; given the identifiers of the genes that we have in our data, they could be matched
to their reference sequences, using a source like the NCBI 2023 databases. This should pro-
vide actionable information on the relationship between various DNA and RNA genes. Similar
information may be found for the relationship between RNA and proteins; and together this
could provide a partial approximation of the ground truth behind the observed data.
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CONCLUSION

We set out to map the causal relationships between the numerous DNA genes, RNA genes,
and proteins in a cell. To this end we proposed a two-tiered causal inference approach that
would be able to handle high-dimensional data generated by a process that contains cyclical
causal relationships. Specifically, we look at the multimodal single-cell data provided by Open-
Problems 2022, which has two datasets, (i) the CITE dataset containing observations of RNA
genes and proteins, and the (ii) the MULTI dataset containing observations of DNA genes and
RNA genes.

Even though this approach was specifically designed to handle high-dimensional data, the
first order of business was still to reduce the dimension of the DNA modality. With data on
200k+ different DNA genes, this modality was pushing the limits of feasibility; with the main
bottleneck being the computation of the correlation matrix, requiring a quadratic order of
calculations. We reduce this modality to a few hundred variables by combining neighboring
genes vis-a-vis their physical location on the chromosomes.

Next was the first tier of our approach, we performed a custom clustering procedure to sub-
divide the variable-space into partially overlapping clusters. Each cluster was to be small
enough to make it manageable for a standard causal inference algorithm, and the overlap
would provide a way to link the various clusters together.

The second tier of the approach involved the execution of the FCI algorithm on each of the
individual variable subsets defined by the clustering. The output of the FCI algorithm can be
interpreted as representing a possibly cyclical DMG. This is shown by Mooij and Claassen 2020,
which has served as the central source of theory throughout this work.

To evaluate the results of the execution of these two tiers, we focused on the overlapping
parts of the clusters. Since each cluster has its own FCI output that implies certain ancestral
relationships between its variables; we could check whether the overlapping parts were judged
consistently by different clusters. We indeed found this consistency among overlapping CITE
variables, and among overlapping MULTI variables, but not for overlap between CITE variables
and MULTI variables.

This led us to believe that, while the two-tiered procedure can be used to identify causal
relationships in high-dimensional data driven by cyclical causality; it is not suited, in its
current form, to discover the underlying process that drives the multimodal single-cell data.
We propose various ways to improve the procedure aimed at its current shortcomings; most
prominently we propose to verify the two-tiered approach with data for which the generating
process is known, before applying it to the complex and noisy data of intracellular dynam-
ics.
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