E1OO0OResearch

F1000Research 2022, 11:518 Last updated: 13 NOV 2024

METHOD ARTICLE

'.) Check for updates

DeepReGraph co-clusters temporal gene expression and cis-

regulatory elements through heterogeneous graph

representation learning

[version 1; peer review: 1 approved, 1 approved with reservations]

Jesus Fernando Cevallos Moreno
Aminael Sanchez-Rodriguez

", Peyman Zarrineh?*,
3, Massimo Mecella’

Dipartimento di Ingegneria Informatica Automatica e Gestionale, Sapienza University of Rome, Roma, RM, 00185, Italy

2School of Medical Sciences, University of Manchester, Manchester, M13 9PT, UK

3Department of Biological Sciences, Universidad Técnica Particular de Loja, Loja, 1101608, Ecuador

* Equal contributors

V1 First published: 13 May 2022, 11:518
https://doi.org/10.12688/f1000research.114698.1

Latest published: 13 May 2022, 11:518
https://doi.org/10.12688/f1000research.114698.1

Abstract

This work presents DeepReGraph, a novel method for co-clustering
genes and cis-regulatory elements (CREs) into candidate regulatory
networks. Gene expression data, as well as data from three CRE
activity markers from a publicly available dataset of mouse fetal heart
tissue, were used for DeepReGraph concept proofing. In this study we
used open chromatin accessibility from ATAC-seq experiments, as well
as H3K27ac and H3K27me3 histone marks as CREs activity markers.
However, this method can be executed with other sets of markers. We
modelled all data sources as a heterogeneous graph and adapted a
state-of-the-art representation learning algorithm to produce a low-
dimensional and easy-to-cluster embedding of genes and CREs. Deep
graph auto-encoders and an adaptive-sparsity generative model are
the algorithmic core of DeepReGraph. The main contribution of our
work is the design of proper combination rules for the heterogeneous
gene expression and CRE activity data and the computational
encoding of well-known gene expression regulatory mechanisms into
a suitable objective function for graph embedding. We showed that
the co-clusters of genes and CREs in the final embedding shed light on
developmental regulatory mechanisms in mouse fetal-heart tissue.
Such clustering could not be achieved by using only gene expression
data. Function enrichment analysis proves that the genes in the co-
clusters are involved in distinct biological processes. The enriched
transcription factor binding sites in CREs prioritize the candidate
transcript factors which drive the temporal changes in gene
expression. Consequently, we conclude that DeepReGraph could
foster hypothesis-driven tissue development research from high-
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throughput expression and epigenomic data. Full source code and
data are available on the DeepReGraph GitHub project.
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Introduction

Gene regulatory networks drive gene expression during cell development. Studying the regulatory networks’ effects on
gene expression has become an essential topic in evolutionary developmental biology. Recently, a wide range of temporal
high-throughput experiments has become available for both normal development and disease-related investigations.'
For example, the ENCODE consortium has provided comprehensive fetal development datasets for 12 tissues in mice
from the E10.5 stage to the birth time P0." These datasets include both gene expression data and major transcriptional and
epigenetic features. Some of the latter come from ATAC-seq experiments that measure chromatin accessibility, whole-
genome shotgun bisulfite sequencing experiments measuring DNA methylation, and histone modifications.’ Similar
datasets, though in lesser amount, exist to study aging (see arecent review by Pagiatakis ef al.”). Cancer, instead, is among
the diseases with the largest amount of available gene regulatory datasets (see a recent review by Zboril ez al.”).

Gene expression regulation occurs via non-coding segments, also known as cis-regulatory elements (CRE)." Associating
CRE:s to the genes they regulate is the key to deciphering temporal dynamic changes through development. As CREs and
genes are distinct entities located on different genome coordinates, a concurrent study of these has been challenging.
Many methods have been developed to study genes and CREs separately through development in the last years. Infinite
Gaussian Process Mixture Model’ and Convolutional Neural Networks® are among the most successful methods to
find temporal clusters of either genes or CREs. Generally, high-throughput datasets are highly clusterable, and even
conventional clustering methods like K-Means clustering can also generate satisfactory results when used for a single
source dataset (i.e. genes or CREs). However, combining or aligning the clusters across data sources is still a major
challenge.

Insights about developmental regulatory networks are typically gained by the application of Multiview learning to align
single-cell RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-seq).”” Such methods permit the
classification of different cells through the combination of various high-throughput experiments made over the same cell
population.'™"" The Seurat method,'” for example, makes different reduced dimension representations of single-cell
gene expression and CREs data. Such a method uses Canonical Correlation Analysis to place multiple datasets on a
common latent space with reduced dimension and anchor a population of cells across different modality datasets. Other
methods rely on stronger prior knowledge about cell alignment to anchor multiple modalities. This is the case of the
Multi-Omics Factor Analysis v2 (MOFA+), a statistical framework for the comprehensive and scalable integration of
single-cell multi-modal data.'? More recently, multi-modal dataset alignment methods have been developed based on
state-of-the-art deep learning techniques.'”'> MAGAN, ' for example, successfully aligned scRNA-seq and scATAC-
seq datasets using Generative Adversarial Networks (GAN). Yang ez al.,'” used deep auto-encoders to map multiple data
modalities of a population of cells to a common latent space. They used prior knowledge and adversarial learning to drive
the correct alignment of data. Comprehensive surveys on multi-modal or multi-view learning applied to multi-omics
datasets can be found in.*'®

The works mentioned above explore gene expression regulatory mechanisms by combining multiple views of the
same cell population. This work investigates gene regulatory networks by clustering two diverse entity types together:
We sought to group CREs with their correspondent regulated genes. In this sense, we performed a heterogeneous network
clustering task. Heterogeneous data interaction was also modelled by Huang et al.'” for predicting transcription
factor interactions with their target genes. Wang”” and Zhou®' instead, modelled gene-disease interactions trough a
heterogenous-network model. Other recent problems solved through heterogeneous graph-based models include Gene
Ontology Representation Learning,”” Gene prioritization for rare diseases” and drug repurposing.”* The main novelty of
this work is the introduction of a model for regulatory networks discovery which is based on the concept of
“Heterogeneous Graphs”.”” We modelled a graph containing two classes of nodes: genes and their potential regulatory
elements, now on termed as candidate-CREs (cCRE), and multiple types of relations or edges between nodes. One such
relation type is the similarity between temporal gene expression profiles. Another relation type is the similarity between
temporal cCREs activity patterns. Finally, we introduced a third edge type: the base-pair distance between genes and
cCREs in the genome. Having defined such relations, we propose the usage of graph representation learning (graph RL)
to group genes and cCRE:s as a function of the probability of the existence of gene regulation mechanisms between them.

To this end, we extended a state-of-the-art graph RL algorithm presented in Ref. 26 to make it capable of learning
representations of heterogeneous graphs and applied it to the ENCODE heart dataset in Ref. 1. We used open chromatin
regions from ATAC-seq as cCREs. Besides ATAC-seq, we used H3K27ac and H3K27me3 histone marks, well-known
markers of enhancer activity, and polycomb repression. Our framework produced a relation type between genes and
cCREs which is aware of both same-class pattern similarities and base-pair proximities between elements of different
classes. Moreover, through the usage of the adaptive neighbors model presented in Ref. 26 we produced a “clustering-
friendly” embedding where we could straightforwardly perform clustering. The resulting clusters contained both genes
and cCREs and tended to identify possible regulatory mechanisms. We demonstrated this claim by evaluating such
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clusters’ semantic power with external expert criteria. We concluded that the proposed methodology is able to learn
suitable combinations of multiple entity relations to form a unique relation under a graph that resembles a gene regulatory
network. Our framework is called DeepReGraph, because it is a Deep learning-based algorithm for identification of gene
expression Regulatory mechanisms through heterogeneous Graph RL. Our full code, the pre-processed datasets used,
and the values used for all the parameters and hyperparameters used in our experiment are online available at our
repository'.

Methods

To demonstrate DeepReGraph’s ability to cluster genes and cCREs simultaneously, we applied this method to a mouse
heart fetal developmental dataset from the ENCODE project.” Gene expression and cCRE activities were time-series
formatted. We used three well-characterized epigenetic markers: ATAC-seq, H3K27ac, and H3K27me3 measurements
as features of cCRE temporal activities. We aimed to create a low-dimensional and clustered representation of the whole
dataset, where clusters represent candidate gene-expression regulatory mechanisms (GERM). In other words, we aimed
to create clusters containing both genes and cCREs, with the working hypothesis that cCRES on a cluster are plausibly
regulating the expression of the genes in the same cluster. Moreover, genes on the same GERM cluster should have
similar gene expression profiles, and cCREs should have similar activity profiles. Lastly, the base-pair distances between
genes and cCREs on the same cluster should be relatively small with respect to distances between elements in different
clusters. We validated heterogeneous clusters of genes and cCRES to study how gene regulatory networks (GRN) drive
changes in gene expression during mouse heart fetal development. To validate gene expression clusters, we performed
enrichment analysis of biological process gene ontology terms using the ClusterProfiler bioconductor package.”’ To
validate the cCRE clusters, we looked for the Enriched Homer Motifs.”*

Data pre-processing

Data pre-processing was done in two stages. Firstly, gene expression and cCRE datasets were normalized across temporal
data. The second stage included filtering-out temporal profiles where the correlation across replicates or the variance
across time was below some pre-defined thresholds. We explain the pre-processing stages in greater detail below.

We firstly downloaded the gene expression values, called peaks, and bam files of ATAC-seq, H3K27ac, and
H3K27me3 from the ENCODE database' (mice heart fetal tissue). We used logFPKM values of gene expression
throughout this paper. To detect cCRE regions, we re-centered ATAC-seq called peaks across time points and replicates
using the bioconductor DiffBind package.”’ To determine chromatin accessibility in each cCRE region, we took regions
of 500 nucleotides long (250 nucleotides on each side from the center of cCREs). We recorded binding intensities for each
replicate of each time point separately by using the bioconductor Rsubread package.”’ We counted H3K27ac and
H3K27me3 marks for cCREs in the same manner, but used regions 3000 nucleotides long instead (1500 nucleotides each
side from the center of cCREs). We took the median value of non-peak regions in each experiment separately to remove
background counts from real intensity counts. Then, we subtracted these median values from the intensities of each
experiment separately. We used logRPKM values of denoised counts across replicates and time points. Removing the
background noise caused the distribution of each experiment to resemble a Gaussian distribution.

Atthe end of this process, we had two replicas of gene expression time-series profiles for a set of genes and two replicas of
cCRE activity time-series for each activity marker over a set of cCREs. We then proceeded to filter out invalid genes and
cCREs based on two criteria. The first group of filters we applied to this data were proposed in Ref. 3 1. For each gene, we
measured the correlation of the gene expression profiles of both replicates and discarded every gene whose replicate had a
negative correlation value. We did the same with the cCRE:s for each activity marker profile. If only one activity marker
had a negative correlation between replicates, the cCRE was discarded. We also discarded every element (gene or cCRE)
where two consecutive time probes had an absolute ratio greater than 2.

We also discarded low-expressed genes and low activity-characterized cCREs.””> We computed the mean gene expression
value for each gene and discarded every gene whose mean expression value was under the 0.8 percentile of such mean
value distribution. We did the same with cCREs: we computed the mean activity value for each activity marker and
discarded every cCRE where the mean value was below a minimum percentile threshold. Such thresholds were 0.8 for
ATAC-seq and 0.7 for H3K27ac and H3K27me3. Lastly, for gene expression and each activity marker dataset, we
created a 3-rd degree polynomial regression to estimate the variance of each time series as a function of its mean value. We
discarded all the elements where the actual variance was below the predicted variance. Our pre-processed and cleaned
data consisted of 607 genes and 5239 cCREs from the mouse heart dataset. This dataset is available online on our public
repository. Our objective was to shed light on regulatory mechanisms among genes and cCREs. Having cleaned our

'https://github.com/QwertyJacob/DeepReGraph
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dataset, modeling it as a heterogeneous graph is the strategy we used to combine all the data and learn a new relation type
between elements that gives information about gene expression regulation. We explain the graph modelling in the next
paragraph.

Heterogeneous graph model

Many industrial data are represented in a graph, as multiple entities with quantifiable relationships between them.
Nowadays, graph modelisation is widely used in bioinformatics.”” One strategy to extract added-value from graphs is
the use of graph RL algorithms. Graph RL has been widely studied by the research community over the past few years
years.””**=*° Graph RL algorithms seek to map the information of a graph on a reduced-dimension latent space where the
geometrical distances between elements in such space resemble the relations in the original graph. In other words, graph
RL, also referred to as “graph embedding”, consists in finding a reduced dimensional representation of the nodes of a
graph while conserving most of the semantic information of such a graph.”’-**

A graph can be homogeneous if it has a unique type of node and a unique type of relation defined between them, or
heterogeneous, if it introduces multiple edge and node types. We argue that regulatory networks during embryonic
development can also benefit from being modelled as a heterogeneous graph. Reduced-dimension representations of such
a graph could contain multiple types of information that, if well combined, could semantically express regulatory
mechanisms of gene expression.

We defined a heterogeneous graph and described itas G = (V, &, T ), where V is the set of nodes, & is the set of edges and
T =T ¢UT y is the set containing all the node types and edge types. The set of node types consists of genes and cCREs,
and is denoted by 7y = {genes, ccres}. Each gene g;, Vi€|Vgenes| in the dataset is characterized by a gene expression time-
series profile that will be encoded in a vector denoted by g;. Note that the length of g; coincides with the number of time-
points considered in the gene expression data. The vectors g;, Vie \Vgenes\ can be concatenated as rows to form the feature
matrix represented in red in panel A of Figure 1.

Every candidate cis-regulatory element, instead, will be denoted as ¢ j,Vj€|Vgem| and will be characterized by M activity

time-series profiles, that will be encoded in corresponding vectors denoted as c ,¢2 % ...,c’}” . The time-points under which

gene expression and cCRE activity values are available are the same. In this work M = 3. Specifically, we considered the
ATAC-seq, H3K27ac, and H3K27me3 activity time-series profiles for each cCRE, but one could include more cCRE
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Figure 1. Schematic representation of DeepReGraph. Our framework combines multiple temporal enhancer
activity markers with temporal gene expression data and base-pair distances to build a heterogeneous graph of
genes and cis-regulatory elements (CRE). The proposed framework then applies an adapted version of AdaGAE*® to
find alow-dimensional, easy-to-cluster embedding representation of data through an iterative optimisation process.
In the final embedding produced by our method, the spatial distribution of genes and cCREs resembles candidate
gene-expression regulatory Mechanisms.

Page 5 of 22



F1000Research 2022, 11:518 Last updated: 13 NOV 2024

activity markers in the set of features. Note that the vectors c’j’-’,Vje\VccREA can be concatenated as rows to form the
matrices represented in blue in panel A of Figure 1.

Each node of our graph was associated to one or multiple feature vectors that can be seen as points on a multi-dimensional
feature space. The set of feature-spaces defined for the nodes in G is denoted as R={G,C,C3,...Cy } where G is the
gene expression feature space and C;,C»,...Cy are the feature spaces of the M cCRE activity data. Each one of these
feature spaces will be referred to as original feature space, and the vectors g;, cjl,cjz, . cﬁ“ as original feature vectors from
now on. Note that such vectors correspond to the rows of the matrices in panel A of Figure 1. It is well-known that the
probability of the existence of a regulatory mechanism between a gene and a cis-regulatory element is inversely
proportional to the base-pair distance between them.** For this reason, in our work, we used another data source, called
the Link Matrix, that gives us information about the base-pair distance between genes and cCREs. We represented such a
matrix in panel C of Figure 1. Interaction between cCREs and genes is generally possible in the range of 1 Mega base-
pair.*’ Consequently, we considered only distances lower than 10° base-pairs. For practical purposes, we scaled the base-
pair distance values in the interval [0, 1] to define a scaled base-pair distance function, D?7:

D" (gicj) —>dff)€[0,1]a
V' 8,€Vgenes» ¢ j €V crES

Given the scaled distance function, we created a base-pair proximity relationship Sgp using a parametric transformation:
1

Spp(i.j) = (df]-P/ﬁL.yd 41

, Vi jeV )]

where f. and 3, are fixed hyper-parameters. Notice that the domain and co-domain of SBP is defined in the interval [0,1].
The gene-to-cCREs relationships defined by Sgp are sparse in the sense that, for each gene, only a few cCREs will have a
non-zero proximity value for it.

The interaction between CREs and the genes they regulate is complex. Some CRE markers are correlated with gene
expression and some others are anti-correlated.”’ This correlation or anti-correlation is governed by the mechanism
that a specific marker affects the gene expression. For example, chromatin should be opened prior to the gene expression.
Therefore, chromatin accessibility is commonly directly correlated with gene expression. H3K27ac is also directly
correlated with gene expression, as this epigenetic modification happens in active transcription regions. On the other
hand, H3K27me3 shows epigenetic modifications that happen at polycomb repressed regions, and are consequently
inversely correlated with the expression of the corresponding regulated genes. We needed to capture the relevance of
these and other temporal covariances between gene expression and the correspondent regulatory elements’ activity
markers.

To this end, we created a joining score, J7, as a function of the temporal slopes of gene expression and cCRE activity time-
series:

2 omen@mY}
Jr(g,c)) =y + =2 )
T(gl J) ‘yrg ZmeMwm

_ 9g; - oac’} 2)
o (E) 7om()

v 8i evgenes’ Cj EVCCRES

, where:

where the temporal slope of gene expression vector g; is denoted by %, the slope of cCRE activity vectors is

%,Vme{o, 1,...,M —1}, sgn(-) is the signum function, and w,,€[—1,1] is a fixed parametric weight for the ¢ trend

slope.
We computed a trend-aware score multiplying (1) and (2) for each gene-cCRE pair in our graph:

SBP\T(g,ij) =Spp(ij) - Jr (gi’cj)’
V' 8:€Venes» C;EVeCRES

3

We represented the computation of Equation (3) in panel D of Figure 1. Having defined the trend-aware score, we could
differentiate between any pair of genes, g; and g, when these were equally proximal to any cCRE ¢; but had gene
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expression vectors with different temporal trends. In this case, the original base-pair proximity score in (1) assigned the
same value to the association (g j,c,-) and (g;,¢;). Notice that the trend-aware score in (2), instead, distinguishes the most
plausible association of ¢; with respect to the alternatives g; and g, as a function of the temporal slopes of the gene
expressions elements. In our experiment, we found the best results setting warac = 1, ©u3x274c = 0 and wp327me3 =0 in
Equation (2).

The set of edge types in the graph is denoted as 7 ¢ = {SBP‘T,SG,SC] ,8¢ys--8¢y, } As explained before, Sgp|r indicates
the trend-aware base-pair proximity relationship explained above; S stands for the gene expression profile similarity
between genes, and S¢,, S¢,, ..., S¢,, are the relationships that express the different cCRE activity time-series similarities.
We aimed to combine all edge types in 7 & to find a unique multi-semantic edge type that resembled gene expression
regulation mechanisms. The process of combining edge types is represented in panel E of Figure | and is explained later
in this section. To perform the combination of all edge types in 7 g, we modelled the data as a heterogeneous graph
and designed a graph RL algorithm capable of extracting such a dependency between elements using prior biological
knowledge and the data available. We explain the graph RL algorithm we used to fulfil our objective in the next
paragraph.

Graph representation learning

Graph RL algorithms aim at finding a matrix: Z€RV/* that contains information about every feature-space in R. In our
case, we used a graph RL algorithm to find a unique feature space for the nodes of G that comprises most of the
information encoded by the feature spaces contained in R. The rows of Z correspond to a new set of feature vectors for
each node in G. Each row of Z is called an “embedding vector” and is a reduced-dimension representation of the whole set
of original feature vectors of a given node.”** The embedding vectors are “multi-semantic” in that they contain
information from every feature space in R. The dimension of embedding vectors, d, is generally lower with respect to the
dimension of the original feature spaces. The embedding matrix Z is represented in panel F of Figure 1.

Graph RL is also referred to as “graph embedding”. Giving a node ve), and a specific edge-type €7 «, the neighborhood
of vin r is denoted as AV, (v) and corresponds to the set of nodes that are connected to v by z-type edges. We denote with
N (v) instead the set containing every neighborhood of v:

N©)={N.(v),Vi€T &}

The heterogeneous graph embedding process can be represented by an encoding function that takes in input a node ve)
and its neighborhood set, A/ (v), and returns a new representation for that node:

f N () = zeR? @

One of the most common methodologies for implementing (4) is the encoder-decoder paradigm.”® This paradigm also
models an auxiliary decoding function. Considering a homogeneous graph, i.e. a graph with a unique node feature space
X, the encoder function in (4) takes as input original feature vectors of X, and outputs the corresponding embedding
vectors:

f(X,) = z,—,ViE|V\

The decoding function, instead, takes as input a pair of node embeddings produced by the encoder, e.g. z; and z, and
outputs a real number. Such a number is the prediction of the value of a pre-defined pair-wise relationship between x;
and x;:

Dec: (zi,z_,-)ﬂﬁi’je[R 5)

where V;; is the predicted value of any pre-defined pair-wise relationship between x; and x ;. For example, v;; could be the
predicted cosine similarity between such vectors, or any other similarity/distance function.

The encoding and decoding functions should minimize a reconstruction loss of the form:

32 Z A(?,-Q,-,vi:f) (6)

i.jelV|

where v;; is the real value of the pair-wise relationship between x; and x; that (5) predicts, and A is a pre-defined
discrepancy function that takes as input the predicted and real values for any pair of nodes. Once the encoding and
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decoding functions that minimize (6) have been found, the original feature vectors can be fed to f to obtain the
definitive graph embedding Z. This embedding consists of a group of points in a low-dimension embedding space. In
our experiment, we adapt the encoder/decoder paradigm to a heterogeneous graph context. Our main objective was for the
the spatial distribution of these points in the embedding space to reflect plausible gene-expression regulation mecha-
nisms. To this end, we proposed to find a parametric encoding function, and in particular, we chose to implement (4) using
a deep graph auto-encoder as explained in the next paragraph.

Graph auto-encoders

A convenient framework that implements the encoding-decoding paradigm is the deep graph auto-encoder (deep
GAE).*” In this framework, (4) was implemented through a graph neural network (GNN), an artificial neural network
that takes the original feature vectors and the adjacency matrix of G as input and produces the node embedding vectors.
GNNss are non-linear parametric functions, and after a pre-defined initialization schema, the parameters of these functions
can be optimized to minimize (6) through gradient descent.

In this work, we proposed the use of the basic GNN model presented in Ref. 25. In a homogeneous graph context, the
basic GNN takes as input the node feature matrix XeRM>*" and a pre-defined graph adjacency matrix denoted by
AeRM*VI and performs non-linear parametric operations with this information to produce Z. In matrix notation, the
operations made by the basic GNN model can be represented as follows:

Z=o0 <W.yg1fX + anighKX> @)

where ¢ is a non-linear operator, the learnable parameter matrices Wi,y and W,,;g;, are responsible for combining the
features of each node with the features of an aggregation over its neighborhood, and A is the symmetric-normalized
adjacency matrix of G:

where D is the degree matrix of A.

We defined a parametric “architecture” for the encoding function using (7), but still needed to define A and X to drive the
optimization of the parameters of f to minimize (6). The initialization of these matrices can follow multiple strategies. For
example, in the neural message passing framework,”” given a homogeneous graph context, one generally constructs X
stacking the original feature vectors as the rows of such a matrix. However, it is not the only valid strategy. In our
heterogeneous graph context, we decided to initialize X as the identity matrix because we had multiple original feature
matrices. We were confident to use the identity matrix to initialize X because we carefully initialized the adjacency matrix
A combining the information of every relationship type in our graph, as we will explain in the next paragraph.

Finally, the similarity measure that the decoder is meant to predict needs to be specified to implement (5). In this paper,
we proposed the use of the decoding similarity function proposed by Ref. 26 to converge into a clustering-friendly
embedding, i.e., an embedding with dense and easily identifiable clusters. In the next paragraph, we give a brief
explanation of the algorithm in,”® which performs graph RL on a single-feature space. For a more detailed exposition of
the work of Xuelong ef al., the reader is referred to the original paper.”®

Adaptive-sparsity graph auto-encoder

In this work, we proposed the use of AdaGAE, "’ which is a state-of-the-art method for RL and clustering through graph
modelling of a dataset. The whole AdaGAE algorithm is wrapped in a gray rectangle in Figure 1. This algorithm is defined
in a homogeneous data context. In other words, given a unique original feature matrix XeR/V*", the objective was to
produce a low-dimensional embedding matrix Z€RY/*? where d<m. Authors in”® used a deep GAE to embed high-
dimensional datasets in a graph-like, low-dimensional format. Xuelong et al. generated a sparse graph as a function of the
Euclidean distances between the original feature vectors using a k-nearest neighbors™* (k-NN) model.

26

The main novelty of AdaGAE is the adaptiveness in the sparsity parameter k. The graph auto-encoder is, in fact,
iteratively optimized with respect to various objective functions like (6), and each objective function is constructed using
a different sparsity parameter. With a custom decoding function, such a dynamic model leads to a sparse graph. In other
words, they produce a clustering-friendly embedding of the original data.

In other words, at each iteration, /€{0,1,2...,L — 1}, a sparse and weighted graph is generated. In this graph, the nodes
correspond to the samples of the original dataset. Instead, the weights of the edges are inversely proportional to the
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Euclidean distances between the original feature vectors. Specifically, at iteration /, a graph is generated in which the
weight of the link between nodes v; and v; is denoted as p! ; and is a function of a sparsity parameter K

di’ —d;; ..
ph= | = . VijelV] ®)

> j=1 (di,k’+1 _diJ) 4

where (-), = max (.,0) is the rectifier operator, d;; denotes the Euclidean distance between the feature vectors of v; and
vj, and d; y, | denotes the distance between the feature vectors of v; and its (k] + 1)-th nearest neighbour.

Notice that, in (8), the parameter k' might have a different value at each iteration. Such a parameter induces the sparsity of
the generated graph: for each node v;, only up to k' elements will have a non-zero weighted link with that node. Thus, at
each iteration /, AdaGAE generates a k'-sparse graph. Notice also that the function (8) is a discrete probability density
function (PDF):

P (v)) — pi;€[0.1]

ZP%J =1

jeVl

where a different PDF Pﬁ is defined for each single node in the dataset. Thus, at each iteration /, AdaGAE generates a
probability distribution family P':

[ [ pl [
P = {P.Pl,...P, }

where each PDF in P’ contains information about the weights of the links between one node and the rest of the nodes in the
graph. Authors in Ref. 26 proposed to re-initialize the adjacency matrix of the auto-encoder at each iteration using the
family P'. In other words, at each iteration /, AdaGAE stacks the different distributions Pﬁ,Vie\V\ to form A.

The embedding matrix Z produced by AdaGAE was iteratively optimized. We denoted with Z' the embedding matrix
after iteration /. The embedding vector of node v; after iteration /, instead, coincides with the i-th row of 7! and is denoted
as 7. At each iteration, AdaGAE proposes to implement the decoding function in (5) as a function of the embeddings of
the previous iteration:
217 1

.. exXp —a;;
Qi) =4, :ﬁ ©)
> j=1€Xp —d;;

-1 . . .
where d;; denotes the euclidean distance between the embedding vectors zﬁfl

function is also a point-wise probability distribution function:

and zljfl. Notice that this encoding

Qé : (Vj) _"IiJE[Oa 1]
an/ =1
jevl

and that we can group every PDF QﬁVie|V| in a PDF family Q' as we did with P".

At each iteration I, AdaGAE proposes to use the Kullback-Leibler divergence (KL-divergence)™ of P! with respect to Q'
to implement (6). Explicitly, the reconstruction loss that AdaGAE seeks to minimize is the following:

#'=) KL(PQ)
i€V
where : (10)

1
pA .
KL(P{[Q)) = pl;- log—?
jem| 4ij
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Xuelong e al. relied on the graph convolutional network (GCN) model*® to implement the encoder of their deep GAE.
However, in this paper, we used a simpler GNN model, as explained in the previous paragraph. We represented the
iterative computation of (8) and (9) and the iterative optimization of (10) in panel E of Figure 1.

Notice that the main dynamic criterion that causes the objective functions to change is the sparsity parameter k. However,
the sparsity is not the only thing that changes from iteration to iteration: In the first iteration, the distribution family P? is
generated through (8) using the Euclidean distances between the original feature vectors. After the first iteration, instead,
the distribution family P!, V1 << L—1 is generated using (8) as a function of the Euclidean distances between the
embedding vectors of the Z'~' embedding matrix. By doing so, AdaGAE considers high-order neighborhoods of each
node to construct the final embedding matrix. In other words, AdaGAE is said to “exploit the high-level information”
present in the data.

Different embeddings for various iterations are plotted in panel G of Figure 1. In those plots, one can see the embedding of
a small set of genes and cCREs extracted from the original mouse heart dataset. Large points represent genes, while
cCRE:s are the small points. Point colors, instead, correspond to single-modality or homogeneous cluster assignments,
i.e., cluster assignments of genes and cCREs, taking into account their corresponding feature spaces separately. Note that
the embedding turns more cluster-friendly at each iteration. In other words, the density and separation of clusters are
increased at each iteration, and clusters can be caught visually in the final embedding in panel H of Figure 1. In AdaGAE,
the sparsity parameter initialization, ko, the increment of this parameter from iteration to iteration, Jk, and the number of
iterations, L, regulate the number of clusters in the final embedding. In our experiment, we tested various parameter
configurations and found eight significant GERM clusters with L =11, kg =350, ok =25.

Notice that the original work of Xuelong e al. defined (8) as a function of the Euclidean distances over a unique feature
space. We extended the AdaGAE framework to deal with multiple node feature spaces. In particular, at each iteration /, we
combined the Euclidean distances of multiple node feature spaces - the gene expression and the cCRE activity time-series
- to generate a unique distance function that is given to (8) to generate P. In the next paragraph, we explain how we
combined the feature spaces to adapt AdaGAE to heterogeneous graph RL.

Extending AdaGAE to heterogeneous graphs

As explained previously, we modelled the whole set of gene expression and cCRE-activity data as a heterogeneous graph.
We proposed to extend the work in Ref. 26 to heterogeneous graph RL. We ran the same process described in the previous
paragraph, with some differences. The first difference was the construction of the reference distance function to feed to
(8). At each iteration /, we combined the Euclidean distances defined in each one of the original feature spaces to form a
unique distance function D’ that generated the sparse distribution family P.

Recall that R={G,C},C;,...,Cy } is the set of feature spaces defined, where G is the gene-expression feature space and
Cy,Cs,...,Cy are the cCRE activity feature spaces, for example ATAC-seq, H3k27ac, aH3k27me3, etc. At each iteration
1, for each feature space r€R, we computed the Euclidean distances between the original feature vectors in r, scaled these
distances into the interval [0, 1], and denoted them with d;;, Vi,j€|V|. Notice that the Euclidean distances between the
original feature vectors were only defined between same-class elements: The Euclidean distances in the gene-expression
feature space G, were defined between genes, and the distances in Cy, C», ..., Cy, only between cCREs. Consequently,
we set the distance between different-class elements to the maximum value, i.e., 1, for each feature jSpace. Finally, we

create a custom linear combination of these distance functions to form a unique distance function D :

D (visvj)— d JER Vi jEV

where :
(11)
" Cn
d, = St (1-a5)
m , ifvi,v; €V crEs
1, otherwise

where Ve, is the set of genes and Vcge; is the set of cCREs, dG is the Euclidean distance between the expresswn proflle
of gene i and gene j, d " is the Euclidean distance between the Cm activity profiles of cCCREs i and j, and a; and “c are
fixed parameters that mdlcate the importance weights of the distances of gene-expression and cCRE-activity at iteration /,
respectively.
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At the beginning of the /-th iteration, the Euclidean distances between the embedding vectors of Z'1 are denoted
by D5!. We combined such information with D' defined in (11), to generate the unified distance function, D' as follows:

1 -1

D +D
D=7z (12)
2
~[—
where D, 'isa weighted version of D !
1
D,=1-d, - (1-D,") (13)

In (13), o, is the fixed parametric importance weight of the Euclidean distances in D’ ! Notice that, in (12), DZ allows
to exploit the high-level information in the data and D helps to reduce the loss of 1nf0rmat10n with respect to the original
feature spaces at each iteration.

At each iteration ,VI€[0,L — 1], we computed D’ using (12). This computation is represented in panel E of Figure 1.
We then used D/ and the corresponding sparsity parameter k' to compute a connectivity distribution family P using (8).
Notice that this distribution family was generated using Onll'[ the same-class relation types in 7 g — { SBP‘T}. In other
words, we only used the node feature spaces in R to create P . We needed to add the trend-aware base-pair proximity
relationship Sgpr defined in (3) to compute the definitive distribution family P! that takes into account all information we
have:

N
! I
P =P +a)BP'SBP|T (14)
where @)y, is a parametric importance weight of the base-pair proximity information S| gp|r during iteration /.

After computing IA’I, we computed Q' using (9), and optimized the embedding matrix Z, minimizing a reconstruction
loss of the form (6). AdaGAE proposed the use of (10) to implement the reconstruction loss. In this paper, however,
we propose to extend such a loss function to better separate elements that are distant in the original feature spaces, as
explained in the next paragraph.

Regularization of the loss function

The minimization of (10) has the same effect of an attractive force that tends to collapse points in the embedding space,
reducing the distances between z; and z; proportionally to pﬂ .. When considering a single node v;, such an objective
function could lead to errors in the manipulation of the position of the most distant neighbors of such node."” Inspired by
Ref 48, in this work, we added a regulanzatlon term that acts as arepulsive force. Such a repulsive force tends to increase
d ,j proportionally to the inverse of p . In other words, we pushed elements away from each other proportionally to their
dlstance D' in (12). To create this force we added the KL-divergence of 1 — P’ with respect to 1 — Ql to (10).

Notice that the union of the attractive and repulsive force is equivalent to the minimization of the binary cross-entropy of
P’ with respect to Q' as defined in Ref. 48. Lastly, we added parametric importance weights to the attractive and repulsive
force components and constructed our final objective function:

Z'=CEP.Q) =33 (Vi KL(P|Q) + vk -KL(1—P[[1 - Q)] (1)

i€|V]je|V]
where !, and y% are the importance weights of the attractive and repulsive term during iteration , respectively.

We iteratively optimized the parameters of our GNN-based encoder. At each iteration, we minimized (15) with a different
set of parameters. After running the optimization for a predefined number of iterations, we processed to a clustering-
friendly embedding where the clusters reflect plausible gene regulatory networks. We then ran k-means clustering on the
embedding to find plausible gene expression regulatory mechanisms. This clusterization is represented in panel H of
Figure 1.

Results

DeepReGraph performs the co-clustering of genes and cCREs together. Consequentially, resulting clusters are hetero-
geneous in the class of elements they might contain. DeepReGraph helped us identify eight co-clusters when applied to
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developmental fetal mouse heart datasets. We assessed the quality of gene expression and cCREs clusters from a
computational point of view. We also analyzed these clusters from a biological perspective as described below.

DeepReGraph generated high-quality co-clusters

We employed a principle component analysis (PCA) to visualize the cCRE clusters on dimension reduced plots as shown
in panel A of Figure 2. This figure highlights a clear separation of clusters on PC0O, PC1, and PC2 which explains the 57%
variability in the cCRE datasets. We also performed k-means clustering using £ =8. Panel B of Figure 2 shows a
confusion matrix that compares cCRE clusters from DeepReGraph with the uni-modal clustering produced with k-means
clustering. It is clear from this confusion matrix that the result of the multi-modal clustering of DeepReGraph was highly
similar to the uni-modal clustering one. This similarity indicates that DeepReGraph clustering does take into account the
same-class pattern similarities when defining clusters. We also visualized the PCA plot of gene expression data in panel C
of Figure 2. PCO by itself explains 76% of the variability in gene expression. Basically, gene expression has two distinct
patterns throughout mouse fetal heart tissue development: genes with increasing expression and genes with decreasing
expression. Interestingly, these two major patterns have been divided into sub-patterns based on the cCRE clusters that
plausibly drive their regulation.

The clustered patterns produced by DeepReGraph are presented in Figure 3. In this figure, the y-axis contains the mean-

centered values for gene expression in the left-most column, while mean-centered CRE features are in the last three

columns. The mean value reduction process mentioned was done as follows: given a time-series vector X = [xg, X1, ..., ],
1

Zifox”
X

with a mean value X =

, the mean-reduced vector is X = [x) — X, x| —X,...,x, — x]. The x-axes of the plots instead

correspond to the considered time-points of mouse fetal heart development. Notice that each cluster contains a set of
genes and cCRESs. The area between the first and 0.75 quantile is colored for each trend plot, to help visualize the trend of
each cluster.

DeepReGraph revealed the regulatory signature of mouse fetal heart development
We investigated the enriched function of gene expression clusters and enriched transcription factor binding site motifs of
cCRE clusters to decipher the general signature of mouse fetal heart development. Figure 4 summarizes these enrichment

A
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Figure 2. Intersections between single-modality k-means clusters and co-clusters induced by DeepReGraph.
A) Principal component analysis (PCA) reduced dimension of candidate cis-regulatory elements (cCRE) profiles
colored by the correspondent DeepReGraph cluster. B) Intersection between only-cCRE agglomerative clustering

and cCRE extracted from DeepReGraph heterogeneous clusters. C) PCA reduced dimension of gene expression
profiles colored by the corresponding DeepReGraph cluster.
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Figure 3. Co-clusters identified by DeepReGraph and the relative profile trends. The first column of plots
contains gene expression time profiles, and the rest of the columns contain enhancer activity time profiles. The
space between the first and third quartile for each plot was colored to better show the trend.

analysis. It clearly shows that all gene expression clusters have clear functional annotation and all cCRE clusters entail
clear transcription factor binding site motifs.

In general, expression of genes related to cell proliferation functions decrease during mouse fetal development, while
expression of genes related to heart functions increase.” However, if we look at the enriched terms for the detected gene
expression clusters in panel A of Figure 3, and the pattern of gene expression the cCREs that drive them in Figure 3, we
can observe that the story is not so simple. Two of the largest gene expression clusters are cluster2 (192 genes) which
represents the heart functional genes (enriched for heart contraction function), and cluster7 (249 genes) which represents
the cell proliferation genes. The smaller gene expression clusters have more specific enriched functions. Considering
the other gene expression clusters down-regulated during development, clusterQ was more enriched for DNA replication,
while cluster3 was enriched for non-heart developmental processes. Similarly, the smaller gene expression clusters
up-regulated during development gained specific functional enrichment: clusterl was enriched in metabolic processes
to generate energy for the heart to function. Cluster4 was enriched for ventricular cardiac muscle cell membrane
repolarization, and cluster6 was enriched for heart contraction. ClusterS contained genes enriched for regulation of
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Figure 4. A) Enriched function of gene expression extracted from DeepReGraph clusters. B) Enriched tran-
scription factor binding site motifs of cCRE for the same clusters.

muscle system process. Here, co-clustering of gene expression and cCREs enabled us to derive smaller and more specific
clusters. Otherwise, as it is clear from Figure 2 panel C, the smaller clusters of gene expression with more focused

functions could not be deduced from gene expression alone.

Multi-modal clustering can also describe how cCREs can drive gene expression during development. First, smaller gene
expression clusters gained more cCREs per genes, as Figure 3 shows. Secondly, cCREs with different epigenetic patterns
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have been linked to similar pattern of gene expression, as can be seen also in Figure 3. For example, in the major cluster
with up-regulated genes during development, i.e. cluster2, the trends of ATAC-seq and H3K27ac increased as expected.
Similarly, for cluster7 which entails a large set of down-regulated genes throughout development, the trend of ATAC-seq
and H3K27ac decreased. However, the H3K27me3 pattern for both cluster2 and cluster7 showed no changes in Figure 3.
We can observe polycomb removal events in clusterl, cluster3, and cluster4 as H3K27me3 levels decreased in these
clusters.

Multi-modal clustering can further clarify how gene expression changes through development, as cCRE clusters
exhibited clearly enriched motifs in panel B of Figure 4. These enriched motifs can prioritize the candidate transcription
factors which drive the development. For example, the MEF2 motif was enriched in the clusters related to up-regulated
genes. The only exception was clusterl, for which the AP1 motif was enriched. We can assume that a MEF2 binding
transcription factor, and more probably MEF2C, was the major transcription factor which caused the increase in gene
expression values. Other binding site motifs were been enriched for the clusters entailing temporally up-regulated genes
in Figure 4 panel B. Interestingly, these motifs were highly cluster-specific. A similar dynamic was seen for clusters with
temporally decreased gene expression. Although zinc finger motifs were enriched in these clusters, the GATA motif was
only enriched in cluster0 and the basic helix-loop-helix (BHLH), nuclear receptor motifs are only enriched in cluster3.

Discussion

This study introduced a novel method called DeepReGraph to perform multi-modal clustering of gene expression and
cCREs. DeepReGraph allows a cluster-friendly embedding, where clusters contain genes and CREs and tend to identify
gene regulation mechanisms. Interestingly, the results of multi-modal clusters derived by DeepReGraph for cCRES were
highly similar to the uni-modal clustering using k-means. However, DeepReGraph generated gene expression clusters
that could not be derived by using gene expression data alone. Such a result might be expected if we consider cCRE
and gene expression changes in a “cause and effect” manner. cCREs are part of the regulatory network and are among the
driving causes of alternation in gene expression. Therefore, we can expect cCCRE uni-modal clustering to be similar to
co-clustering gene expression and cCREs together. However, gene expression is controlled by cCREs. In mouse fetal
heart development, we have shown that similar gene expression (similar effect) can be divided into different clusters
based on the controlling cCREs. This result shows the added values of the multi-modal clustering method to understand
the signature of development.

Developmental regulatory networks can be straightforwardly modelled as heterogeneous graphs. The main reason for
such a claim is because they are made of two distinct classes of elements (genes and CREs) whose interaction tends to be
highly correlated with multiple features like gene expression, base-pair distance, and cCRE activity. Modelling such
regulatory networks as heterogeneous graphs is key to using graph RL algorithms to converge to low-dimensional
embeddings for such systems. The spatial distribution of nodes in the embedding might resemble complex relationships
between nodes.

We undertook the challenge of converging to an embedding where gene expression regulation mechanisms are
easily identifiable. To do so, we created our own heterogeneous graph RL algorithm by carefully designing an extension
of AdaGAE.”° First, we designed a dynamic combination schema of multiple node feature spaces to create a unique node
feature space. This unification was a necessary step to adapt AdaGAE to a heterogeneous graph scenario. We also created
arepulsive force by extending the loss function in Ref. 26. This repulsive force has proven essential to separate elements
with different gene expression or activity trends. Third, we introduce a trend-aware regularization of the base-pair
distance relationship between nodes. This regularization proved essential to produce more compact clusters. The
resulting schema is responsible for producing a clustering-friendly embedding space that sheds light on regulatory
mechanisms.

In this work, we extended the algorithm presented in Ref. 26 to produce an algorithm capable of embedding a
heterogeneous graph into a low-dimensional, easy-to-cluster embedding. Other approaches to heterogeneous graph
embedding that we could further investigate exist”*; for example, the relational graph convolutional networks (RGCN).*’
Such a model implies a greater number of parameters; various parameter-sharing approaches have been proposed, some
of them making use of the attention mechanism.”’”' We could further investigate attention-based prioritization of nodes
and relationships for learning embeddings.’” If we consider the production of a unified embedding of heterogeneous data
as a first step, we could conceive other offline clustering algorithms. The clustering-friendly embedding we present
resembles a differentiable version of agglomerative clustering. However, other algorithms like the ones in Refs. 53,54 use
a differential expectation-maximization schema, where a distance-to-centroid loss is minimized to reach final embedding
with compact clusters. Consequently, the use of different deep clustering approaches should be further investigated.
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Regulatory networks and gene regulation are dynamic processes. Therefore, temporal datasets can potentially describe
them better than static ones. However, initial efforts to associate regulatory networks and chromatin states to the
gene expression were made based on limited data. ChromHMM” is the most used method to assign states of the
chromatin to genes. However, with the advent of large temporal datasets like ENCODE, which we used in this paper, it is
possible to move beyond a static view of regulatory networks and gene expression. This study used chromatin
accessibility, H3K27ac, and H3K27me3, three well-known epigenetic markers with a well-characterized effect on gene
expression. This framework can be further expanded to other epigenetic markers. Such an expansion could have two main
advantages. The first advantage is the potential improvement of clustering quality. The second consists in better
deciphering the combinatorial trends of epigenetic changes and their effects on gene expression dynamics.
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Source code, Data and Interactive Notebook available at: https:/github.com/QwertyJacob/DeepReGraph. Archived
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Data are available under the terms of the Apache License, Version 2.0
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Tallulah Andrews
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Boris Tchatchoua Ngassam
Biochemistry, Western University, London, Ontario, Canada

The authors present a novel model for the integration of multimodal -omics data to generate a
joint lower dimensional embedding based on potential regulatory interactions by incorporating
temporal similarity in their activity levels and positional information within the genome and fed
through a sparse graph autoencoder. They demonstrate their model on the ENCODE fetal heart
development dataset. While the method is interesting and innovative, the authors do not present
any benchmarking or comparisons to existing tools thus we're uncertain whether the added
computational complexity of their approach results in a significant improvement in predictive or
interpretability of outcomes over existing approaches such as graph clustering (e.g.
Louvain/Leiden, Infomap) or dimensionality reduction methods such as MOFA or NMF.

Major Concerns
The authors do not compare their method to any other alternative methods of GRN inference or
multimodal analysis : e.g. MOFA, Non-negative Matrix factorization, Leiden/Louvain clustering.

It's unclear from the application to the ENCODE data whether the method manages to identify
true GRN relationships or if they are false positives.

The manuscript lacks sufficient details of the methodology of the downstream analysis (e.g. GO
enrichment - e.g. what background was used? All genes or only the 607 genes the authors
included in the model?, TF motif enrichments, and the k-means clustering of the CRE-only data -
how was this done on preprocessed data or after PCA?)

In Equation 1, what are the Beta hyper parameter values? Since base-pair distances were scaled to
0-1, I would expect the “+1” in this equation to dominate and the variance of base-pair similarities
to be extremely small which is not at all representative of what actually happens in the genome
where the probability of regulation rapidly declines as base pair distance increases (1/dA2) so that
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nearby cCREs would be much more likely to regulate a gene than distant ones. What was the
author's rationale for calculating the base-pair similarities in this way?

Why did the authors exclude the vast majority of genes and cCREs from their analysis? They filter
to only the 80th/70th percentile of most likely detected genes/cCREs, however they don't seem to
account for proximity in this filtering, so isn't it likely that the gene(s) regulated by any particular
cCRE they are considering have been filtered out of their dataset? And vice versa for the CREs that
regulate any particular gene under consideration? Since the strength/probability of regulation is
so strongly related to proximity in the genome, wouldn’t it make more sense to include both the
most highly detected genes/CREs and their most proximal CREs/genes regardless of the latter’s
detection level?

Could the authors elaborate on how they determined the optimal values of wm in Equation 2 for
each of their data types? H3K27me3 is a repressive transcriptional mark thus I would expect a wm
= -1, while H3K27ac is an activating transcriptional mark, thus I would expect a wm=1. Does their
finding that wm for methylation/acetylation is best set at 0 indicate that these datasets are far less
informative of CRE relationships than ATACseq?

In Equation 11, why did the authors define the similarity between any gene and any CRE to be 1,
while similarity between pairs of genes or pairs of CREs are always <=1. Why didn't they use their
SBP|T similarity for gene-CRE pairs? Also in this equation the authors rescale the Euclidean
distances to [0,1], and then reverse them: 1-d to get similarities. Why not simply use a correlation
instead? Also they call D_hat a unique distance function but it is calculated as 1-d soisn'titis a
similarity function not a distance?

Minor Concerns

Results provided in the paper are not reproducible using the provided Ipython notebook file on
the linked github page. From the ipynb: The manual_run() function in cell 4 and 5 gives an

error. max_epoch and alpha_D are all unexpected keyword arguments. They are not also defined
in the manual_run() function in the DeepReGraph.py file

Fig 2B. It's hard to interpret this confusion matrix, please include a summary statistic such as ARI
(Adjusted Rand Index) that is more interpretable.

Fig 4A. A) Enriched function of gene expression extracted from DeepReGraph clusters. Why is the
number of genes used for gene enrichment is less than those shown in Fig3A?

Shouldn't cluster 2 and 4 be the same (in Figure 3&4)? Since they share the same enriched GO:BP
(except 1 in cluster 4). How many genes/CREs are significantly different between these clusters?

How long does the tool take to run the tool and why was it necessary to scale it down to a such a
small number of genes (607genes) and CREs?

Are any of the regulatory relationships identified by DeepReGraph on the fetal heart dataset
known regulatory relationships in the literature? Are GATA/MEF2/TBX known to be important in
heart development?
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Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use
by others?
Partly

If any results are presented, are all the source data underlying the results available to
ensure full reproducibility?
Partly

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Partly
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Wanding Zhou

Center for Computational and Genomic Medicine, Children’s Hospital of Philadelphia, Philadelphia,
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The submission described a new method based on graph representation learning for co-clustering
gene expression and cis-regulatory elements activity. The method seems innovative, and the code
is made available in a public notebook with friendly documentation. The paper is math-heavy.
Some extra details on biological intuition would make the paper more accessible to the broad
biology audience. Some minor comments/questions below.

First, when a gene becomes clustered with cCREs based on the method, how often is the cCRE
regulating the gene? What's the edge semantics of the graph clustering? Is any proximity
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information used to link the genes and cCREs? Some cCRE and target links have been well
established using experimental approaches such as massively parallel reporter assays. Can these
data be used to validate the reported clustering?

The authors found that smaller gene expression clusters are associated with more cCRE per gene
(Figure 3). Is it due to interactions from different cCREs in regulating gene expression and causing
the expression profile to be more distinct than genes regulated by single or few cCREs?

The authors found that different epigenetic profiles may be associated with the same gene
expression profile. But hasn't association defined those clusters in the first place? For example,
clusters 1 and 4 have similar gene expression trends; why would they be associated with more
different cCRE activities?

Figure 4, clusters 2,4,5,6 all have MEF2. Should those clusters be merged into one cluster?

The author claims that MEF2 binding is driving the expression of the gene. What are the
evidences/literature to support this claim?

Is the rationale for developing the new method (or application) clearly explained?
Partly

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use
by others?
Yes

If any results are presented, are all the source data underlying the results available to
ensure full reproducibility?
Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes
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