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Abstract

Motivation: UMI-4C, a technique that combines chromosome conformation capture (4C) and unique molecular iden-
tifiers (UMI), is widely used to profile and quantitatively compare targeted chromosomal contact profiles. The ana-
lysis of UMI-4C experiments presents several computational challenges, including the removal of the PCR duplica-
tion bias and the identification of differential chromatin contacts.

Results: We have developed UMI4Cats (UMI-4C Analysis Turned Simple), an R package that facilitates processing,
analyzing and visualizing of data obtained by UMI-4C experiments.

Availability and implementation: UMI4Cats is implemented as an R package supported on Linux, MacOS and MS
Windows. UMI4Cats is available from Bioconductor (https://www.bioconductor.org/packages/release/bioc/html/
UMI4Cats.html) and GitHub (https://github.com/Pasquali-lab/UMI4Cats).

Contact: mireia.ramos@upf.edu or lorenzo.pasquali@upf.edu

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Profiling of chromatin contacts is increasingly used in regulatory
genomics to map physical interactions between distal genomic ele-
ments. This data is then often used to infer regulatory relation-
ships between genomic regulatory elements (Schoenfelder and
Fraser, 2019). Our knowledge regarding the general characteris-
tics and mechanisms of the 3D chromatin architecture is improv-
ing, yet much less is known regarding the mechanisms and
functional significance of dynamic chromatin looping events dur-
ing biological processes (Dekker et al., 2017; Ramos-Rodrı́guez
et al., 2019; Rowley and Corces, 2018; Stadhouders et al., 2019;
Yu and Ren, 2017).

Proximity ligation-based chromosome conformation capture
(3C) derived methods were successfully applied to capture the spatial
organization of the 3D genome in different cell types. Techniques
such as 3C, 4C, 5C or HiC allow detecting chromatin contacts
broadly in the genome or at target genomic loci with different levels
of resolution, thus exhibiting different strengths and limitations
(Kempfer and Pombo, 2020). Nevertheless, an amplification step
shared by all these techniques, limits a robust quantitative compari-
son of the contact intensities detected in different cell types or condi-
tions. In 2016, Schwartzman et al. (2016) developed a method
which tackles this limitation by combining 4C-seq with unique mo-
lecular identifiers (UMI), thus allowing the removal of duplicated
molecules and enabling quantitative comparison of chromatin
contacts.

We have now developed UMI4Cats (UMI-4C Analysis Turned
Simple), a multi-platform R package that facilitates processing and
analyzing of data obtained from UMI-4C experiments.

2 Software description

UMI4Cats is an application developed in the widely used R
programming environment and available through Bioconductor.
This package is designed to analyze paired-end FastQ reads obtained
from UMI-4C experiments and facilitates key steps of the data
analysis: (i) preprocessing, (ii) loading and manipulation of UMI
counts, (iii) identification of significant interactions, (iv) differential
analysis and (v) visualization. A UMI4Cats analysis example is
provided in Supplementary Information.

UMI4Cats enhances the methods implemented in umi4cpackage
(Schwartzman et al., 2016), an R package published together with
the UMI-4C protocol, by allowing the use of additional genomes
and restriction enzymes. Importantly, UMI4Cats includes statistical
analyses for identifying significant interactions with the viewpoint
and for detecting those that are differential between two conditions.
UMI4Cats relies on dependencies established by Bioconductor and is
available for different OS (Linux, Windows and MacOSX).

2.1 Preprocessing and generation of UMI counts
Given a UMI-4C experiment, defined by the viewpoint and the
restriction enzyme used, the paired-end FastQ files are preprocessed
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and summarized into a table containing the in silico digested restric-
tion fragments and their UMI counts, which relate to the viewpoint
contact frequencies.

This preprocessing step is wrapped in the contactsUMI4C()
function, and requires the previous generation of an in silico digested
genome using the digestGenome() function. Internally,
contactsUMI4C() runs sequentially the following processes: (i)
prepUMI4C() function, which filters out reads that do not contain
the viewpoint sequence (bait þ pad þ restriction enzyme sequences,
see Supplementary Information) or that present Phred quality scores
<20, and identifies UMI sequences; (ii) splitUMI4C() digests the
given reads using the defined restriction enzyme; (iii)
alignmentUMI4C() aligns the digested reads to the reference genome
using Rbowtie2 (Wei, 2018) and (iv) counterUMI4C() collapses the
number of molecules present for each ligation applying a UMI filter-
ing algorithm to remove PCR duplicates (see Supplementary
Information). The end product of this function is a tab-separated file
for each analyzed sample summarizing the number of UMI counts at
each digested fragment located in a 10 Mb window centered at the
viewpoint. Additional functions and functionalities related to this
module are described in Supplementary Information.

2.2 Construction of the UMI4C object
After preprocessing the FastQ reads, the obtained UMI counts
need to be transformed by the makeUMI4C() function into an
object of class UMI4C, which is based on the Bioconductor
SummarizedExperiment class. This function takes as input the
tab-separated file, together with a sample information table that
contains all relevant experiment information needed for
downstream analysis (e.g. replicate and/or condition). By default,
the generated UMI4C object will group UMI counts from
different replicates together by condition, to use for downstream
analysis. Additional groupings (e.g. by replicate) can be added
using the addGrouping() function.

Additionally, makeUMI4C(): (i) removes digested fragments
around the bait (by default using a 3 kb window), as they are
generally biased by their proximity to the viewpoint, (ii) focuses the
scope of the analysis in a specific region around the bait (by default
a 2 Mb window) and (iii) normalizes the samples by scaling them to
the sample or group with less UMIs. To allow downstream
visualization of the interaction profiles, this function will also
generate a domainogram for each sample or group, and their
adaptive smoothing trends (see Supplementary Information).

2.3 Calling significant interactions
Once the UMI4C object is created and when multiple replicates are
available, significant interactions with the viewpoint can be inferred
by obtaining z-scores in genomic windows or in a user-defined set of
regions. The method is based on Klein et al. (2015) and is explained
in detail in Supplementary Information. Briefly, count data is first
variance-stabilized and next fitted using a smooth monotone func-
tion to account for the signal decay from the viewpoint, which is typ-
ical of the 4C-seq data. Z-scores are then calculated from the
residuals and converted into one-sided P-values. Finally, a false
discovery rate (FDR) multiple testing correction is applied to control
for false positive results. Regions significantly interacting with the
viewpoint can then be defined as those fragments with a significant
adjusted P-values and passing the z-score threshold. All these steps
are wrapped in the callInteractions() function.

The results of this function can be visualized using the
plotInteractionsUMI4C() function and significant regions can be
extracted with getSignRegions() and used as input for the
differential analysis.

2.4 Differential contacts analysis
The UMI counts stored in the UMI4C object can be tested for differ-
ential interactions between conditions using two different methods:
Fisher’s Exact Test, implemented in the fisherUMI4C() function,
and DESeq2’s Wald Test (Love et al., 2014), implemented in the
waldUMI4C() function (see Supplementary Information for details

on the usage of the differential tests). While the use of the DESeq2’s
Wald statistics is recommended, the fisherUMI4C() function can be
used in case that a reduced number of UMIs or a limited number of
replicates precludes the possibility of applying DESeq2 Wald statis-
tics. In both cases it is ideal to test differential contacts at user-
defined candidate genomic regions, such as putative regulatory
elements, open chromatin sites or a list of regions significantly
interacting with the viewpoint obtained from the previous step.

Regions with adjusted P-values < 0.05 are considered to present
significant differences in chromatin interactions. These results are
appended to the UMI4C object and can be retrieved using the
resultsUMI4C() function.

2.5 Visualization of chromatin contact profiles and

differential interactions
The UMI4C object can be visualized by running the plotUMI4C()
function. This function will generate a composed plot (Fig. 1)
showing: (i) a legend, (ii) the protein-coding gene annotation in
the plotted window, (iii) contact profiles represented by their
adaptive smoothing trends, (iv) differential interactions, when
present, are illustrated with their odds-ratio (OR) or log2 fold
change (FC) values and, if available, significant differences are
depicted with an asterisk and (v) domainogram of the UMI fold
changes [full description of a domainogram available at
Schwartzman et al. (2016)].

3 Conclusions

We developed an R package that deals with the quality control, pre-
processing, analysis, contact identification and differential testing of
UMI-4C data. UMI4Cats performs all necessary steps to collapse li-
gation fragments with the same UMIs, allowing a quantitative as-
sessment of chromatin contacts. Finally, UMI4Cats is able to detect
significant interactions using z-scores and to test differential contacts
among conditions using a Fisher’s Exact Test or DESeq2’s Wald
Test with multiple testing correction.

UMI4Cats is a highly flexible and user-friendly package that
allows users to fine tune the analysis to their experiment design and
the characteristics of the targeted genomic region. The results can be

Fig. 1. Example of a differential UMI4Cats plot at the CIITA locus. This plot illus-

trates the cis differential interaction profile of the CIITA promoter in human pancre-

atic islet cells in two different conditions: control (ctrl) and cytokine-exposed (cyt)

[data obtained from Ramos-Rodrı́guez et al. (2019)]. The ‘Profiles’ panel includes

the smoothed trend lines describing the contact profiles of the viewpoint which is

depicted by a black triangle. A heatmap under the ‘Profiles’ panel (‘Differential ana-

lysis’ panel) represents the log2 fold change (FC) of the UMI-4C contacts difference

between conditions, at regions identified to interact with the viewpoint. Significant

differences (DESeq2’s Wald Test adjusted P< 0.05) are indicated by small black

asterisks. In the bottom panel, a domainogram illustrates the mean contact intensity

fold changes between conditions
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visualized in rich graphical output plots, integrating chromatin con-
tact profiles with genomic annotations. The package is compliant
with Bioconductor standards which ensures inter-operability with
other tools and minimizes compatibility issues.
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