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Abstract: Mapping chromatin insulator loops is crucial to investigating genome evolution, elucidat-
ing critical biological functions, and ultimately quantifying variant impact in diseases. However,
chromatin conformation profiling assays are usually expensive, time-consuming, and may report
fuzzy insulator annotations with low resolution. Therefore, we propose a weakly supervised deep
learning method, InsuLock, to address these challenges. Specifically, InsuLock first utilizes a Siamese
neural network to predict the existence of insulators within a given region (up to 2000 bp). Then, it
uses an object detection module for precise insulator boundary localization via gradient-weighted
class activation mapping (~40 bp resolution). Finally, it quantifies variant impacts by comparing
the insulator score differences between the wild-type and mutant alleles. We applied InsuLock on
various bulk and single-cell datasets for performance testing and benchmarking. We showed that
it outperformed existing methods with an AUROC of ~0.96 and condensed insulator annotations
to ~2.5% of their original size while still demonstrating higher conservation scores and better motif
enrichments. Finally, we utilized InsuLock to make cell-type-specific variant impacts from brain
scATAC-seq data and identified a schizophrenia GWAS variant disrupting an insulator loop proximal
to a known risk gene, indicating a possible new mechanism of action for the disease.

Keywords: 3D chromatin structure; CTCF mediated insulator loops; gene regulation; deep learning;
brain disorders

1. Introduction

The human genome is hierarchically compacted and organized in the three-dimensional
space (3D), including large chromosomal domains, nuclear compartments, topological as-
sociated domains (TADs), and chromatin loops. The dynamic nature of chromosome
conformations and three-dimensional genome organizations leads to a variety of chromatin
interactions, which play essential roles in critical biological processes such as transcription,
proliferation, homeostasis, division, and even disease mechanisms [1–3]. Several chromatin
conformation capture assays, such as Hi-C and ChIA-PET [4,5], have revealed that chro-
matin loops are often mediated by cohesin, a multi-component ring-shaped protein, and
an insulator protein called CTCF (11-zinc finger protein) [6,7]. The highly studied loop
extrusion model suggests that cohesin extrudes chromatin to form loops anchored at CTCF
sites, that are called chromatin insulator loops. Lines of evidence have shown that genetic
variations at insulator loop anchors may cause significant genome organizational changes,
subsequently introducing aberrant promoter–enhancer interactions in the affected TADs,
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resulting in a variety of human genetic disorders [8–19]. Thus, insulator discovery and
characterization are pivotal to understanding gene regulation and disease mechanisms.

To date, several computational methods have been proposed to predict chromatin
loops. For instance, Kai et al. proposed a computational method called Lollipop to predict
chromatin loops from a set of genomic and epigenomic features using a random forest
classifier [20]. However, Lollipop does not utilize DNA sequence information and therefore
cannot directly quantify variant impacts at chromatin loop anchors. CTCF-MP is another
method that utilizes genomic and epigenomics features to make CTCF-mediated loop
predictions [21]. It employs a word2vec model to encode DNA sequences into feature
vectors and then combines other epigenomic features for loop predictions using a boosted
tree classifier. While CTCF-MP demonstrated improved performance, its ability to account
for variant impacts using word2vec is quite limited. Recently, sequence-based deep learning
methods have shown great potential for predicting insulators and quantifying variant
impact therein [22–24]. However, the input sequences for these models are usually up to
a kilobase pair in length, which is an order longer than the true insulator sites. Hence,
a daunting question remains: where is the insulator boundary given a long sequence?
In addition, recent studies have pointed out the involvement of novel, cell-type-specific
transcription factors (TFs) other than CTCF, such as ZNF143 [25], YY1 [26], and CUX1 [27],
in chromatin looping. These findings warrant the need for improved computational
approaches with the ability to refine current loop anchor annotations and remove redundant
non-functional regions, ultimately facilitating downstream analyses, such as causal variant
identification and functional validation.

To address these challenges, we propose InsuLock, a weakly-supervised deep learning
approach to predict anchors of insulator loops, localize their precise boundaries, and quantify
cell-type-specific variant impacts developed within the Zhang lab at University of California,
Irvine, CA, USA (Figure 1). Precisely, InsuLock constitutes three distinct modules: (i) a binary
classification module based on Siamese convolutional neural network (CNN) to predict the
existence of insulator within a given genomic region; (ii) a weakly supervised object detection
module to refine insulator boundaries; (iii) a variant impact quantification module to prioritize
variants affecting insulator functions. To test the effectiveness of InsuLock, we performed
extensive benchmarking via publicly available data from ENCODE and demonstrated its
high accuracy and sensitivity via cross-cell-line and leave-one-out chromosome validations.
Moreover, we validated InsuLock’s object detection module’s ability to refine fuzzy insulator
annotations by performing phylogenetic conservation and transcription factor (TF) motif
enrichment analyses. Finally, we applied InsuLock on brain single-cell ATAC-seq data to
quantify cell-type-specific impact scores of GWAS SNPs associated with Schizophrenia. In a
cell-type-specific manner, we prioritized potential disease-causing variants disrupting the 3D
genome organization in the human brain.
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Figure 1. Overall schematic workflow of the InsuLock Method: First, the positive dataset is generated
by intersecting Rad21 ChIA-PET peaks with CTCF ChIP-seq peaks to define true anchor regions.
InsuLock utilizes one-hot encoded DNA matrices as input to make predictions. Second, the binary-
classification module learns the sequence patterns around the anchors of insulator loops and makes a
binary prediction. Third, the weakly-supervised object detection module utilizes the activation maps
(Ak), weighted by an importance score (ac) to refine and localize the core anchor region and visualize
the sequence features that were used by the model to make the prediction. Fourth, the variant impact
quantification module identifies insulator disrupting variants by computing a delta score.

2. Materials and Methods
2.1. Data Preparation

We collected Rad21 ChIA-PET data along with CTCF ChIP-seq and ATAC-seq data
on four human cell lines (H1, GM12878, K562, and MCF7) from the ENCODE web por-
tal [28,29]. CTCF ChIP-seq peaks overlapping with Rad21 ChIA-PET peaks were defined
as true anchor regions and were treated as the positive samples. All the CTCF ChIP-seq
and ATAC-seq peaks not overlapping with the true anchor regions were considered the
negative samples. For ease of analyses, the negative samples were further classified into
three categories (type-1, type-2, and type-3). Type-1 negatives were the CTCF ChIP-seq
peaks that did not overlap with any true anchors, while type-2 and type-3 were the negative
ATAC-seq data with and without a CTCF motif, respectively. We used FIMO to scan for the
presence of a CTCF motif using the CTCF motif position weight matrix that was obtained
from JASPAR (ID: MA0139.1, accessed on 29 January 2022) [30,31]. A threshold p-value of
5 × 10−5 was used to scan for motifs.



Genes 2022, 13, 621 4 of 15

Next, we randomly split our data into training, validation, and test sets in an 8:1:1
ratio, and the negative samples in the training set were manually resized to equal the
number of positive training samples. All the sequences were normalized to a length of
2000 base pairs centered around their original peaks and were converted into a 2000 × 4
one-hot matrix, with each column corresponding to A, T, C, and G.

2.2. InsuLock Neural Network Architecture

As shown in Figure 2, we adopted a Siamese/conjoined neural network architecture,
consisting of convolutional, pooling, and fully connected layers. As the word Siamese
suggests, there were two copies of the same convolutional neural network with shared
weight parameters that run in parallel, whose outputs were combined to provide a single
output. Each network consisted of three convolution blocks, where each block consisted of
a convolution layer, a Rectified Linear Unit layer (ReLU), followed by a max-pooling layer.
To train the network, we used a 2000 × 4 one-hot encoded DNA matrix as input. The filters
of the first convolution layer had a size of 31 × 4, which represented the position weight
matrices (PWM) of the motif patterns in the input sequence. Then, the max-pooling layers
were used to summarize and aggregate the features captured by the convolution layers.
The later convolution filters captured the higher-order DNA interactions and higher-level
DNA features such as GC content. The outputs of the final max pool layer were then
introduced into fully connected layers to make a sigmoid prediction on the probability of
the input sequence containing an insulator loop anchor region. Fifty percent dropout was
used on the fully connected layers to reduce overfitting [32].

P(anchor) = 1/
(
1 + e−x) (1)

Figure 2. InsuLock’s Siamese neural network architecture: To the binary classification model, the
one-hot encoded matrix of both the forward and reverse complementary sequences are fed, and
the sigmoid predictions of both the strands are averaged out to provide the final anchor prediction.
The neural network architecture is composed of 3 convolution blocks, where each block contains a
convolution and a pooling layer, which is followed by 3 dense layers.

The rationale behind adopting a Siamese architecture was to overcome the strand
duality issue that had been persistent in all predictive models that map double-stranded
DNA to regulatory functions. In an ideal world, both the forward and the reverse strand
must produce analogous predictions when given as input. Nevertheless, since current
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neural network architectures were not developed explicitly for DNA analyses but rather for
computer vision tasks, they produce highly varied predictions on the forward and reverse
DNA strand sequences. To overcome this issue, we trained a post-hoc conjoined model that
could be described as a standard model trained with augmented reverse complementary
(RC) sequences, but was converted into a conjoined model after the model training, where
it took in two inputs: the forward and reverse strand sequences. The outputs of the two
strands were then averaged to provide the final anchor probability.

2.3. Model Training and Evaluation

Our neural network models were trained using the Adam optimization algorithm
with a learning rate of 5 × 10−5 for 50 epochs, with a batch size of 64 to minimize the
average binary cross-entropy loss on the training set [33]. A weight decay of 5 × 10−4

was used alongside the Adam optimizer. The performance of the model on the validation
data was evaluated at the end of each epoch, and the model with the lowest loss on the
validation data was saved and used.

To facilitate the training process and improve model performance, we employed a
two-stage training process. In the first stage, we pre-trained a binary classifier that classified
sequences based on the presence of a CTCF motif. In the second stage, we trained a binary
classifier that predicted insulator loop anchors by initializing the network with the weights
of the pre-trained model.

We performed cross-cell-line validation and cross-chromosome validation across all
four cell lines and all 22 autosomal chromosomes to measure how well the model general-
ized to a new cell line or chromosome and also to measure the loop anchor’s conservation
across different cell lines and chromosomes. For cross cell-line validation, we trained a
neural network model on each of the four cell lines and tested each model on all four
cell lines. For cross chromosome validation, we trained 22 models, where each model
was trained on 21 chromosomes, leaving one chromosome out for validation. All the
models were initialized using the weights of the pre-trained model, ensuring a robust
comparison. Models with the best performance on the validation set were used to report
the performance. Due to the severe class imbalance in our dataset, we used a combination
of area under the precision-recall curve (AUPR) and area under the receiver operating
characteristic curve (AUROC) as our primary metric to measure the performance of the
models. The neural network architectures were implemented using the PyTorch machine
learning library, and the training process was accelerated using the NVIDIA Tesla T4 GPU
(NVIDIA Corporation, Santa Clara, CA, USA) [34].

2.4. Weakly Supervised Object Detection via Gradient-Weighted Class Activation Mapping

To accurately refine the insulator boundaries, we used a popular approach in computer
vision named gradient-weighted class activation mapping (Grad-CAM) to visualize the
predictions made by the neural network [35]. Specifically, Grad-CAM utilizes the gradient
information flowing through convolution layers to calculate a scalar importance score (aC

k )
for each activation map (Ak) through a global-average pooling operation, as shown in
Equation (2).

aC
k = 1

z ∑
i

∑
j

∂yC

∂Ak
ij︸︷︷︸

Global Average Pooling

(2)

A weighted linear combination is then performed on the activation maps using the
scalar importance scores, followed by a RELU function to produce a Grad-CAM heat map
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of dimensions i × j (Equation (3)), which could be mapped back to the input 2D-image to
visualize the important features the model used to make the predictions.

LC
Grad−CAM = RELU

(
∑
k

aC
k Ak

)
(3)

Due to the 1-dimensional nature of DNA sequences, the equation for calculating the
scalar importance score was modified as shown in Equation (4). A 1D Grad-CAM map was
generated through a weighted linear combination of the activation maps.

aC
k =

1
z ∑

i

∂yC=1

∂Ak
i

(4)

In our method, we used the gradients flowing through the final convolution block to
produce the Grad-CAM importance map and refine the insulator boundaries. Since the
sequence length after the final convolution block was shorter compared to the original input
length, we used PyTorch’s inbuilt up-sampling function to resize the importance score array
to match the input length. Grad-CAM was then applied to only the true insulator samples.
To refine our predictions, we used a bin size of 40 base pairs around the high Grad-CAM
score region to define the important regions. This method enabled us to understand the
features of insulator loop anchors by visualizing and elucidating the basis of our model’s
decision-making.

2.5. Transcription Factor Motif Enrichment Analyses

To uncover and analyze the refined insulator regions, we performed transcription
factor enrichment analyses to identify TFs that play a role in chromatin looping. Specifically,
we downloaded the position weight matrices (PWM) of 984 motifs in Homo sapiens from
JASPAR and then used CentriMo (MEME SUITE) with default parameters to perform the
motif enrichment analyses on both the forward and reverse strands of the refined insulator
regions [36].

2.6. Phylogenetic Conservation Analyses

To test the efficiency of the weakly supervised object detection module in condensing
and refining the insulator regions robustly, we performed cross-species conservation analy-
ses using PhastCons [37]. PhastCons is a hidden Markov model trained on 100 different
vertebrate species and computes the conservation of a given genomic region. We specif-
ically downloaded the hg38 100-way PhastCons bigwig file and computed the average
conservation score of both the original anchor regions and the refined anchor regions. The
boxplots of the conservation scores were then plotted, and the one-sided Wilcoxon test was
performed to calculate the p-value.

2.7. Variant Impact Quantification at Single-Cell Resolution

To identify disease-causing variants that alter 3D genome assembly at the single-cell
level, we downloaded brain sc-ATAC-seq data from Corces et al. and schizophrenia-
associated SNPs from the GWAS catalog [38]. The brain sc-ATAC-seq data consisted of
six main cell types (excitatory neuron, inhibitory neurons, microglia, oligodendrocytes,
astrocytes, and oligodendrocytes progenitor cells) and had a total of 221,062 peaks. We
overlapped the ATAC-seq peaks with the schizophrenia-related SNPs to identify chromatin
accessible regions containing disease-causing variants and generated wild-type (WT) and
mutant sequences centered at the site of mutation. Then we used the pre-trained InsuLock
model to calculate the anchor probability of WT and mutant sequences on both the forward
and reverse strand and computed a delta score for each variant.
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3. Results

Distinct from traditional binary classification methods, we employed a weakly su-
pervised object detection method (WSOD) in the form of post-hoc attention to identify
insulators and refine their boundaries in the human genome. Specifically, we utilized
chromatin insulators loops from ENCODE to train and test our InsuLock model. Results
Sections 3.1 and 3.2 demonstrate the ability of InsuLock to make accurate insulator predic-
tions. Then for object detection, we utilized Grad-CAM in the form of post-hoc attention to
refine insulator predictions. Results Sections 3.3 and 3.4 describe our validation outcomes
on InsuLock’s refined insulator annotations. Finally, we utilized single-cell ATAC-seq data
from brain tissue to predict the impact of schizophrenia-causing SNVs identified by GWAS,
as shown in Result Section 3.5. In short, we applied InsuLock to various real-world datasets
for comprehensive benchmarking and demonstrated its benefits over state-of-the-art insu-
lator prediction methods.

3.1. InsuLock Provides Accurate Insulator Predictions

InsuLock is a deep neural network model developed to predict anchors of insulator
loops and to discover the underlying sequence patterns in these regions. First, InsuLock
was trained using data from four different cell lines: GM12878, H1, K562, and MCF7. The
current hypothesis behind DNA loop extrusion requires co-occupancy of CTCF and cohesin
complex at topologically associating domains (TADs) boundaries and loop anchors. Thus,
we only used the sequences containing both CTCF and cohesion to define our positive
dataset (details in Methods Section 2.1). The positive and negative training datasets from
all the cell types were merged and shuffled to train a binary classifier for predicting the
presence of insulator loop anchors in any given 2000 bp genomic region.

To evaluate the performance of our model, we used three different out-of-sample
testing sets that contained the same set of true anchors as the positive sample but contained
different negative samples. The first negative set contained CTCF ChIP-seq peaks that were
not anchors of any chromatin loop. The second negative set contained ATAC-seq peaks
with CTCF motifs that did not overlap with any true anchor, while the third set contained
ATAC-seq peaks without a CTCF motif.

As shown in Figure 3A,B, the ability of the model to differentiate between non-anchor
type-3 and true anchor (AUPR = 0.992) was significantly better than that of non-anchor
type-1 (AUPR = 0.873), given that many motif patterns may be shared across the CTCF
motif-containing type-1 negatives and true anchor regions. Non-anchor type2, even though
it contained CTCF motifs, achieved an AUPR of 0.962, which is significantly higher than
that of type-1 negative, suggesting that the loop anchors were not just characterized by
a single motif pattern, but rather by a combination of motif patterns, which our model
was able to identify. Lastly, to test the robustness of InsuLock’s learning process across
different chromosomes, we performed leave-one-chromosome-out validation and observed
a consistently high AUROC and AUPR performance across all the chromosomes (average
AUPR of 0.819 and average AUROC of 0.947, Figure S1).

We also performed cross-cell-line validation to test whether our InsuLock model could
learn transferrable feature patterns from one cell type and make reliable predictions on
new cell types not seen during the training process. As shown in Figure 3C,D, the cross
cell-line performance of GM12878, H1, and K562 were consistently high (AUPR ranging
from 0.828 to 0.891) compared to the merged data (AUPR = 0.848). On the other hand, the
InsuLock model trained on GM12878, H1, and K562 showed slightly worse performance
when predicting insulators on MCF7 (average AUPR of 0.733). Such lowered performance
may be explained by the severe class imbalance in MCF7, resulting in a smaller AUPR. As
demonstrated, our InsuLock model can make accurate anchor predictions and robustly
transfer the learned features onto novel, unseen cell lines and loci.
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Figure 3. InsuLock’s performance on the test data indicating the performance metrics against different
types of non-anchors using (A) ROC curve and (B) PR curve. Cross cell line validation performance
against all the 4 cell lines using (C) AUROC and (D) AUPR.

3.2. InsuLock’s Post-Hoc Siamese Model Outperform Standard Models

To benchmark the performance of our post-hoc conjoined model, we also trained a
conjoined model using the mean predictions from the forward and reverse strand during
the training process to perform the back-propagation for the weights.

We saw that the post-hoc conjoined model consistently outperformed the trained
conjoined model across all the datasets, as shown in Figure 4. This could be due to averaging
of the sigmoid outputs, which might lead to inefficient back-propagation, especially in
the case of divergent predictions on the forward and reverse strand. In that case, gradient
descent update would negatively impact the optimization process and might lead to
overfitting. On the other hand, post-hoc models learned the sequence features from both
the forward and reverse strands independently and were converted to a conjoined model
only after training, which was useful especially in cases where the model had to learn TF
motif patterns that are non-palindromic, such as CTCF. Thus, it resulted in a consistent 2%
better performance in all cell types. We also demonstrated that even the standard models
trained with RC augmented data performed consistently better than trained-conjoined
models, supporting our overfitting hypothesis of trained-conjoined models on the training
data. Similarly, a previous study also showed that training both forward and reverse
strands independently improved the performance of sequence-based prediction tasks [39].
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Figure 4. Benchmarking reverse-complement tackling strategies used in deep learning models in
genomics on (A) different types of non-anchors and (B) different cell-lines using AUPR, indicating
the superior performance of conjoined post-hoc models compared to other methods.

3.3. InsuLock’s Object Detection Module Accurately Refines Insulator Boundaries That Are Highly
Conserved across Species

Scientists usually combine both chromatin accessibility information from ATAC-seq
or DNase-seq and sequencing features to make insulator predictions. However, the peak
calling process, especially from the recently developed single-cell ATAC-seq, usually suffers
from large noise due to the extreme sparsity, resulting in relatively broad peaks up to
several kilobase pairs [40,41]. Such fuzzy peak annotations further introduce inaccurate
insulator boundary definitions. Here, we used a weakly supervised learning scheme to
extract core features important for positive decision-making and refined core insulator
boundaries by reducing the total peak coverage to only 2.5 percent of its original coverage
(Figure 5A). Since cross-species conservation is a strong indicator for functionality, we
compared the cross-species conservation scores of the original and refined anchor regions
to test InsuLock’s ability to identify core anchor regions. Specifically, we downloaded the
100-way PhastCons signals (hg38) from the UCSC genome browser and calculated the
average conservation score of all the sequences across 100 vertebrate species. We found
that the refined regions were highly conserved with a median conservation score of 0.294,
compared to those of the original regions that had a median score of 0.061 as shown in
Figure 5B (p-value < 2.2 × 10−16, one-sided Wilcoxon test), demonstrating InsuLock’s
ability to detect functional insulator regions with coarse input annotations.
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Figure 5. (A) Total nucleotide coverage of the original insulator annotations compared with Insu-
Lock’s refined insulator annotations. (B) Conservation analyses using PhastCons score indicate that
the refined regions are significantly conserved compared to original regions.

3.4. InsuLock Facilitates Precise Motif Discoveries to Uncover Novel TF Involvement to form Insulators

To understand the features present around the loop anchor region, we used 52,495 true
anchors from all four cell lines. We performed Grad-CAM on these positive samples to
generate heatmaps that identified regions within these sequences that were considered
important by the predicting model. For each sequence, the 40 bp window centered around
the region with the highest Grad-CAM score was used to perform the motif enrichment
analyses.

Then we downloaded the PWMs of 984 motifs in Homo sapiens from JASPAR. We then
used CentriMo (MEME SUITE) with default parameters to perform the motif enrichment
analyses on both the forward and reverse strands of the refined insulator regions. As
expected, we found that CTCF showed the highest motif-enrichment (− log(p) = 4065),
consistent with the well-known role of CTCF as an insulator. Moreover, motifs of nuclear
receptor TFs such as NR2C1 and NR2C2, and the motif of YY2 were highly enriched at
insulator sites. Although there has been no proof for their involvement in a chromatin loop
formation, YY1, the paralog of YY2, has been known to instigate loop formation. In addition,
we also identified the presence of several other motifs from InsuLock’s refined predictions,
including the significant enrichment of zinc-finger transcription factors (ZF-TFs) such as
ZIC4 and ZIC1 that are known to be enriched at anchors of CTCF loops [42], and ZNF384
that provides sequence specificity to cohesin mediated chromatin interaction [43]. The motif
pattern of TCF3 that is known to be centered at loop anchor regions was also identified
by our method [44]. We also identified several novel TFs whose role in TAD formation
may be previously underappreciated, including CUX1, SPI1, E2F3, RUNX3, EBF1, MAX,
TFAP2C, and JUND [27,43]. The detailed list of TFs identified by InsuLock can be found at
Tables S1 and S2.

3.5. InsuLock Predicts Anchor Disruption Due to Functional Disease-Associated SNPs

The majority of the disease-causing mutations identified by GWAS lie within the
non-coding regions such as enhancers, promoters, and insulators [45]. Recent studies have
shown that disruptions in loop boundaries lead to aberrant enhancer–gene linkages and,
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consequently, altered gene expression profiles in genetic disorders [25,38,43]. Moreover,
given that loop anchor regions are highly conserved, mutations in these regions may have
significant effects such as loss of insulator function due to loop disruption. Here, we applied
InsuLock on scATAC-seq peaks to identify non-coding variants that alter the 3D genome
organization at the single-cell resolution in the human brain.

Specifically, we used InsuLock to calculate the anchor probability of both WT and
mutant sequences in Schizophrenia-related SNPs and computed a delta score for each
variant by subtracting the probability values of WT and mutant sequences. We found that
rs9900803, an intronic variant present in chromosome 17 and accessible only in astrocytes
and oligodendrocyte cells, caused significant anchor disruption at the site of mutation with
a delta score of 0.79, possibly due to the loss of CTCF motif on the complementary strand.
As shown in Figure 6A, the SNP is located ~40 kb upstream of the transcription start site
of the RAI1 gene and localizes around a CTCF ChIP-seq peak in astrocytes. HiChIP data
also indicated the presence of a possible loop connecting the site of the SNP to a region
~10 kb upstream of the transcription start site of the RAI1 gene, which contains highly
conserved regions around its anchor, indicating the presence of regulatory elements. The
high delta score indicates a potential insulator loop disruption due to rs9900803, leading
to upregulation of the RAI1 gene from the loss of insulator activity. Previous studies have
shown that dysregulation of the RAI1 gene in the brain leads to intellectual disabilities such
as Smith–Magenis syndrome and Potocki–Lupski syndrome [46–48]. Specifically, one study
showed that patients with schizophrenia and bipolar disorder had a significant increase
in RAI1 expression in their brains [49]. However, the underlying mechanisms through
which the RAI1 gene is overexpressed in patients with schizophrenia are still unknown. We
hypothesize a possible insulator loop disrupting mechanism around the promoter region
of the RAI1 gene, potentially through disruption of a CTCF binding motif, leading to the
overexpression of the RAI1 gene.
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Figure 6. Total nucleotide InsuLock’s variant impact quantification module that predicts the effect of
SNVs on the insulator sites. (A) Brain scATAC-seq, GWAS, HiChIP, NCBI RefSeq, 100 vertebrates
PhyloP conservation, CTCF ChIP-seq peak in astrocytes, and bipolar neuron track on UCSC genome
browser. (B) Predicted anchor probability of wild-type and mutant sequence. (C) Delta scores of
GWAS SNPs associated with Schizophrenia.

4. Discussion

In this paper, we present a weakly supervised learning scheme called InsuLock with
three key modules for (1) accurate CTCF mediated insulator loop anchor prediction; (2) pre-
cise boundary refinement on the base-pair resolution using weakly supervised learning;
and (3) variant impact quantification within insulator loop anchor sites. For the binary
classification step, we trained a deep convolution neural network that robustly identifies
complex non-linear sequence patterns to make accurate predictions. We also showed that
our post-hoc conjoined model outperformed existing state-of-the-art approaches that fail to
consider the double-stranded nature of DNA sequences. In addition to the binary classifi-
cation model, InsuLock’s method has a unique weakly supervised object detection module
implemented via Grad-CAM, which provides the important sequence patterns utilized by
the model to make predictions and refine coarse insular regions. In particular, we showed
that the refined insulator annotations are highly enriched with known loop anchor motifs
and are evolutionarily conserved across vertebrate species. Furthermore, InsuLock has a
variant impact module that predicts the effect of mutations at insulator sites with single
base-pair resolution.

For future directions, DNA sequences can be integrated with other epigenetic data such
as DNA methylation and histone modification [50], since anchors of chromatin loops contain
distinct epigenetic marks [51], that might further improve the insulator prediction task.

To summarize, we introduce a powerful deep learning-based tool that could be widely
utilized for insulator prediction and discovery. With corresponding ATAC-seq data, In-
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suLock can predict insulators not only at the bulk tissue level but also at the single-cell
resolution. Since chromatin conformation assays such as single-cell Hi-C are relatively
expensive compared to single-cell ATAC-seq, computational models such as InsuLock that
can help decode the 3D genome organization at the single-cell resolution greatly advance
the understanding of gene regulation and interpret functional non-coding variants at the
single-cell level.

5. Conclusions

We developed a deep learning method called InsuLock for the identification and
characterization of chromatin insulators, and performed extensive benchmarking using
publicly available data from ENCODE and demonstrated its high accuracy and sensitivity.
We utilized InsuLock’s object detection module to identify cell-type specific transcription
factor involvement in chromatin looping, and showed the InsuLock’s refined insulator
annotations are highly conserved across species. We also applied our method to brain
single-cell ATAC-seq data to quantify cell-type-specific impact scores of GWAS SNPs
associated with schizophrenia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13040621/s1, Figure S1: Leave-One-Chromosome-Out Cross
Validation; Table S1: A detailed list of transcription factor (TF) motif’s enriched within InsuLock’s
refined insulator annotations, identified using CentriMo; Table S2: Differential motif enrichment
analyses to identify cell-type specific TF involvement in chromatin looping.

Author Contributions: Conceptualization, J.Z. and M.J.G.; methodology, J.Z.; software, S.S.S. and
Y.G.; validation, S.S.S., J.Z. and S.X.; formal analysis, S.S.S.; data curation, J.Z. and A.H.; writing—
original draft preparation, J.Z., S.S.S. and S.X.; writing—review and editing, J.Z., S.S.S., S.X. and M.X.;
supervision, J.Z.; funding acquisition, J.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by NIMH, grant number K01MH123896.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Rad21 ChIA-PET, CTCF ChIP-seq and ATAC-seq data were obtained
from ENCODE. Brain single-cell ATAC-seq and HiChIP data is available from [38]. The software for the
analyses can be found at https://github.com/aicb-ZhangLabs/InsuLock (accessed on 29 January 2022).

Acknowledgments: We would like to acknowledge Cheyu Lee for his comments on our manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kadauke, S.; Blobel, G.A. Chromatin loops in gene regulation. Biochim. Biophys. Acta 2009, 1789, 17–25. [CrossRef] [PubMed]
2. Razin, S.V.; Ulianov, S.V. Gene functioning and storage within a folded genome. Cell. Mol. Biol. Lett. 2017, 22, 18. [CrossRef]

[PubMed]
3. Zheng, H.; Xie, W. The role of 3D genome organization in development and cell differentiation. Nat. Rev. Mol. Cell Biol. 2019, 20,

535–550. [CrossRef] [PubMed]
4. Fullwood, M.J.; Ruan, Y. ChIP-based methods for the identification of long-range chromatin interactions. J. Cell. Biochem. 2009,

107, 30–39. [CrossRef] [PubMed]
5. Lieberman-Aiden, E.; van Berkum, N.L.; Williams, L.; Imakaev, M.; Ragoczy, T.; Telling, A.; Amit, I.; Lajoie, B.R.; Sabo, P.J.;

Dorschner, M.O.; et al. Comprehensive mapping of long-range interactions reveals folding principles of the human genome.
Science 2009, 326, 289–293. [CrossRef]

6. Davidson, I.F.; Bauer, B.; Goetz, D.; Tang, W.; Wutz, G.; Peters, J.M. DNA loop extrusion by human cohesin. Science 2019, 366,
1338–1345. [CrossRef] [PubMed]

7. Davidson, I.F.; Peters, J.M. Genome folding through loop extrusion by SMC complexes. Nat. Rev. Mol. Cell Biol. 2021, 22, 445–464.
[CrossRef]

8. Flavahan, W.A.; Drier, Y.; Liau, B.B.; Gillespie, S.M.; Venteicher, A.S.; Stemmer-Rachamimov, A.O.; Suva, M.L.; Bernstein, B.E.
Insulator dysfunction and oncogene activation in IDH mutant gliomas. Nature 2016, 529, 110–114. [CrossRef]

https://www.mdpi.com/article/10.3390/genes13040621/s1
https://www.mdpi.com/article/10.3390/genes13040621/s1
https://github.com/aicb-ZhangLabs/InsuLock
http://doi.org/10.1016/j.bbagrm.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18675948
http://doi.org/10.1186/s11658-017-0050-4
http://www.ncbi.nlm.nih.gov/pubmed/28861108
http://doi.org/10.1038/s41580-019-0132-4
http://www.ncbi.nlm.nih.gov/pubmed/31197269
http://doi.org/10.1002/jcb.22116
http://www.ncbi.nlm.nih.gov/pubmed/19247990
http://doi.org/10.1126/science.1181369
http://doi.org/10.1126/science.aaz3418
http://www.ncbi.nlm.nih.gov/pubmed/31753851
http://doi.org/10.1038/s41580-021-00349-7
http://doi.org/10.1038/nature16490


Genes 2022, 13, 621 14 of 15

9. Franke, M.; Ibrahim, D.M.; Andrey, G.; Schwarzer, W.; Heinrich, V.; Schopflin, R.; Kraft, K.; Kempfer, R.; Jerkovic, I.; Chan,
W.L.; et al. Formation of new chromatin domains determines pathogenicity of genomic duplications. Nature 2016, 538, 265–269.
[CrossRef]

10. Groschel, S.; Sanders, M.A.; Hoogenboezem, R.; de Wit, E.; Bouwman, B.A.M.; Erpelinck, C.; van der Velden, V.H.J.; Havermans,
M.; Avellino, R.; van Lom, K.; et al. A single oncogenic enhancer rearrangement causes concomitant EVI1 and GATA2 deregulation
in leukemia. Cell 2014, 157, 369–381. [CrossRef]

11. Hnisz, D.; Weintraub, A.S.; Day, D.S.; Valton, A.L.; Bak, R.O.; Li, C.H.; Goldmann, J.; Lajoie, B.R.; Fan, Z.P.; Sigova, A.A.; et al.
Activation of proto-oncogenes by disruption of chromosome neighborhoods. Science 2016, 351, 1454–1458. [CrossRef] [PubMed]

12. Ibn-Salem, J.; Kohler, S.; Love, M.I.; Chung, H.R.; Huang, N.; Hurles, M.E.; Haendel, M.; Washington, N.L.; Smedley, D.; Mungall,
C.J.; et al. Deletions of chromosomal regulatory boundaries are associated with congenital disease. Genome Biol. 2014, 15, 423.
[CrossRef] [PubMed]

13. Kaiser, V.B.; Semple, C.A. When TADs go bad: Chromatin structure and nuclear organisation in human disease. F1000Research
2017, 6, PMC5373421. [CrossRef] [PubMed]

14. Katainen, R.; Dave, K.; Pitkanen, E.; Palin, K.; Kivioja, T.; Valimaki, N.; Gylfe, A.E.; Ristolainen, H.; Hanninen, U.A.; Cajuso, T.;
et al. CTCF/cohesin-binding sites are frequently mutated in cancer. Nat. Genet. 2015, 47, 818–821. [CrossRef]

15. Kemp, C.J.; Moore, J.M.; Moser, R.; Bernard, B.; Teater, M.; Smith, L.E.; Rabaia, N.A.; Gurley, K.E.; Guinney, J.; Busch, S.E.; et al.
CTCF haploinsufficiency destabilizes DNA methylation and predisposes to cancer. Cell Rep. 2014, 7, 1020–1029. [CrossRef]

16. Lettice, L.A.; Daniels, S.; Sweeney, E.; Venkataraman, S.; Devenney, P.S.; Gautier, P.; Morrison, H.; Fantes, J.; Hill, R.E.; FitzPatrick,
D.R. Enhancer-adoption as a mechanism of human developmental disease. Hum. Mutat. 2011, 32, 1492–1499. [CrossRef]

17. Lupianez, D.G.; Kraft, K.; Heinrich, V.; Krawitz, P.; Brancati, F.; Klopocki, E.; Horn, D.; Kayserili, H.; Opitz, J.M.; Laxova, R.; et al.
Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer interactions. Cell 2015, 161, 1012–1025.
[CrossRef]

18. Northcott, P.A.; Lee, C.; Zichner, T.; Stutz, A.M.; Erkek, S.; Kawauchi, D.; Shih, D.J.; Hovestadt, V.; Zapatka, M.; Sturm, D.; et al.
Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma. Nature 2014, 511, 428–434. [CrossRef]

19. Weischenfeldt, J.; Dubash, T.; Drainas, A.P.; Mardin, B.R.; Chen, Y.; Stutz, A.M.; Waszak, S.M.; Bosco, G.; Halvorsen, A.R.; Raeder,
B.; et al. Pan-cancer analysis of somatic copy-number alterations implicates IRS4 and IGF2 in enhancer hijacking. Nat. Genet.
2017, 49, 65–74. [CrossRef]

20. Kai, Y.; Andricovich, J.; Zeng, Z.; Zhu, J.; Tzatsos, A.; Peng, W. Predicting CTCF-mediated chromatin interactions by integrating
genomic and epigenomic features. Nat. Commun. 2018, 9, 4221. [CrossRef]

21. Zhang, R.; Wang, Y.; Yang, Y.; Zhang, Y.; Ma, J. Predicting CTCF-mediated chromatin loops using CTCF-MP. Bioinformatics 2018,
34, i133–i141. [CrossRef] [PubMed]

22. Trieu, T.; Martinez-Fundichely, A.; Khurana, E. DeepMILO: A deep learning approach to predict the impact of non-coding
sequence variants on 3D chromatin structure. Genome Biol. 2020, 21, 79. [CrossRef] [PubMed]

23. Lv, H.; Dao, F.Y.; Zulfiqar, H.; Su, W.; Ding, H.; Liu, L.; Lin, H. A sequence-based deep learning approach to predict CTCF-mediated
chromatin loop. Brief. Bioinform. 2021, 22, bbab031. [CrossRef]

24. Kuang, S.; Wang, L. Deep Learning of Sequence Patterns for CCCTC-Binding Factor-Mediated Chromatin Loop Formation. J.
Comput. Biol. 2021, 28, 133–145. [CrossRef] [PubMed]

25. Bailey, S.D.; Zhang, X.; Desai, K.; Aid, M.; Corradin, O.; Cowper-Sal Lari, R.; Akhtar-Zaidi, B.; Scacheri, P.C.; Haibe-Kains, B.;
Lupien, M. ZNF143 provides sequence specificity to secure chromatin interactions at gene promoters. Nat. Commun. 2015, 2, 6186.
[CrossRef]

26. Beagan, J.A.; Duong, M.T.; Titus, K.R.; Zhou, L.; Cao, Z.; Ma, J.; Lachanski, C.V.; Gillis, D.R.; Phillips-Cremins, J.E. YY1 and CTCF
orchestrate a 3D chromatin looping switch during early neural lineage commitment. Genome Res. 2017, 27, 1139–1152. [CrossRef]

27. Arthur, R.K.; An, N.; Khan, S.; McNerney, M.E. The haploinsufficient tumor suppressor, CUX1, acts as an analog transcriptional
regulator that controls target genes through distal enhancers that loop to target promoters. Nucleic Acids Res. 2017, 45, 6350–6361.
[CrossRef]

28. Zhang, J.; Lee, D.; Dhiman, V.; Jiang, P.; Xu, J.; McGillivray, P.; Yang, H.; Liu, J.; Meyerson, W.; Clarke, D.; et al. An integrative
ENCODE resource for cancer genomics. Nat. Commun. 2020, 11, 3696. [CrossRef]

29. Consortium, E.P.; Moore, J.E.; Purcaro, M.J.; Pratt, H.E.; Epstein, C.B.; Shoresh, N.; Adrian, J.; Kawli, T.; Davis, C.A.; Dobin, A.;
et al. Expanded encyclopaedias of DNA elements in the human and mouse genomes. Nature 2020, 583, 699–710. [CrossRef]

30. Grant, C.E.; Bailey, T.L.; Noble, W.S. FIMO: Scanning for occurrences of a given motif. Bioinformatics 2011, 27, 1017–1018.
[CrossRef]

31. Castro-Mondragon, J.A.; Riudavets-Puig, R.; Rauluseviciute, I.; Berhanu Lemma, R.; Turchi, L.; Blanc-Mathieu, R.; Lucas, J.;
Boddie, P.; Khan, A.; Manosalva Perez, N.; et al. JASPAR 2022: The 9th release of the open-access database of transcription factor
binding profiles. Nucleic Acids Res. 2022, 50, D165–D173. [CrossRef] [PubMed]

32. Srivastava, N.; Hinton, G.; Krizhevsky, A.; Sutskever, I.; Salakhutdinov, R. Dropout: A simple way to prevent neural networks
from overfitting. J. Mach. Learn. Res. 2014, 15, 1929–1958.

33. Kingma, D.P.; Ba, J. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.
34. Paszke, A.; Gross, S.; Massa, F.; Lerer, A.; Bradbury, J.; Chanan, G.; Killeen, T.; Lin, Z.; Gimelshein, N.; Antiga, L. Pytorch: An

imperative style, high-performance deep learning library. Adv. Neural Inf. Process. Syst. 2019, 32, 8026–8037.

http://doi.org/10.1038/nature19800
http://doi.org/10.1016/j.cell.2014.02.019
http://doi.org/10.1126/science.aad9024
http://www.ncbi.nlm.nih.gov/pubmed/26940867
http://doi.org/10.1186/s13059-014-0423-1
http://www.ncbi.nlm.nih.gov/pubmed/25315429
http://doi.org/10.12688/f1000research.10792.1
http://www.ncbi.nlm.nih.gov/pubmed/28408976
http://doi.org/10.1038/ng.3335
http://doi.org/10.1016/j.celrep.2014.04.004
http://doi.org/10.1002/humu.21615
http://doi.org/10.1016/j.cell.2015.04.004
http://doi.org/10.1038/nature13379
http://doi.org/10.1038/ng.3722
http://doi.org/10.1038/s41467-018-06664-6
http://doi.org/10.1093/bioinformatics/bty248
http://www.ncbi.nlm.nih.gov/pubmed/29949986
http://doi.org/10.1186/s13059-020-01987-4
http://www.ncbi.nlm.nih.gov/pubmed/32216817
http://doi.org/10.1093/bib/bbab031
http://doi.org/10.1089/cmb.2020.0225
http://www.ncbi.nlm.nih.gov/pubmed/33232622
http://doi.org/10.1038/ncomms7186
http://doi.org/10.1101/gr.215160.116
http://doi.org/10.1093/nar/gkx218
http://doi.org/10.1038/s41467-020-14743-w
http://doi.org/10.1038/s41586-020-2493-4
http://doi.org/10.1093/bioinformatics/btr064
http://doi.org/10.1093/nar/gkab1113
http://www.ncbi.nlm.nih.gov/pubmed/34850907


Genes 2022, 13, 621 15 of 15

35. Selvaraju, R.R.; Cogswell, M.; Das, A.; Vedantam, R.; Parikh, D.; Batra, D. Grad-cam: Visual explanations from deep networks
via gradient-based localization. In Proceedings of the IEEE International Conference on Computer Vision, Venice, Italy, 22–29
October 2017; pp. 618–626.

36. Bailey, T.L.; Machanick, P. Inferring direct DNA binding from ChIP-seq. Nucleic Acids Res. 2012, 40, e128. [CrossRef] [PubMed]
37. Siepel, A.; Bejerano, G.; Pedersen, J.S.; Hinrichs, A.S.; Hou, M.; Rosenbloom, K.; Clawson, H.; Spieth, J.; Hillier, L.W.; Richards,

S.; et al. Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genome Res. 2005, 15, 1034–1050.
[CrossRef]

38. Corces, M.R.; Shcherbina, A.; Kundu, S.; Gloudemans, M.J.; Fresard, L.; Granja, J.M.; Louie, B.H.; Eulalio, T.; Shams, S.;
Bagdatli, S.T.; et al. Single-cell epigenomic analyses implicate candidate causal variants at inherited risk loci for Alzheimer’s and
Parkinson’s diseases. Nat. Genet. 2020, 52, 1158–1168. [CrossRef]

39. Cao, Z.; Zhang, S. Simple tricks of convolutional neural network architectures improve DNA-protein binding prediction.
Bioinformatics 2019, 35, 1837–1843. [CrossRef]

40. Granja, J.M.; Corces, M.R.; Pierce, S.E.; Bagdatli, S.T.; Choudhry, H.; Chang, H.Y.; Greenleaf, W.J. ArchR is a scalable software
package for integrative single-cell chromatin accessibility analysis. Nat. Genet. 2021, 53, 403–411. [CrossRef]

41. Fang, R.; Preissl, S.; Li, Y.; Hou, X.; Lucero, J.; Wang, X.; Motamedi, A.; Shiau, A.K.; Zhou, X.; Xie, F.; et al. Comprehensive analysis
of single cell ATAC-seq data with SnapATAC. Nat. Commun. 2021, 12, 1337. [CrossRef]

42. Justice, M.; Carico, Z.M.; Stefan, H.C.; Dowen, J.M. A WIZ/Cohesin/CTCF Complex Anchors DNA Loops to Define Gene
Expression and Cell Identity. Cell Rep. 2020, 31, 107503. [CrossRef] [PubMed]

43. Whalen, S.; Truty, R.M.; Pollard, K.S. Enhancer-promoter interactions are encoded by complex genomic signatures on looping
chromatin. Nat. Genet. 2016, 48, 488–496. [CrossRef] [PubMed]

44. Grubert, F.; Srivas, R.; Spacek, D.V.; Kasowski, M.; Ruiz-Velasco, M.; Sinnott-Armstrong, N.; Greenside, P.; Narasimha, A.; Liu, Q.;
Geller, B.; et al. Landscape of cohesin-mediated chromatin loops in the human genome. Nature 2020, 583, 737–743. [CrossRef]
[PubMed]

45. Tam, V.; Patel, N.; Turcotte, M.; Bosse, Y.; Pare, G.; Meyre, D. Benefits and limitations of genome-wide association studies. Nat.
Rev. Genet. 2019, 20, 467–484. [CrossRef] [PubMed]

46. Slager, R.E.; Newton, T.L.; Vlangos, C.N.; Finucane, B.; Elsea, S.H. Mutations in RAI1 associated with Smith-Magenis syndrome.
Nat. Genet. 2003, 33, 466–468. [CrossRef] [PubMed]

47. Girirajan, S.; Elsas, L.J., 2nd; Devriendt, K.; Elsea, S.H. RAI1 variations in Smith-Magenis syndrome patients without 17p11.2
deletions. J. Med. Genet. 2005, 42, 820–828. [CrossRef]

48. Carmona-Mora, P.; Walz, K. Retinoic Acid Induced 1, RAI1: A Dosage Sensitive Gene Related to Neurobehavioral Alterations
Including Autistic Behavior. Curr. Genom. 2010, 11, 607–617. [CrossRef]

49. Haybaeck, J.; Postruznik, M.; Miller, C.L.; Dulay, J.R.; Llenos, I.C.; Weis, S. Increased expression of retinoic acid-induced gene 1 in
the dorsolateral prefrontal cortex in schizophrenia, bipolar disorder, and major depression. Neuropsychiatr. Dis. Treat. 2015, 11,
279–289. [CrossRef]

50. Jing, F.; Zhang, S.W.; Cao, Z.; Zhang, S. An Integrative Framework for Combining Sequence and Epigenomic Data to Predict
Transcription Factor Binding Sites Using Deep Learning. IEEE/ACM Trans. Comput. Biol. Bioinform. 2021, 18, 355–364. [CrossRef]

51. Rao, S.S.; Huntley, M.H.; Durand, N.C.; Stamenova, E.K.; Bochkov, I.D.; Robinson, J.T.; Sanborn, A.L.; Machol, I.; Omer, A.D.;
Lander, E.S.; et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 2014, 159,
1665–1680. [CrossRef]

http://doi.org/10.1093/nar/gks433
http://www.ncbi.nlm.nih.gov/pubmed/22610855
http://doi.org/10.1101/gr.3715005
http://doi.org/10.1038/s41588-020-00721-x
http://doi.org/10.1093/bioinformatics/bty893
http://doi.org/10.1038/s41588-021-00790-6
http://doi.org/10.1038/s41467-021-21583-9
http://doi.org/10.1016/j.celrep.2020.03.067
http://www.ncbi.nlm.nih.gov/pubmed/32294452
http://doi.org/10.1038/ng.3539
http://www.ncbi.nlm.nih.gov/pubmed/27064255
http://doi.org/10.1038/s41586-020-2151-x
http://www.ncbi.nlm.nih.gov/pubmed/32728247
http://doi.org/10.1038/s41576-019-0127-1
http://www.ncbi.nlm.nih.gov/pubmed/31068683
http://doi.org/10.1038/ng1126
http://www.ncbi.nlm.nih.gov/pubmed/12652298
http://doi.org/10.1136/jmg.2005.031211
http://doi.org/10.2174/138920210793360952
http://doi.org/10.2147/NDT.S72536
http://doi.org/10.1109/TCBB.2019.2901789
http://doi.org/10.1016/j.cell.2014.11.021

	Introduction 
	Materials and Methods 
	Data Preparation 
	InsuLock Neural Network Architecture 
	Model Training and Evaluation 
	Weakly Supervised Object Detection via Gradient-Weighted Class Activation Mapping 
	Transcription Factor Motif Enrichment Analyses 
	Phylogenetic Conservation Analyses 
	Variant Impact Quantification at Single-Cell Resolution 

	Results 
	InsuLock Provides Accurate Insulator Predictions 
	InsuLock’s Post-Hoc Siamese Model Outperform Standard Models 
	InsuLock’s Object Detection Module Accurately Refines Insulator Boundaries That Are Highly Conserved across Species 
	InsuLock Facilitates Precise Motif Discoveries to Uncover Novel TF Involvement to form Insulators 
	InsuLock Predicts Anchor Disruption Due to Functional Disease-Associated SNPs 

	Discussion 
	Conclusions 
	References



