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Abstract: Recent advances in single-cell transposase-accessible chromatin using a sequencing assay
(scATAC-seq) allow cellular heterogeneity dissection and regulatory landscape reconstruction with
an unprecedented resolution. However, compared to bulk-sequencing, its ultra-high missingness
remarkably reduces usable reads in each cell type, resulting in broader, fuzzier peak boundary defini-
tions and limiting our ability to pinpoint functional regions and interpret variant impacts precisely.
We propose a weakly supervised learning method, scEpiLock, to directly identify core functional
regions from coarse peak labels and quantify variant impacts in a cell-type-specific manner. First,
scEpiLock uses a multi-label classifier to predict chromatin accessibility via a deep convolutional
neural network. Then, its weakly supervised object detection module further refines the peak bound-
ary definition using gradient-weighted class activation mapping (Grad-CAM). Finally, scEpiLock
provides cell-type-specific variant impacts within a given peak region. We applied scEpiLock to
various scATAC-seq datasets and found that it achieves an area under receiver operating characteris-
tic curve (AUC) of ~0.9 and an area under precision recall (AUPR) above 0.7. Besides, scEpiLock’s
object detection condenses coarse peaks to only ! /3 of their original size while still reporting higher
conservation scores. In addition, we applied scEpiLock on brain scATAC-seq data and reported
several genome-wide association studies (GWAS) variants disrupting regulatory elements around
known risk genes for Alzheimer’s disease, demonstrating its potential to provide cell-type-specific
biological insights in disease studies.
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1. Introduction

In eukaryotes, transcriptional regulation is essential to maintaining cell identity, re-
sponding to intra- and extra-cellular signals, and coordinating various gene activities [1],
whereas its dysregulation can cause a broad range of diseases [2]. It is known that numer-
ous cis-regulatory elements (CREs), such as enhancers and promoters, and their complex
interactions orchestrate the precise spatiotemporal transcriptional regulation in a cell-type-
specific manner. Variants in CRES can disturb the designed regulation systems, resulting
in diseases. Therefore, accurate CRE localization and precise variant impact quantifica-
tion are crucial to understanding transcriptional regulation and linking CREs’ genetic
variations with phenotypic changes in human diseases. Fortunately, single-cell transposase-
accessible chromatin using a sequencing assay (scATAC-seq) has recently emerged for
the measurement of simultaneous chromatin accessibilities in thousands of individual
cells [3,4], illuminating cellular heterogeneity at the epigenetic level and probing functional
CRE:s at the single-cell resolution.
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The general steps of analyzing an scATAC-seq include mapping reads to a reference
genome, producing aligned reads, calling peaks, and returning a peak-by-cell matrix. The
binary peak-by-cell matrix represents the peak accessibility for every cell. It can be used for
downstream analyses including cell clustering, identifying differential accessible peaks,
construction of cis-regulatory network, and inferring trajectories [5]. Most pipelines input a
bam file to MACS2 [6] to call peaks, though the detailed steps to generate the peak-by-cell
matrix can be different. SnapATAC generates a cell-by-bin count matrix first, then cells from
the same cluster are pooled together, and MACS2 is used to call peaks for each cell type [7].
ArchR calls peaks with MACS2 from the coverage files, then reads in fragments from each
chromosome and computes the overlaps with the peaks from the same chromosome [8].
Scasat [9] uses MACS2 on aggregated BAM files and peaks that are open in at least one
single cell remaining in the peak-by-cell matrix. scAND [10] binarizes the peak-by-cell
matrix and utilizes network diffusion methods to learn meaningful cell-type clusters. The
peak-by-cell matrix can be aggregated into a peak-by-cluster matrix representing the binary
peak accessibility for each cell type. Cell-type-specific analysis can be performed with this
matrix to reveal the open chromatin characteristics for each cell type. For instance, we
can identify motifs for each cell type by FIMO [11] or CentriMo [12]; predict cis-regulatory
DNA interactions and co-accessibility by Cicero [13]; construct common or tissue-specific
cis-regulatory interactions by JRIM [14]; etc.

Despite the continuous improvement in technology and analysis pipelines, two major
challenges limit the application of scATAC-seq data to disease studies. First, unlike tissue-
level sequencing where hundreds of millions of reads are mapped, the peak calling process
in scATAC-seq experiments suffers from large amount of noise due to the sparsity of
single-cell sequencing technologies, resulting in a fuzzy peak boundary and long peak
length, which could lead to false-positive discoveries. For instance, most of the current
scATAC-seq analysis pipelines yield low-resolution peaks with at least 501-bps [8], but
the true functional parts of these CREs—e.g., binding sites of the transcription factors
(TF)—are only 5-31 bp, with a mean of 9.9 bp for eukaryotes [15]. The large difference in
region length reduces our statistical power in downstream analysis, e.g., CRE identification
and disease-relevant variant mapping, and warrants the need to refine the call peaks
in scATAC-seq. Second, after locating variants in functional CRE regions, a daunting
question remains: how can we quantify variant impacts in a cell-type-specific manner
to pinpoint key variants perturbating transcriptional regulatory mechanisms? Previous
variant prioritizing methods fall into two main categories: (1) rank single nucleotide
polymorphisms (SNPs) by the weighted integration of previous annotations for variants,
e.g., FunSeq2 [16] and Combined Annotation-Dependent Depletion (CADD) [17]; (2) train a
machine learning or deep learning classifier to identify functional SNPs, e.g., GWAVA [18]
and CASAVA [19]. However, these methods were not designed for scATAC-seq and cannot
evaluate variants in a cell-type-specific manner. There is an urgent need to develop a
variant impact quantification method taking advantage of scATAC-seq data.

Convolutional neural networks (CNNs) are a variant of deep neural networks using a
weight-sharing strategy to capture local patterns that can usually reach high performance
regarding classification tasks. There has been a growing interest to analyze sequencing
data and dissect epigenomic features via CNN. For instance, DeepSEA [20], DanQ [21] and
DeepATT [22] are deep learning methods with convolutional layers for predicting func-
tions of non-coding sequences. Recent research in developing explainable deep learning
models allows for the visualization of input regions with high-resolution details that are
important for predictions. Gradient-weighted Class Activation Mapping (Grad-CAM) uses
the gradients of any target concept flowing into the final convolutional layer to produce
a localization map highlighting the important regions in the input for predicting the con-
cept [23]. DECODE [24] uses Grad-CAM to condense the enhancer regions; AgentBind [25]
incorporates Grad-CAM to predict the TF binding status. These studies inspire us to
utilize CNN and Grad-CAM on scATAC-seq data for enhancing peaks and identifying
functional variants.
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We proposed a weakly supervised deep learning method, scEpiLock (Figure 1), to
precisely locate CREs and quantify variant impacts in a cell-type-specific manner with three
modules: (i) multi-label classifier module, (ii) object detection module, (iii) variant impact
quantification module. First, the multi-label classifier module uses a convolutional neural
network to make accessibility predictions on unseen sequences for each cell type. Then,
we use Grad-CAM to produce a localization map to automatically highlight important
regions in the predicted positive regions, which naturally refines the peaks’ boundaries
and localizes the potential CREs. Lastly, the variant impact quantification module enables
the computation of a base-wise accessibility score for wild type (WT), mutant, and their
differences—the delta score. A high delta score indicates that the accessibility of given peak
is sensitive to the variant.
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Figure 1. The overall design of the scEpiLock Method. The standard processing of scATAC-seq
outputs coarse peaks and labels for each cell. scEpiLock takes the processed scATAC-seq cell x peak
label matrix (y) and peak sequence (X) as inputs. First, the multi-label classifier module learns the
biological pattern through CNN and makes multi-label predictions. Second, the object detection
module refines the peak boundaries and localizes the potential cis-regulatory elements within the
given peaks. Third, the variant impact quantification module computes the delta scores of candidate
mutations and identifies their accessibility in a cell-type-specific manner.

To test the effectiveness of our scEpiLock, we applied the model on two public datasets:
the 5k peripheral blood mononuclear cells (PBMC) from 10x genomics and the brain
scATAC-seq [26]. We showed that our scEpiLock’s multi-label classifier module outper-
forms other models in predicting whether given peaks are accessible for certain cell types.
In addition, the object detection module improves the peaks’ resolution by condensing the
total peak length to only ! /3 of the original size. We also used scEpilock to quantify the
candidate variants’ impact on brain diseases. Its variant impact quantification module iden-
tified SNPs that largely alter peak accessibility and potentially disturb the disease-related
gene expression.
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2. Materials and Methods

In this study, we proposed a novel weakly supervised learning scheme, named scEpi-
Lock, for the scATAC-seq data. It can: (1) predict accessible peaks for each cell type via a
multi-label classifier module, (2) refine the cis-regulatory element boundary via an object
detection module, and (3) identify important variants via the variant impact quantifica-
tion module.

2.1. Data Processing

We applied scEpiLock on two publicly available datasets—5k PBMC data with 8 cell
types and brain data with 6 cell types—to evaluate the model’s performance on scATAC-seq

data. We also tested its transfer learning scheme using Encyclopedia of DNA Elements
(ENCODE) bulk ATAC-seq data.

2.1.1. PBMC Data from 10 x Genomics

We downloaded the raw 5k PBMC scATAC-seq readout from the 10x Genomics
website, mapped the reads to the hg19 reference genome, and generated the cell x peak
matrix via SnapATAC [7] following the pipeline tutorial. In the pre-processing step, we
identified valid barcodes by requiring log10(UMI) to be between 3.5-5 and a promotor ratio
within the range of 0.4 to 0.8. We removed unwanted chromosomes (e.g., chrM) and kept
only chr1-22, chrX, and chrY. Next, we generated the cell-by-bin count matrix. The genome
was segmented into uniform-sized bins (5k bp as default), and scATAC-seq profiles were
represented by a cell-by-bin matrix. Each element indicated the number of sequencing
fragments that had overlapped with a given bin in a certain cell. We further removed
any cells with a bin coverage of less than 1000, as suggested by SnapATAC. In the end,
we kept only the cell types with at least 200 cells to ensure the called peaks were reliable.
As a result, 8 cell types had been identified, including 1486 CD14+ monocytes, 565 CD4
memory cells, 460 CD8 effectors, 349 CD4 naive cells, 278 CD8 naive cells, 278 pre-B cells,
261 double negative T cells, and 256 nature killer (NK) cells. A total of 114,538 peaks
were identified, and each peak was accessible to at least one cell type. Among the called
peaks, 53.1% of peaks (n = 60,834 peaks) were unique to one cell type, while 15.9% of peaks
(n = 18,209 peaks) were shared among the 8 cell types. The rest of the peaks were shared
between from two to seven cell types (Figure S1).

2.1.2. Brain scATAC-seq Data

We downloaded the brain cell x peak matrix [26]. The process to generate the file
is detailed in the paper. Briefly, scATAC-seq was performed on 10 samples spanning
the isocortex (n = 3), striatum (n = 3), hippocampus (1 = 2), and substantia nigra (1 = 2).
The sequencing reads were mapped to the hg38 human reference genome. A total of
6 main brain cell types (excitatory neurons, inhibitory neurons, microglia, oligodendrocytes,
astrocytes, and oligodendrocyte progenitor cells (OPCs)) were identified, ending with
221,062 peaks, 77.9% (n = 172,111 peaks) of which were specific to a single cell type
(Figure S2).

2.1.3. ENCODE Bulk ATAC-Seq Data

We used the ATAC-seq data on the ENCODE portal [27] (https:/ /www.encodeproject.org/)
(accessed on 1 March 2021) as the positive regions to train the transfer learning base model. By
applying the filter of “ATAC-seq”, “Homo sapiens”, and “no perturbation”, we downloaded
379 bed files containing Irreproducibility Discovery Rate thresholded peaks (Table S1). We then
merged all the peaks together, which had a total coverage of 0.56 billion bp.

2.1.4. Genome Features as Model Inputs

To prepare the inputs for scEpiLock, we kept a fixed length of the peaks at 1000 bp
as suggested by previous studies [20-22] and then used one-hot encoding to format them
into a 4 x 1000 binary matrix, with rows corresponding to A, G, C, and T, and the columns
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representing the peak length. Both forward and reverse complement strands were included
in the training, which doubled the sample size. Each peak was paired with a multi-label
vector, representing the accessible cell type label. For instance, if a given peak was accessible
for two cell types, there would be two ones in the label vector at the corresponding cell
type positions. The other cell types were labelled as zeros. The training, evaluation, and
testing sets were randomly split by the ratio of 8:1:1.

2.1.5. Negative Regions

To ensure our model recognized general non-accessible regions, we incorporated a
human reference genome as the negative regions during training and testing. For the
PBMC data, it was hg19, and for the brain data, it was hg38. This is to match the reference
genomes used to map the corresponding scATAC-seq data. The human reference genome
was downloaded and cut into 1000 bp genomic fragments. To train the base model for
transfer learning, fragments overlapped with any ENCODE peaks were excluded, leaving
1127 k fragments. The label of these negative fragments was a null matrix. For scATAC-seq
data, negative fragments overlapping with any scATAC-seq peaks were also excluded.
Then, 10,000 fragments were randomly sampled to be included. The labels of each negative
control fragment were vectors of zeros, indicating their inaccessibility for any cell types.

2.2. scEpiLock Module 1—Multi-Label Classifier Module

This module is designed to make multi-label predictions of the peak accessibility for
each cell type via CNN. Given a sequence of peaks, the output is a binary label vector,
representing the chromatin status of all cell types. Specifically, 0 means that the peak is
inaccessible for certain cell types, while 1 means it is accessible.

2.2.1. Neural Network Architecture

As shown in Figure 2, scEpiLock uses a multilayer CNN model, which contains four
convolutional layers, two pooling layers, and two dense, fully connected layers. The filters
in the convolutional layers are trained to recognize the CREs. The dense, fully connected
layers combine the learnt information and output the cell-type-specific peak accessible score.
The model is organized into a sequential layer-by-layer structure, with each layer acting as
a functional transformation. The detailed model architectures and hyperparameters used
in this study can be found in Figure 2 and Note S1.

Our model contains four convolutional layers; each convolutional filter has the follow-
ing form:

A =y WAl 4 g, M
J

In the equation, i and j represent the filter index; [ is the layer index; W is the weight
matrix; A is the activation map; B is the bias.

The rectified linear activation function (ReLU) is added to the end of each convolu-
tional layer to transform the output into non-negative values. This mitigates the issue of
vanishing gradients and allows the models to converge faster.

x x>0

ReLU(x) = {0 ‘<0 2)

The first several convolutional layers are designed to extract features from high-
dimensional data for each cell type, e.g., the TF binding motifs. Then, max-pooling layers
are used to reduce the number of parameters and abstract features trained in the previous
convolutional layers. The results are pooled feature maps that highlight the most present
feature in the patch. To avoid overfitting, we added dropouts to randomly set a proportion
of the neuron activations to a value of 0. At the end, there are two dense, fully connected
layers used to integrate the signals extracted from the previous convolutional layers. The
first dense layer has 925 neurons, and the neuron number of the second dense layer is the
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same as the cell type number of each dataset, which outputs the accessible scores for each
cell type. The dense layer is a nonlinear transformation function, which can be expressed

as follows:
Dense(X) = ReLU(WX +b) 3)

A sigmoid function is used to obtain the different accessible probabilities of each
given cell type. The prediction is scaled into the 0-1 range by the sigmoid function. Its
formulation can be expressed as follows:

Sigmoid(x) =1/(1+e¢™") 4)

Multi-label classifier training configurations: the scEpiLock model was implemented
using PyTorch [28] version 1.7.1, and a NVIDIA GeForce RTX 3090 graphic computing card
(GPU) was used to train our models. All weights were initialized by randomly drawing
from a uniform distribution as PyTorch’s default. We optimized the binary cross entropy
loss by gradient descent via Adaptive Moment Estimation (Adam) at a learning rate of
5 x 10~* and with a batch size of 64. The validation loss was evaluated at the end of
each training epoch to monitor convergence. The data were split into 8:1:1 for training,
validation, and testing. The model was fitted on the training set, and the hyper-parameters
were evaluated on the validation set. After training, we selected the set of hyper-parameters
that had the best performance on the validation set, which helped avoid overfitting. The
final performance was reported on the unseen, independent test set.

A Predicted scores
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Figure 2. Details of the multi-label classifier module and object detection module. (A) An input
sequence is first one-hot encoded into a 4-row bit matrix. Both the forward and reverse strands are fed
into the CNN deep learning model. The architecture is composed of four convolutional layers, two
polling layers, and two dense layers. The output is the sigmoid probability of each peak’s accessibility
for each cell type. (B) For each positive prediction, we can use the Grad-CAM object detection module
to refine the peak boundaries and localize the important non-coding regions. By superimposing
activation maps (A*), weighted by an importance score (), the object detection module highlights
the most salient sub-regions in making the final accessible decision.
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In some cases, the number of cells included in the scATAC-seq experiment might
be small, resulting in a small number of peaks and high data sparsity. An alternative
strategy for random initiation is transfer learning—first, train a model with ENCODE bulk
ATAC-seq data and use the weights that gave the best performance as the initial weights to
train the model.

2.2.2. Multi-Label Classifier Performance Evaluations

We used two metrics to evaluate the model’s performance on the test data set. The
first was the Area Under Receiver Operating Characteristic curve (AUROC), which was
created by plotting the true positive rate against the false positive rate at various threshold
settings. Given the high negative proportion in the dataset, we also included the Area
Under Precision Recall curve (AUPR), which plotted the area under the precision curve
against the recall curve. AUPR was a more balanced metric than AURPC in accessing the
model’s performance on an imbalanced dataset. For evaluating the performance on the
test data set, the predicted probability for each sequence was computed as the max of the
probability predictions for the forward and reverse complement sequencing pairs.

2.2.3. Performance Benchmarking with Other Methods

For benchmark purposes, we also trained a DeepSEA model [20], a DanQ model [21],
and a random forest (RF) model [29], for comparison with the scEpiLock. Both DeapSEA
and DanQ are deep learning models developed for making functional predictions of
genomic sequences. These two models are designed to predict 919 chromatin effect features.
To make cell-type-specific multi-label predictions for each input peak, we changed the last
fully connected layer from outputting n x 919 ton X m, where n is the number of peaks
and m is the number of cell types. The implementation of DeepSEA and DanQ can be
found in the GitHub repository we provided. Unlike the deep learning model, which took
multi-dimension data, RF could only take a one-dimensional input per sequence. Thus,
we converted the 4 x 1000 binary matrix to 4000 binary sequences by concatenating the
values together. The max depth and minimum samples per leaf were set to 40 and 20,
respectively, to avoid overfitting. The other parameters were kept as the default parameters
from scikit-learn’s (v0.24.2) [30] Random Forest classifier function.

2.3. scEpiLock Module 2—Object Detection for CRE Boundary Refinement
2.3.1. Grad-CAM

We analogized the peak boundary localization problem as a classic object detection
problem in the computer vision field and developed a weakly supervised learning scheme,
Grad-CAM [23], to refine the very coarse peak definitions from the scATAC-seq data.
Specifically, we used the gradients of any target (e.g., the positive peak label for a certain
cell type) flowing into the last convolutional layer to produce a coarse localization map
indicating the important regions in the peak for predicting the target (Figure 2). In turn,
scEpiLock refined our peak annotations by reporting the most salient epigenomic regions,
e.g., the TF binding sites, within the peaks as core regions. Specifically, the convolutional
layers in scEpiLock were trained to identify the key regions within given peaks and
retain spatial information which was lost in the fully connected layers. Thus, the last
convolutional layer had the best balance between high-level representation and detailed
spatial information. The gradient information flowing into the last convolutional layer
of the CNN provided the necessary values for each neuron to predict cell-type-specific

accessibility. Thus, we calculated the score’s gradient for the cell type c, y¢, with respect to
y*
global-average pooled to obtain the neuron importance weights («})

c_ 1 Iy°
== - 5

each feature map activation AX of a convolutional layer, i.e., (22 ). These gradients were
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To obtain the Grad-CAM score, we performed a weighted combination of the for-
warded activation maps followed by an ReLU.

K
Grad—cam = ReLU ( Z "‘lccAk> (6)
k=1

The output of the Grad-CAM maps was a 1D map with the size of the last convolutional
feature maps (57). To assess the position-wise feature importance of the original 1 kb input
fragment, we upscale the 1D map back to a length of 1000. Thus, one Grad-CAM value
represented the region importance of 17.5 bp bin (1000/57 = 17.5). This perfectly covered
one TF binding site. To refine our predictions, we used the Grad-CAM score to select a
subset of the 17.5 bp bins with higher scores. Here, our cut-off was the 80th percentile of
all the Grad-CAM scores computed. Such weakly supervised learning schemes increased
our model’s interpretability by revealing and visualizing the process of decision making in
our network.

2.3.2. Conservation Scores for Refined Regions

We compared the cross-species conservation scores of the refined vs. raw peaks to
test whether scEpiLock could detect true functional regions, as these scores were strong
functionality indicators [31,32]. Specifically, we downloaded 100-way PhastCons [33] and
calculated the averaged conservation scores per raw peak vs. scEpiLock’s refinements. A
one-sided f test was used to calculate the p-values.

2.4. scEpiLock Module 3—Variant Impact Quantification

To identify important variants that altered a cell type’s chromatin accessibility, we
used a previously trained scEpiLock multi-label classifier to predict the peak accessible
probability (accessible score) for the WT and candidate mutants. We then computed the
absolute difference between the WT and candidate mutants to generate the delta score.
A higher delta score indicated the variant has a larger functional impact for a particular
cell type.

2.4.1. GWAS Data Used and SNP Extraction

We downloaded a list of 930 putative disease-relevant SNPs for Alzheimer’s (AD)
and Parkinson’s (PD). The criteria and process of selecting the SNPs are detailed in the
original paper [26], and the full list of SNPs can be found in their Supplementary Table S2.
We first trained our scEpiLock model on the brain scATAC-seq data. Then, we used the
trained model to predict the cell-type accessibility probability (accessible score) of both the
WT and mutant for each cell type. Functional SNPs were those with large accessible score
differences between the WTs and mutants.

2.4.2. Sequencing Tracks

All sequencing tracks were created using the UCSC Genome Browser [34] and shared
the same x axis with the hg38 reference genome. The scATAC-seq, SNP, co-accessibility, and
HiChIP tracks were custom tracks, while the other tracks were selected from the Genome
Browser. The track of the scATAC-seq was the brain scATAC-seq cell-type-specific peaks.
The SNP tracks of rs1237999, rs636317, and rs10769263 were added in the format of a
Personal Genome SNP. The co-accessibility-based peak links were created by Cicero [13]
using the brain scATAC-seq peaks. Both the co-accessibility and the HiChIP data were
downloaded from the paper’s Supplementary Data 9 [26] and formatted as interactive
tracks viewed in the Genome Browser.

3. Results

scEpiLock is a deep learning framework that refines scATAC-seq peaks and quantifies
variant impacts in a cell-type-specific fashion, which contains three major modules: multi-
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label classifier, object detection, and variant impact quantification (Figures 1 and 2). The
scEpiLock model uniquely provides an accurate peak accessible probability, refines peak
boundaries, and quantifies impactful variants. To demonstrate it, we first utilized the
readout from scATAC-seq to train multi-label classifiers, which made accurate multi-label
predictions for each peak (3.1). Then, we incorporated the object detection module to define
high-resolution peak boundaries, reducing the total peak length to 1/3 of its original length
while achieving higher conservation scores (3.2). Lastly, we evaluated GWAS SNPs in AD
and PD by computing the accessible scores and identified functional SNPs that may directly
affect TF binding (3.3).

3.1. The Multi-Label Classifier in scEpiLock Precisely Predicts Accessible Peaks

scATAC-seq can have very high throughputs, generating millions of reads at once.
Despite this, their high data sparsity remains due to low copy numbers. To uncover the full
regulatory network, it is essential to effectively recognize the functional epigenetic features
and summarize the cell-type-specific patterns and interactions. Here, we used a multi-label
deep neural network to learn the accessible patterns of each peak for every cell type. The
model with a high prediction performance is the base model for further peak refinement
and functional SNP identification.

We used two scATAC-seq datasets, PBMC and Brain, to evaluate the multi-label
classifier’s performance in learning the patterns and predicting peak accessibility. We
evaluated the model’s performance on both a randomly split test set and a hold-out
chromosome. We benchmarked the scEpiLock model with previously developed deep
learning models, DeepSEA and DanQ), and a Random Forest machine learning model.
Consistently, we found that our scEpiLock model achieved the best performance in terms
of both AUROC and AUPR (Table 1, Figure 3A). The first three deep learning models
were trained with one NVIDIA GeForce RTX 3090 GPU, and the random forest model was
trained with one Central Processing Unit (CPU). The processing time for each model can be
found in Table S2. To further test the consistency of our model for all genomic regions, we
performed leave-one-out cross-validation on all chromosomes and found that scEpiLock
reported very similar performances among the chromosomes (Figure 3B).

Table 1. Model performance comparison. scEpiLock has the best performance on both datasets.

Data Model AUROC AUPR F1 Score
scEpiLock 0.914 0.854 0.752
PBMC DeepSEA 0.906 0.841 0.742
DanQ 0.905 0.841 0.753
RF 0.79 0.681 0.451
scEpiLock 0.93 0.745 0.669
Brain DeepSEA 0.92 0.72 0.634
DanQ 0.92 0.717 0.642
RF 0.576 0.249 0

It is common to find unevenly cell-type-distributed peak numbers in scATAC-seq data.
Due to uneven cell numbers, some cell types have many more called peaks than the other
cell types. For instance, in the PBMC dataset, the CD14+ monocyte (cell type 0 in Figure 3C)
was the dominant cell type. It had 1486 cells, while the other cell types had between 256
and 565 cells. The CD14+ monocyte also had more than double the number of peaks than
the other cell types (93k vs. about 35k) (Figure 3C). We evaluated the model’s performance
on each cell type separately to understand the impact of the peak number on the model’s
performance. Despite the difference in peak numbers, all cell types had a similar AUROC.
On the other hand, the CD14+ monocyte had an AUPR of 0.971, while the other cell types
had AUPRs of between 0.749 and 0.830 (Figure 3C). This was as expected since the other
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cell types had many more negative labels than the CD14+ monocyte. Like PBMC, cell types
in the brain have ab even AUROC, while AUPR is related to the peak number (Figure 3D).
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Figure 3. scEpiLock performance on the PBMC scATAC-seq data (A) ROC and PR curves for the
PBMC and Brainsc ATAC-seq data. (B) Model performance on hold-out chromosomes. (C,D) AUC
and AUPR and peak number counts for each cell type. (C) PBMC data, 0 to 7 represent CD14+
monocytes, CD4 memory cells, CD8 effector, CD4 naive cells, CD8 naive cells, pre-B cells, double
negative T cells, and NK cells. (D) Brain data, 0 to 5 represent excitatory neurons, inhibitory neurons,
microglia, oligodendrocytes, astrocytes, and OPCs.

3.2. Object Detection Module Precisely Refines Peak Boundry

The mean length of functional transcription factor binding sites for eukaryotes is
9.9 bp [15]. However, current scATAC-seq analysis methods give wide peaks with a length
of around 500 bp [8]. That means the called peaks contain non-essential regions which
disturb downstream analysis. Here, we refined the peak boundaries and detected key
regions within the called peaks through the Grad-CAM object detection algorithm.

The object detection model of scEpiLock is a weakly supervised localization that
identifies the important regions in given peaks for predicting the label via Grad-CAM. It
gives each base pair a Grad-CAM score representing its contribution to making predictions.
A high Grad-CAM score corresponds to a higher importance placed on that position. We
computed position-wise Grad-CAM scores on the PBMC scATAC-seq data and identified
key regions composed of positions with Grad-CAM scores above the 80th percentile. This
object detection module removed a significant proportion of the noise regions in the called
peaks and condensed epigenomic features (Figure 4A). Grad-CAM reduced the peak size
for every cell type on both datasets (Figure 4B). The total peak size was reduced to 1/3 of
the original—261 Mb to 86 Mb for PBMC and 458 Mb to 161 Mb for the brain.
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Figure 4. scEpiLock object detection module on the PBMC scATAC-seq data (A) Key regions with high
Grad-CAM scores are selected. (B) Key region and non-key region coverage. (C) Nonzero PhastCons
scores’ fractions between key and non-key regions; PhastCons scores’ comparison between key and
non-key regions for each cell type.

To confirm that important regions were accurately selected by the object detection
module, we compared the cross-species conservation scores of the excluded non-key
regions vs. the selected key regions. Regions that serve important regulatory functions
should be conserved, as any mutation would increase the likelihood of disadvantaged
phenotypes [33]. Therefore, a higher conservation usually indicated important regions. We
downloaded the 100-way PhastCons scores [35] and calculated the mean PhastCons score of
each excluded non-key region and key region. We found all peaks for the PBMC PhastCons
scores to be bigger than zero, while about 25% of the excluded non-ley regions have
PhastCons scores of 0. We also compared the PhastCons scores” distribution between the
key and non-key regions for each cell type. We found all key regions have higher PhastCons
scores than the non-key regions (p-value < 2.2 x 10719, one-sided t-test) (Figure 4C. This
demonstrated that the object detection module of scEpiLock refines the scATAC-seq peaks
to the conserved and functional regions for each cell type.

To further validate that the selected key regions cover the regulatory and functional
regions, e.g., enhancer, we compared the enrichment of H3K27ac between the key and
non-key regions. H3K27ac is associated with the higher activation of transcription and is
defined as an active enhancer marker [36]. We downloaded the bulk H3K27ac chromatin
immunoprecipitation sequencing (ChIP-seq) bigwig files for PBMC and the brain. Then,
we used the bigWigAverageOverBed function to compute the average score for big wig
(H3K27ac enrichment) over the key and non-key regions. We found that for both the
PBMC and brain data, the key regions have a higher average H3K27ac enrichment than
the non-key regions. We performed a one-sided test and confirmed that H3K27ac was
significantly enriched in the key regions compared to the non-key regions (Table S3).
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3.3. scEpiLock Predicts Functional Disease-Associated SNPs

Variants in the non-coding regions can play an important role in disease initiation
and development [37]. The majority of the disease-causing mutations identified by GWAS
lie within the non-coding regions such as enhancers, promoters, and insulators [38], and
are covered by scATAC-seq. Thus, scATAC-seq data brings the opportunity to identify
causal mutations for diseases and characterize their mechanisms of action. Here, we used
scEpiLock to quantify the variant impact and impute the association between SNP and
gene expression changes.

We used the pre-trained scEpiLock model to calculate the accessible scores for both
the WTs and mutants in the AD- and PD-related SNP sets [26]. The delta score was defined
as the absolute difference of the accessible scores between the WT and mutants. High
delta scores indicated that the SNP had a high probability of altering the peak accessibility.
We ordered the 930 SNPs based on the computed delta scores and found rs12379999 and
rs636317 had the highest delta scores (Figure 5). We discuss in detail below the model-
identified top variant from the given SNPs list, but the scEpiLock model can be used to
evaluate any given SNPs without retraining the model.

0.3/,
&) 3
8 0.21
s i
8 1
o 0.11

()

o
o

0 250 500 750
Variant

Figure 5. Delta scores of AD- and PD-related SNPS. 151237999 and rs636317 are colored as orange.

The scEpilock-identified important variants fell into two categories: (1) SNPs linked to
established disease-related genes where the specific causative SNP is unknown; (2) SNPs
linked to genes previously not implicated in disease etiology. We examined the top SNPs’
genomic locations, co-accessibility, 3D interactions with nearby genes, conservation scores,
overlaps with ENCODE candidate cis-regulatory elements (cCREs), and motif patterns to re-
veal the mechanism. SNP rs12379999 had the highest delta score of 0.31. It is located around
37 kb upstream from the transcription starting site of PICALM, which is a well-known
gene responsible for late-onset AD incidence [39]. In addition, it showed 3D interactions
with both PICALM and EED, which is a polycomb-group family member maintaining
a repressive transcriptional state. Lastly, it is located within one of the ENCODE cCREs
regions and disturbs a putative FOS factor binding motif (Figure 6A). SNP rs12379999 has
also been identified as a functional SNP by other methods [26] and is an example of how
scEpiLock reveals the functional SNPs for both known and new disease-related genes. SNP
rs636317 had the second highest delta score of 0.306. It is located upstream from several
MS6A genes, which were previously reported as associating with AD by participating in the
regulation of calcium signaling [40]. It had a co-accessibility with the MS6A gene clusters,
and potentially impacted gene expression by disturbing the CTCF motif (Figure 6B).

Besides the top two SNPs, we also examined other top SNPs in the list. For instance,
rs10769263 decreased the accessible score from 0.723 to 0.485 for microglia, which indicated
that this mutation converted the region from accessible to non-accessible. This SNP was
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located 17 kb upstream from the transcription start site of the SPI1 (PU.1) gene. In addition,
the peaks containing the SNP and the transcription start site of SPI1 had a co-accessibility
as shown in the co-accessibility track (Figure S4). This indicated that the SNP could
have potentially impacted SPI1’s transcription. Previous research has shown that SPI1
regulates microglia development and function [41], and SPI1 expression changes impact
AD progression [42,43]. However, not many studies focused on the function of non-coding
variants. Our model predicted rs10769263 as a potential functional non-coding variation
which communicated particularly with SPI1’s promoter, potentially by disrupting the
Hoxc9 TF binding motif (Figure S4).
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Figure 6. Visualization of scEpiLock-identified functional SNPs in AD and PD. (A,B) Reference
genome, scATAC-seq peaks, GWAS SNPs, co-accessibility associations, H3K27ac HiChiP, nearby
genes, Cons 100 Verts scores, ENCODE cCREs, and matching motifs for (A) rs1237999 (B) rs636317.

4. Discussion

We present scEpiLock, a weakly supervised deep learning framework to predict and
refine chromatin accessible peaks and localize functional genomic variants in a cell-type-
specific manner. Our model has three main modules: a multi-label classifier, an object
detection module, and a variant impact quantification module.

For the multi-label deep learning classifier, we trained a deep learning model on the
chromatin accessible peaks of each cell type on scATAC-seq data. The CNN layers in
the model have the capacity to learn genomic patterns and cell-type-specific regulatory
interactions. The dense layers integrate the learned information and compute cell-type-
specific accessible scores. We evaluated the model’s performance on two public datasets:
PBMC scATAC-seq data and brain scATAC-seq dat. scEpiLock achieved state-of-the-art
results on both datasets. With a pre-trained scEpiLock model, we can efficiently extract the
complex gene regulatory patterns and predict the cell-type-specific accessibility for any
given peaks if the cell type has been used to train the model. The model opens the door for
low-cost personalized chromatin accessibility predictions—once trained on enough data,
scEpilock can be used to predict the peak accessibility for multiple cell types, even though
the peak sequence is patient-specific and has not been seen before. With more scATAC-seq
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datasets becoming available, we can expect scEpiLock to be used in many more different
cell types.

In addition to multi-label predictions, the scEpiLock model also incorporates a bound-
ary detection module via Grad-CAM. The position-wise importance scores can be used
to refine the coarse peaks and identify the core functional regions. We showed that our
condensed peaks have high PhastCons scores and are highly conserved during evolu-
tion. Moreover, scEpiLock has a variant impact quantification module to predict putative
disease-associated SNPs. It calculates the accessible scores between WTs and mutants to
identify SNPs that have a high impact on cell-type-specific chromatin accessibility.

There are several future directions to explore. One direction is to further improve
the multi-label prediction module. For instance, bi-directional long short-term memory
(bi-LSTM) layers can be incorporated to help capture interactions with long distances. At-
tention=based models can also be evaluated. On the other hand, Grad-CAM can be replaced
by other object boundary detection methods, such as Grad-CAM++ [44], FullGrad [45], etc.
We reason scEpiLock can serve as a base model to predict and refine scATAC-seq peak and
evaluate functional SNPs, while the specific model structure or refinement method can
be changed.

Taken together, we present a deep learning tool that could be widely deployed for
cell-type-specific open chromatin identification. In addition, scEpiLock can refine the open
chromatin peaks by boundary detection and predict disease-related SNPs. scEpilock is
written as a Python package, and can easily be incorporated into existing acATAC-seq
analysis pipelines, e.g., SnapATAC [7], ArchR [8].
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/ /www.mdpi.com/article/10.3390/biom12070874/s1, Figure S1: Positive label distribution for each
peak of PBMC; Figure S2: Positive label distribution for each peak of the brain data; Figure S3:
Transfer learning improves multi-label classifier’s performance on small scATAC-seq dataset; Figure
S4: Visualization of scEpiLock-identified functional SNP rs10769263; Table S1: ENCODE Bulk ATAC-
seq Sample List for Transfer Learning; Table S2 Computing Power and Processing Time for Each
Model; Table S3 H3K27ac Enrichment in Key and Non-key Regions; Note S1: Detailed specifications
of the architectures and hyperparameters of scEpiLock multi-label classifier module.

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

Funding: This research was funded by NIMH, grant number K0O1IMH123896, NIH/NCI grant
1R01CA234496-01, CZI grant CZF2019-002432.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data and codes can be found at https://github.com/aicb-ZhangLabs/
scEpiLock (accessed on 16 June 2022).

Acknowledgments: We thank CheYu Lee for carefully reading the manuscript, Shayang Zang and
Honglei Ren for giving suggestions, and members of Zhang lab for helpful discussion.

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

1.  Casamassimi, A.; Ciccodicola, A. Transcriptional Regulation: Molecules, Involved Mechanisms, and Misregulation. Int. ]. Mol.
Sci. 2019, 20, 1281. [CrossRef] [PubMed]

2. Lee, T.L; Young, R.A. Transcriptional Regulation and Its Misregulation in Disease. Cell 2013, 152, 1237-1251. [CrossRef] [PubMed]

3. Buenrostro, ].D.; Wu, B.; Litzenburger, U.M.; Ruff, D.; Gonzales, M.L.; Snyder, M.P.; Chang, H.Y.; Greenleaf, W.]. Single-Cell
Chromatin Accessibility Reveals Principles of Regulatory Variation. Nature 2015, 523, 486—490. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biom12070874/s1
https://www.mdpi.com/article/10.3390/biom12070874/s1
https://github.com/aicb-ZhangLabs/scEpiLock
https://github.com/aicb-ZhangLabs/scEpiLock
http://doi.org/10.3390/ijms20061281
http://www.ncbi.nlm.nih.gov/pubmed/30875728
http://doi.org/10.1016/j.cell.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23498934
http://doi.org/10.1038/nature14590
http://www.ncbi.nlm.nih.gov/pubmed/26083756

Biomolecules 2022, 12, 874 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

Cusanovich, D.A; Daza, R.; Adey, A.; Pliner, H.A.; Christiansen, L.; Gunderson, K.L.; Steemers, EJ.; Trapnell, C.; Shendure,
J. Multiplex Single-Cell Profiling of Chromatin Accessibility by Combinatorial Cellular Indexing. Science 2015, 348, 910-914.
[CrossRef] [PubMed]

Chen, H.; Lareau, C.; Andreani, T.; Vinyard, M.E.; Garcia, S.P.; Clement, K.; Andrade-Navarro, M.A.; Buenrostro, J.D.; Pinello, L.
Assessment of Computational Methods for the Analysis of Single-Cell ATAC-Seq Data. Genome Biol. 2019, 20, 241. [CrossRef]
Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, ].; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.
Model-Based Analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef]

Fang, R.; Preissl, S.; Li, Y.; Hou, X.; Lucero, J.; Wang, X.; Motamedi, A.; Shiau, A.K.; Zhou, X,; Xie, E; et al. Comprehensive
Analysis of Single Cell ATAC-Seq Data with SnapATAC. Nat. Commun. 2021, 12, 1337. [CrossRef] [PubMed]

Granja, ].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]

Baker, S.M.; Rogerson, C.; Hayes, A.; Sharrocks, A.D.; Rattray, M. Classifying Cells with Scasat, a Single-Cell ATAC-Seq Analysis
Tool. Nucleic Acids Res. 2019, 47, 10. [CrossRef]

Dong, K.; Zhang, S. Network Diffusion for Scalable Embedding of Massive Single-Cell ATAC-Seq Data. Sci. Bull. 2021, 66,
2271-2276. [CrossRef]

Grant, C.E.; Bailey, T.L.; Noble, W.S. FIMO: Scanning for Occurrences of a given Motif. Bioinformatics 2011, 27, 1017-1018.
[CrossRef] [PubMed]

Bailey, T.L.; Machanick, P. Inferring Direct DNA Binding from ChIP-Seq. Nucleic Acids Res. 2012, 40, €128. [CrossRef] [PubMed]
Pliner, H.A.; Packer, ].S.; McFaline-Figueroa, J.L.; Cusanovich, D.A.; Daza, R M.; Aghamirzaie, D.; Srivatsan, S.; Qiu, X.; Jackson,
D.; Minkina, A; et al. Cicero Predicts Cis-Regulatory DNA Interactions from Single-Cell Chromatin Accessibility Data. Mol. Cell
2018, 71, 858-871.€8. [CrossRef]

Dong, K.; Zhang, S. Joint Reconstruction of Cis -Regulatory Interaction Networks across Multiple Tissues Using Single-Cell
Chromatin Accessibility Data. Brief. Bioinform. 2021, 22, bbaal20. [CrossRef] [PubMed]

Stewart, A.J.; Hannenhalli, S.; Plotkin, J.B. Why Transcription Factor Binding Sites Are Ten Nucleotides Long. Genetics 2012, 192,
973-985. [CrossRef]

Fu, Y; Liu, Z,; Lou, S.; Bedford, J.; Mu, X.J; Yip, K.Y;; Khurana, E.; Gerstein, M. FunSeq2: A Framework for Prioritizing Noncoding
Regulatory Variants in Cancer. Genome Biol. 2014, 15, 480. [CrossRef]

Kircher, M.; Witten, D.M.; Jain, P.; O'Roak, B.]J.; Cooper, G.M.; Shendure, J. A General Framework for Estimating the Relative
Pathogenicity of Human Genetic Variants. Nat. Genet. 2014, 46, 310-315. [CrossRef]

Ritchie, G.R.S.; Dunham, I.; Zeggini, E.; Flicek, P. Functional Annotation of Noncoding Sequence Variants. Nat. Methods 2014, 11,
294-296. [CrossRef]

Cao, Z.; Huang, Y.; Duan, R; Jin, P.,; Qin, Z.S.; Zhang, S. Disease Category-Specific Annotation of Variants Using an Ensemble
Learning Framework. Brief. Bioinform. 2022, 23, bbab438. [CrossRef]

Zhou, ].; Troyanskaya, O.G. Predicting Effects of Noncoding Variants with Deep Learning-Based Sequence Model. Nat. Methods
2015, 12, 931-934. [CrossRef]

Quang, D.; Xie, X. DanQ: A Hybrid Convolutional and Recurrent Deep Neural Network for Quantifying the Function of DNA
Sequences. Nucleic Acids Res. 2016, 44, e107. [CrossRef] [PubMed]

Li, J.; Pu, Y;; Tang, J.; Zou, Q.; Guo, F. DeepATT: A Hybrid Category Attention Neural Network for Identifying Functional Effects
of DNA Sequences. Brief. Bioinform. 2021, 22, bbaal59. [CrossRef] [PubMed]

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 2017 IEEE International Conference on Computer Vision (ICCV), Venice,
Italy, 22 October 2017; pp. 618-626.

Chen, Z.; Zhang, J.; Liu, ].; Dai, Y.; Lee, D.; Min, M.R; Xu, M.; Gerstein, M. DECODE: A Deep-Learning Framework for Condensing
Enhancers and Refining Boundaries with Large-Scale Functional Assays. Bioinformatics 2021, 37, i280-i288. [CrossRef] [PubMed]
Zheng, A.; Lamkin, M.; Zhao, H.; Wu, C.; Su, H.; Gymrek, M. Deep Neural Networks Identify Sequence Context Features
Predictive of Transcription Factor Binding. Nat. Mach. Intell. 2021, 3, 172-180. [CrossRef]

Corces, M.R,; Shcherbina, A.; Kundu, S.; Gloudemans, M.].; Frésard, L.; Granja, ].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]

Davis, C.A.; Hitz, B.C.; Sloan, C.A.; Chan, E.T.; Davidson, ].M.; Gabdank, I; Hilton, J.A; Jain, K.; Baymuradov, U.K.; Narayanan,
AK.; et al. The Encyclopedia of DNA Elements (ENCODE): Data Portal Update. Nucleic Acids Res. 2018, 46, D794-D801.
[CrossRef]

Paszke, A.; Gross, S.; Massa, E.; Lerer, A.; Bradbury, J.; Chanan, G.; Killeen, T.; Lin, Z.; Gimelshein, N.; Antiga, L.; et al. PyTorch:
An Imperative Style, High-Performance Deep Learning Library. arXiv 2019, arXiv:1912.01703.

Breiman, L. Random Forest. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Miiller, A.; Nothman, J.; Louppe,
G.; et al. Scikit-Learn: Machine Learning in Python. arXiv 2018, arXiv:1201.0490 [cs].

Cooper, G.M.; Brown, C.D. Qualifying the Relationship between Sequence Conservation and Molecular Function. Genome Res.
2008, 18, 201-205. [CrossRef]


http://doi.org/10.1126/science.aab1601
http://www.ncbi.nlm.nih.gov/pubmed/25953818
http://doi.org/10.1186/s13059-019-1854-5
http://doi.org/10.1186/gb-2008-9-9-r137
http://doi.org/10.1038/s41467-021-21583-9
http://www.ncbi.nlm.nih.gov/pubmed/33637727
http://doi.org/10.1038/s41588-021-00790-6
http://doi.org/10.1093/nar/gky950
http://doi.org/10.1016/j.scib.2021.05.014
http://doi.org/10.1093/bioinformatics/btr064
http://www.ncbi.nlm.nih.gov/pubmed/21330290
http://doi.org/10.1093/nar/gks433
http://www.ncbi.nlm.nih.gov/pubmed/22610855
http://doi.org/10.1016/j.molcel.2018.06.044
http://doi.org/10.1093/bib/bbaa120
http://www.ncbi.nlm.nih.gov/pubmed/32578841
http://doi.org/10.1534/genetics.112.143370
http://doi.org/10.1186/s13059-014-0480-5
http://doi.org/10.1038/ng.2892
http://doi.org/10.1038/nmeth.2832
http://doi.org/10.1093/bib/bbab438
http://doi.org/10.1038/nmeth.3547
http://doi.org/10.1093/nar/gkw226
http://www.ncbi.nlm.nih.gov/pubmed/27084946
http://doi.org/10.1093/bib/bbaa159
http://www.ncbi.nlm.nih.gov/pubmed/32778871
http://doi.org/10.1093/bioinformatics/btab283
http://www.ncbi.nlm.nih.gov/pubmed/34252960
http://doi.org/10.1038/s42256-020-00282-y
http://doi.org/10.1038/s41588-020-00721-x
http://doi.org/10.1093/nar/gkx1081
http://doi.org/10.1023/A:1010933404324
http://doi.org/10.1101/gr.7205808

Biomolecules 2022, 12, 874 16 of 16

32.

33.
34.

35.

36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

Asthana, S.; Roytberg, M.; Stamatoyannopoulos, J.; Sunyaev, S. Analysis of Sequence Conservation at Nucleotide Resolution.
PLoS Comput. Biol. 2007, 3, e254. [CrossRef] [PubMed]

Yang, Z. A Space-Time Process Model for the Evolution of DNA Sequences. Genetics 1995, 139, 993-1005. [CrossRef] [PubMed]
Kent, WJ.; Sugnet, CW.; Furey, T.S.; Roskin, KM.; Pringle, T.H.; Zahler, A.M.; Haussler, D. The Human Genome Browser at
UCSC. Genome Res. 2002, 12, 996-1006. [CrossRef] [PubMed]

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. Genorme Res. 2005, 15, 1034-1050.
[CrossRef]

Creyghton, M.P; Cheng, A.W.; Welstead, G.G.; Kooistra, T.; Carey, B.W.,; Steine, E.J.; Hanna, J.; Lodato, M.A.; Frampton, G.M.;
Sharp, P.A.; et al. Histone H3K27ac Separates Active from Poised Enhancers and Predicts Developmental State. Proc. Natl. Acad.
Sci. USA 2010, 107, 21931-21936. [CrossRef]

Zhang, F.; Lupski, ].R. Non-Coding Genetic Variants in Human Disease. Hum. Mol. Genet. 2015, 24, R102-R110. [CrossRef]
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]
Xu, W,; Tan, L.; Yu, J.-T. The Role of PICALM in Alzheimer’s Disease. Mol. Neurobiol. 2015, 52, 399-413. [CrossRef]

Ma, J.; Yu, J.-T.; Tan, L. MS4A Cluster in Alzheimer’s Disease. Mol. Neurobiol. 2015, 51, 1240-1248. [CrossRef]

Smith, A.M.; Gibbons, H.M.; Oldfield, R.L.; Bergin, PM.; Mee, EW,; Faull, R.L.M.; Dragunow, M. The Transcription Factor PU.1 is
Critical for Viability and Function of Human Brain Microglia: Critical Role of PU.1 in Human Microglia. Glia 2013, 61, 929-942.
[CrossRef]

Rustenhoven, J.; Smith, A.M.; Smyth, L.C.; Jansson, D.; Scotter, E.L.; Swanson, M.E.V.; Aalderink, M.; Coppieters, N.; Narayan, P;
Handley, R; et al. PU.1 Regulates Alzheimer’s Disease-Associated Genes in Primary Human Microglia. Mol. Neurodegener. 2018,
13, 44. [CrossRef] [PubMed]

Jones, R.E.; Andrews, R.; Holmans, P,; Hill, M.; Taylor, P.R. Modest Changes in Spil Dosage Reveal the Potential for Altered
Microglial Function as Seen in Alzheimer’s Disease. Sci. Rep. 2021, 11, 14935. [CrossRef] [PubMed]

Chattopadhay, A.; Sarkar, A.; Howlader, P.; Balasubramanian, V.N. Grad-CAM++: Generalized Gradient-Based Visual Explana-
tions for Deep Convolutional Networks. In Proceedings of the 2018 IEEE Winter Conference on Applications of Computer Vision
(WACYV), Lake Tahoe, NV, USA, 12-15 March 2018; pp. 839-847.

Srinivas, S.; Fleuret, F. Full-Gradient Representation for Neural Network Visualization. In Proceedings of the Advances in Neural
Information Processing Systems, Vancouver, BC, Canada, 3 December 2019. [CrossRef]


http://doi.org/10.1371/journal.pcbi.0030254
http://www.ncbi.nlm.nih.gov/pubmed/18166073
http://doi.org/10.1093/genetics/139.2.993
http://www.ncbi.nlm.nih.gov/pubmed/7713447
http://doi.org/10.1101/gr.229102
http://www.ncbi.nlm.nih.gov/pubmed/12045153
http://doi.org/10.1101/gr.3715005
http://doi.org/10.1073/pnas.1016071107
http://doi.org/10.1093/hmg/ddv259
http://doi.org/10.1038/s41586-020-2151-x
http://doi.org/10.1007/s12035-014-8878-3
http://doi.org/10.1007/s12035-014-8800-z
http://doi.org/10.1002/glia.22486
http://doi.org/10.1186/s13024-018-0277-1
http://www.ncbi.nlm.nih.gov/pubmed/30124174
http://doi.org/10.1038/s41598-021-94324-z
http://www.ncbi.nlm.nih.gov/pubmed/34294785
http://doi.org/10.48550/ARXIV.1905.00780

	Introduction 
	Materials and Methods 
	Data Processing 
	PBMC Data from 10 Genomics 
	Brain scATAC-seq Data 
	ENCODE Bulk ATAC-Seq Data 
	Genome Features as Model Inputs 
	Negative Regions 

	scEpiLock Module 1—Multi-Label Classifier Module 
	Neural Network Architecture 
	Multi-Label Classifier Performance Evaluations 
	Performance Benchmarking with Other Methods 

	scEpiLock Module 2—Object Detection for CRE Boundary Refinement 
	Grad-CAM 
	Conservation Scores for Refined Regions 

	scEpiLock Module 3—Variant Impact Quantification 
	GWAS Data Used and SNP Extraction 
	Sequencing Tracks 


	Results 
	The Multi-Label Classifier in scEpiLock Precisely Predicts Accessible Peaks 
	Object Detection Module Precisely Refines Peak Boundry 
	scEpiLock Predicts Functional Disease-Associated SNPs 

	Discussion 
	References

