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ABSTRACT GRAPHICAL ABSTRACT
MiniPromoters, or compact promoters, are short DNA @ -

. . . - p= MiniPromoter
sequences that can drive expression in specific cells T synthesis, cloning into
and tissues. While broadly useful, they are of high {input aaﬁgagﬁgg{ggl
relevance to gene therapy due to their role in en- f"on target’ R
abling precise control of where a therapeutic gene D arce -
will be expressed. Here, we present OnTarget (http: > m
llontarget.cmmt.ubc.ca), a webserver that stream-
lines the MiniPromoter design process. Users only H m
need to specify a gene of interest or custom genomic
coordinates on which to focus the identification of OnTarget
promoters and enhancers, and can also provide rel- \_ webserver )

evant cell-type-specific genomic evidence (e.g. ac-
cessible chromatin regions, histone modifications,
etc.). OnTarget combines the provided data with in-
ternal data to identify candidate promoters and en-
hancers and design MiniPromoters. To illustrate the
utility of OnTarget, we designed and characterized
two MiniPromoters targeting different cell popula-
tions relevant to Parkinson Disease. INTRODUCTION

MiniPromoters, or compact promoters, are short cis-
regulatory sequences that control the expression of adjacent
DNA in specific cells or tissues (1,2). The development of
compact promoters is an active area of research in molec-
ular biology, but recently, there has been a renewed inter-
est due to their potential for therapeutic gene delivery (3,4).
The field of gene therapy is increasingly focusing on improv-
ing expression specificity to minimize off-target expression
and mitigate adverse events such as immune responses. This
trend has been in part motivated by the adoption of recom-
binant adeno-associated virus (rAAV) vectors, which have
low immunogenicity (5), allow for long-term expression (6),
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and can be engineered to target specific cell types, tissues, or
organs (7,8). However, a limitation of rAAV vectors is their
DNA payload capacity (9), highlighting the importance of
promoter compactness in gene therapy research.

For decades, researchers have focused on designing com-
pact promoters to efficiently transduce the brain, heart,
liver, and retina, including specific cell types within these
organs (Table S1). For instance, we have developed, and re-
fined over the years, a manual approach to design human
MiniPromoters, which were then characterized for speci-
ficity in the central nervous systems of mice and primates
(1,2,10-14). The process involves selecting a gene with rele-
vant expression in the target cells or tissue (identified from
the literature or single-cell RNA-seq (15)), defining a ge-
nomic window around the gene for analysis, identifying
candidate cis-regulatory regions (CRRs) within the win-
dow based on genomic evidence (from experimental as-
says measuring different epigenetic properties) and con-
servation (16), combining a subset of the resulting CRRs
into a MiniPromoter, and characterizing the MiniPromoter
in vivo.

To meet the increasing demand for compact promoters
with user-relevant specificity, we have developed OnTarget,
a webserver that streamlines the MiniPromoter design pro-
cess. Users only need to specify a gene of interest or custom
genomic coordinates on which to focus the identification
of CRRs, and can also provide relevant cell-type-specific
genomic evidence. OnTarget uses this information, as well
as internal data, to identify candidate CRRs and suggest
MiniPromoter designs. To illustrate the utility of OnTarget,
we designed two MiniPromoters to target two cell popu-
lations relevant to Parkinson Disease. For comparison, we
additionally characterized two manual MiniPromoters de-
signed from the same genes. All MiniPromoters were exper-
imentally validated for regional specificity, demonstrating
that OnTarget designs could effectively drive on target ex-
pression.

MATERIALS AND METHODS
Implementation

OnTarget is a webserver deployed as a Node.js application
that helps users identify CRRs and design MiniPromoters.
It communicates with a REST API that accesses an under-
lying data repository storing genomic information and a
Python framework encompassing the main functionalities
of OnTarget (Figure 1). Details about the identification of
CRRs, MiniPromoter design process, and interaction with
the webserver are provided below, and in the Results section
‘OnTarget walkthrough’.

The underlying data repository, named GUD (Genomic
Unification Database), comprises two MySQL databases:
one for storing human information related to the hgl9
genome assembly and the other for mouse (mm10 genome
assembly). Both databases were populated with data from
the UCSC Genome Browser (17) (Table S2), which were
unified for improved efficiency. These include RefSeq gene
definitions (18), which, for each gene, cover its name, sym-
bol, transcription start and end positions, coding start and
end positions, exons start and end positions, and strand

location, conservation values from the multiz alignment
of multiple vertebrate species (16), and repetitive elements
identified by RepeatMasker such as short interspersed nu-
clear elements (SINEs), which include ALUs, long inter-
spersed nuclear elements (LINEs), long terminal repeat el-
ements (LTRs), which include retroposons, DNA repeat
elements, micro-satellites, low complexity repeats, satel-
lite repeats, RNA repeats (RNA, tRNA, rRNA, snRNA,
scRNA and srpRNA), and other repeats (e.g. class Rolling
Circle).

The Python framework interacts with the REST API of
GUD to extract genomic information and inform the iden-
tification of CRRs and MiniPromoter design process. It has
three main entry points: (i) ‘gene2interval’ takes as input a
gene and a genome assembly (i.e. ‘hgl9’ or ‘mm10’) and re-
turns a genomic window for analysis based on either the
untranslated regions (UTRs) of the closest upstream and
downstream genes or distance (in kb) around the gene body;
(i1) ‘interval2regions’ takes as input a genomic window, a
genome assembly, and genomic evidence (if provided), and
returns a list of CRRs labelled as promoters or enhancers
and (iii) ‘regions2minipromoter’ takes as input promoters
and enhancers and returns MiniPromoter designs.

Identification of CRRs and conserved regions

For a given genomic window, we first initialize a NumPy ar-
ray (19) of the same length using conservation values from
GUD, which range from 0 to 1. If conservation is not en-
abled, the array is initialized with zeroes. Each array posi-
tion, which corresponds to a nucleotide, is further scored
positively (i.e. +1) for each type of genomic evidence that
it overlaps with, and, if conservation is enabled, if it over-
laps with conserved regions (details are provided below).
For instance, a conserved nucleotide that is located within
an accessible chromatin region, and supported by the his-
tone modification H3K27ac (a hallmark of active enhancers
(20)), additionally receives a score of 3. However, if the
same nucleotide is not conserved and does not overlap any
genomic evidence, it does not receive an additional score.
Then, if enabled, we mask nucleotides overlapping with ei-
ther coding exons or repetitive elements from GUD (i.e.
their scores in the array are set to 0). Next, we normalize
the array scores between 0 and 1 using the ‘MinMaxScaler’
function from scikit-learn (21). Finally, to define CRRs,
we identify blocks of >100 consecutive nucleotides with a
score in the normalized array >0.5 (these values can be ad-
justed in the webserver). To label CRRs as promoters or en-
hancers, we determine their overlap with gene transcription
start positions from GUD, which are used as source of tran-
scription start sites (T'SSs). For genes located on the reverse
strand, we use transcription end positions as source of TSSs
instead. If a CRR overlaps with a TSS, it is labelled as a pro-
moter; otherwise, it is labelled as an enhancer.

If enabled, conserved regions are identified in a similar
way to CRRs. However, instead of the normalized array, we
use a copy of the original NumPy array initialized with con-
servation values. Moreover, we set by default the number of
consecutive nucleotides to identify conserved blocks to >10
and the score to >0.6 (like for CRRs, these values can be
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Figure 1. Schematic representation of the OnTarget workflow. OnTarget accepts input from the user such as genomic evidence and returns CRRs and

MiniPromoters. The identification of CRRs and MiniPromoter design process i

s informed with internal data from GUD, a database unifying gene defini-

tions, multi-species conservation and repetitive elements from the UCSC Genome Browser (17). CRR, cis-regulatory region; GUD, Genomic Unification

Database.

adjusted in the webserver). Finally, the system performs a
second pass in which nearby conserved blocks are merged if
their resulting score after merging, including the nucleotides
within and between the blocks, would still be > 0.6.

MiniPromoter design process

For each CRR labeled as promoter, five MiniPromoters
are designed by placing it at the 3’ end and then adding
CRRs labelled as enhancers, up to a maximum size of 1.9
kb (both the number of MiniPromoter designs and their
size can be adjusted in the webserver). Upstream enhancers
are added first, from more proximal (i.e. closer to the pro-
moter) to more distal (i.e. farther from the promoter), fol-
lowed by downstream enhancers (also from more proximal
to more distal). When the gene is on the reverse strand,
however, downstream enhancers are added first, followed
by upstream enhancers (in both cases from more proximal
to more distal). If transcription factors (TFs) are specified,
CRRs are filtered out so that the final designs only include
promoters and enhancers featuring binding sites for those
TFs. As a source for TF binding sites (TFBSs), we relied on
the JASPAR 2020 TFBS predictions (22) from the UCSC
Genome Browser (17). Moreover, if any restriction enzymes
are specified, MiniPromoters whose sequence include sites
for those restriction enzymes are filtered out.

LiftOver

As per the recommendations from the UCSC Genome
Browser, we executed LiftOver (23) to remap coordinates
between the genome assemblies of two different organisms
by setting the minimum nucleotide ratio for remapping (i.e.
option ‘-minMatch’) to 0.1. For remapping coordinates be-

tween two genome assemblies of the same organism, we ex-
ecuted LiftOver with default parameters.

Manual MiniPromoter designs

We have previously described a manual bioinformatics
pipeline to design MiniPromoters (2,14). The process starts
with the selection of a gene with relevant expression in the
target cells or tissue (e.g. a marker from single-cell RNA-
seq data). Then, the promoter and enhancers of the gene
are identified by integrating different types of genomic ev-
idence associated with CRRs and visualizing them in a
genome browser such as IGV (24). These include nascent
transcription from CAGE (25,26) and GRO-seq (27), chro-
matin accessibility from DNase-seq (28) or ATAC-seq (29),
ChIP-seq (30) of histone modifications and TFBSs, com-
putational predictions from ENCODE (31), and multi-
species conservation (16). Identification of promoters and
enhancers can be limited by the proximity of nearby genes,
regulatory confinements imposed by topologically associ-
ating domains (32), or by defining a custom genomic win-
dow. Next, MiniPromoters are designed by placing the pro-
moter of the gene at the 3’ end and then adding enhancers
as needed following the same criteria as described above
for OnTarget. Finally, the MiniPromoter sequences are an-
alyzed to detect the presence of undesired restriction sites
using tools such as NEBcutter (33).

OnTarget MiniPromoter designs

As genomic evidence for designing the ADORA2A
MiniPromoter, we downloaded ATAC-seq data (in big-
Wig format) of post-mortem human (hgl9) neurons
of the accumbens nucleus and putamen (34) (GEO
accessions: GSM2546440, GSM2546463, GSM2546465,
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GSM2546489, GSM2546535). We reformatted the files
from bigWig to bedGraph using bigWigToBedGraph
(35) and then processed them one-by-one using MACS2
bdgpeakcall (36) (version 2.1.4) with default parameters.
The resulting peaks were pooled into a single file and
remapped to mml0. Next, we downloaded H3K4mel,
H3K4me3, H3K36me3, and RNA polymerase II ChIP-
seq data (in bigWig format) of 8 weeks-old mice (mm9)
saline-treated accumbens nucleus samples (37) (GEO ac-

cessions: GSM1050343, GSM1050344, GSM1050345,
GSM 1050349, GSM 1050350, GSM 1050351,
GSM1050355, GSM1050356, GSM 1050357,

GSM 1050368, GSM 1050369, GSM1050370). As with the
ATAC-seq data, bigWig files were reformatted into bed-
Graph format and individually processed using MACS2,
and the resulting peaks were pooled into individual files,
one for each factor, and remapped to mm10. Finally, we
downloaded H3K27ac ChIP-seq peaks of medium spiny
neurons (MSNs) of the mouse striatum (mm9) (38) (GEO
accession: GSM2230267), which we remapped to mm10.

For the PITX3 MiniPromoter, we downloaded DNase-
seq and ChIP-seq peaks of histone marks H3K4mel,
H3K4me3, H3K9ac, and H3K27ac of midbrain samples
of newborn mice (mml0) (31) (ENCODE accessions:
ENCFF588FLL, ENCFF741TQE, ENCFF903IBK,
ENCFF770SEL, ENCFF8I8XLK, ENCFF991JUZ).
Peaks from the two DNase-seq datasets were pooled into a
single file.

In OnTarget, a key hyperparameter is the minimum score
threshold that is used to identify CRRs. We set this thresh-
old to the score of the nucleotide ranked at the top fifth per-
centile within the genomic window, which corresponds to
~0.555 when designing the ADORA2 A MiniPromoter and
~0.414 for the PITX3 MiniPromoter.

Experimental validation

MiniPromoters were characterized in mice for their abil-
ity to drive expression in the D2-type MSNs of the stria-
tum (ADORA2A) or the dopaminergic neurons of the sub-
stantia nigra (PITX3) following a well-established pro-
tocol that we have previously used to characterize hun-
dreds of MiniPromoters (1,2,10,11,14). Each MiniPro-
moter was synthesized (GenScript), cloned into a rAAV
genome plasmid driving the expression of emerald green flu-
orescent protein (EmGFP), and packaged into either AAV9
(Ple253) or rAAV-PHP.B (Ple355, Ple388, Ple389) capsids
for widespread brain transduction (2,39). Mice were in-
jected intravenously, either via the superficial temporal vein
at postnatal day 4 (rAAV9), or via the tail vein in adult
mice (rAAV-PHP.B). Four weeks following injection, a min-
imum of three mice per MiniPromoter were given a lethal
dose of avertin and perfused transcardially, after which
brains were harvested. Brain tissue was cryosectioned at 20
wM either sagittally (4ADORA2A) or coronally (PITX3),
mounted directly onto slides, and stained with anti-GFP
(GFP-1020, Aves Labs; Alexa Fluor 488, Life Technolo-
gies) and Hoechst (Sigma-Aldrich). At least two mice per
MiniPromoter were assessed, and unique expression pat-
terns were determined by fluorescent microscopy and image
analysis.

RESULTS
OnTarget walkthrough

The webserver guides users through the identification of
candidate CRRs and MiniPromoter design process step-by-
step:

1. Select either the human (i.e. ‘hgl9’) or mouse (i.c.
‘mm10’) genome assembly. If mm10 is selected, specify
whether the final CRRs should be remapped to hgl9 us-
ing LiftOver.

2. Select a gene with an on target expression pattern with

which to define a genomic window for analysis, or spec-
ify ‘Custom Coordinates’. If a gene is selected, define the
genomic window based on the UTRs of the closest up-
stream and downstream genes (i.e. ‘Gene to Gene’) or
distance (i.e. ‘£n kb from Gene’). The maximum size of
genomic windows is limited to 250 kb.

3. Upload genomic evidence relevant to the target cells in

BED format. Uploaded data will be deleted from the
webserver after 1 month.

4. Click the button ‘Get Regulatory Regions’.

Users can additionally specify advanced parameters re-
lated to the identification of CRRs. We have set the de-
fault values for these parameters based on our experience,
and expect them to be appropriate for most cases. Upon
clicking the button ‘Get Regulatory Regions’, OnTarget will
redirect users to a new page, where they will have to wait
briefly (typically <1 min) while it identifies and returns the
CRRs. The resulting CRRs are labelled as promoters or
enhancers, and include useful information such as the ge-
nomic coordinates, score, and size. Next, users can design
their own MiniPromoters by selecting at least one promoter
from the list of CRRs and clicking the button ‘Download
MiniPromoter’. Users can also click the button ‘Download
Suggested MiniPromoters’ to have OnTarget automatically
design and return MiniPromoters. Additionally, users can
specify the number and size of the designed MiniPromot-
ers, whether to prioritize the inclusion of CRRs with spe-
cific TFBSs, or to avoid specific restriction sites.

Case examples

To demonstrate the utility of OnTarget, we applied it to
design two MiniPromoters based on the genes ADORA2A
and PITX3. Both examples, including the genomic evidence
used as input as well as the identified CRRs and MiniPro-
moter sequences, are accessible via dedicated pages on the
OnTarget web server and can be downloaded by users.

ADORA2A MiniPromoter

The ADORA2A gene was selected based on its well-
established status as a marker of striatal D2-type MSNs
(40), which are of therapeutic interest due to their contri-
bution to the pathophysiology in Parkinson Disease (41).
We downloaded publicly available ATAC-seq and ChIP-
seq data of histone modifications H3K4mel, H3K4me3,
H3K36me3, and H3K27ac and of RNA polymerase I from
relevant samples, which were processed and remapped to
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Figure 2. ADORA2A- (top panels) and PITX3-based (bottom panels) MiniPromoters designed either using OnTarget (left panels) or by manually identi-
fying and combining CRRs potentially regulating the expression of each gene (right panels). MiniPromoters were characterized in mice for their ability to
drive specific expression in the striatum (4DORA2A) or the substantia nigra (P/7X3) using rAAV vectors (Methods). SN, substantia nigra; Str, striatum.

Green, anti-GFP; blue, Hoechst.

mml10 (Methods). We then applied OnTarget to identify
candidate CRRs of ADORA2A as follows: (i) we set the
genome assembly to mm10 and specified to remap the iden-
tified CRRs to hg19; (ii) defined the genomic window within
which to identify the CRRs based on a distance of £ 100
kb around the mouse gene (i.e. mml0:chr10:75216877—
75434792); (iii) uploaded the genomic evidence and (iv)
set the score threshold for identifying CRRs to ~0.555 (a
value that would return the top 5% of nucleotides). OnTar-
get returned 30 CRRs (Table S3), including RR13, one of
two ADORA2A promoter-like CRRs that overlapped with
a cluster of FANTOMS TSSs characterized by robust and
specific expression in striatal samples (26), and 20 enhancers
overlapping with predicted TFBSs for the TFs RARB and
SP9, which have been reported to regulate D2-type MSN
genes (42,43). Upon examination, we applied OnTarget to
combine CRRs 7, 13, 18 and 25 into the MiniPromoter
‘P1e389’, which had a length of 1344 bp and whose sequence
did not contain sites for the restriction enzymes Ascl and
Fsel, which were used for cloning. Finally, Ple389 was syn-
thesized, cloned into an rAAV genome plasmid, packaged
into rAAYV, and characterized for its ability to drive cell-
type-specific EmGFP expression in the striatum (Methods).
For comparison, we also characterized Ple355, a MiniPro-
moter that we manually designed based on ADORA2A
(Methods). Intravenous delivery of the capsids rAAV9 and
its derivative rAAV-PHP.B ensure widespread transduction
of brain cells (2,39). Indeed, the results using the man-
ual design Ple355 confirmed this widespread transduction,
because the MiniPromoter directed ubiquitous expression
throughout the brain (Figure 2, top-right panel). In con-
trast, the OnTarget design Ple389 showed strong and spe-
cific expression in the striatum (Figure 2, top-left panel),
which is the location of the target D2-type MSNss.

PITX3 MiniPromoter

The PITX3 gene was selected because it encodes a TF that
plays a crucial role in the specification of dopaminergic
neurons of the substantia nigra (44), whose loss is a hall-
mark of Parkinson Disease (45,46), making them thera-
peutically relevant. As for ADORA2A, we began by down-
loading publicly available DNase-seq and histone ChIP-seq
data (H3K4mel, H3K4me3, H3K9%ac, H3K27ac) from rel-
evant samples, which were remapped to the mm10 genome
(Methods). Then, we applied OnTarget to identify candi-
date CRRs of PITX3. We followed the same steps as be-
fore with two minor differences: we (i) used a range of = 50
kb around Pitx3 when defining the genomic window (i.e.
mm10:chr19:46085685-46198325) and (ii) set the minimum
score to identify CRRs to ~0.414. In this example, On-
Target returned 18 CRRs (Table S3): three promoter-like
CRRs, including RR8, which overlapped two TSSs associ-
ated with PITX3 (26), and 15 enhancers, 11 of which over-
lapped with predicted NR42A TFBSs, which is a known
regulator of PITX3 in vitro and in vivo (47). Next, using
OnTarget, we combined CRRs 5, 6, 8§, 13, 16 and 18 into
the MiniPromoter Ple388, and confirmed that its 1702 bp-
long sequence did not contain any of the cloning restriction
sites (i.e. Ascl and Fsel). Following synthesis, cloning, and
packaging, we characterized Ple388 and Ple253, the latter
is a previous MiniPromoter that we had manually designed
based on PITX3 (2), for their ability to drive cell-type-
specific EmGFP expression in the substantia nigra (Meth-
ods). Even though the choice of delivery method and cap-
sid ensured widespread transduction, the manual design
Ple253 failed to induce any expression in the brain (Fig-
ure 2, bottom-right panel). In contrast, the OnTarget de-
sign Ple388 showed strong and specific expression in the
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substantia nigra (Figure 2, bottom-left panel), which is the
location of the target dopaminergic neurons.

DISCUSSION

We have developed OnTarget, a webserver that enables the
design of MiniPromoters for gene expression delivery in
specific biological contexts. This system has been applied
to two cell types with therapeutic relevance. We evaluated
the specificity of the resulting promoters by comparing their
expression to those of manually designed alternatives de-
rived from the same genes, confirming the efficacy of On-
Target for designing highly specific MiniPromoters for tar-
geted gene expression.

The utility of OnTarget extends beyond the design of
MiniPromoters. It can also identify CRRs in specific ge-
nomic loci of up to 250 kb, making it a valuable tool for
a broader range of users. Identification of CRRs bene-
fits from user-provided high-quality genomic evidence rel-
evant to their target cells. While the database underlying
OnTarget supports CRR identification based on conserva-
tion alone (as in (1)), users can also provide their own ge-
nomic evidence to identify CRRs with cell-type-specificity.
For instance, as multiome data becomes more accessible
in single-cell studies, such as joint profiling of scATAC-seq
and scRNA-seq (48), users will increasingly have access to
such data relevant to their target cells.

The OnTarget parameters can affect the quality and size
of the CRRs identified, most notably the minimum score
threshold. During identification of CRRs, OnTarget creates
an array with each position corresponding to a nucleotide
in the genomic window. Each nucleotide in the array is then
scored between 0 and 1, where a score of 1 indicates that the
nucleotide overlaps with the greatest amount of genomic
evidence, while a score of 0 indicates that the nucleotide
overlaps with little (or none) of the genomic evidence. Inter-
nal benchmarks revealed that the nucleotide score distribu-
tion within the array is typically right-skewed, meaning that
most nucleotides have low scores and only a few have high
scores (Figure S1). We set the default threshold of 0.5 to en-
sure that the nucleotides included in the final CRRs would
overlap, at least partially, with genomic evidence provided
by the user. As properties vary greatly between genes, users
may need to adjust this parameter to generate more or less
candidate CRRs.

While there are supervised approaches to predict tissue-
specific CRRs (e.g. (31)), OnTarget uses an unweighted
scoring system: each type of data is given equal weight dur-
ing the identification of CRRs. In our experience, allow-
ing users to select their own data is crucial when design-
ing MiniPromoters. This is because the quality of available
data can vary greatly between different tissues. As such,
implementing a machine learning process within OnTarget
that would be suitable for all scenarios seemed ill-advised.
Instead, if users wish to utilize more advanced methods,
they can generate and upload their own datasets with CRR-
based predictions from deep learning models.

With the advent of artificial intelligence (AI), it is be-
coming possible to generate compact promoters in silico.
For instance, Lawler et al. used a machine learning model
trained on cell-type-specific genomic evidence to prioritize

enhancers based on their predicted cell-type-specificity and
experimentally validated two of them in vivo (49). In a re-
cent preprint, Taskiran et al. describe three different ap-
proaches to designing enhancers using models trained on
cell-type-specific genomic evidence (50): directed evolution
(i.e. inserting mutations in randomly generated sequences
until their predicted cell-type-specificity is maximized), mo-
tif implantation (i.e. embedding motifs of TFs that regu-
late the target cells within random sequences with optimized
orientation and spacing), and a generative approach (i.e. a
second model is trained that creates artificial sequences pre-
dicted to be cell-type-specific by the first model). Although
Al-based approaches show great potential, motif implanta-
tion still performs as well as the best methods. As genera-
tive methods continue to evolve and improve, OnTarget al-
ready provides users with the ability to identify endogenous
CRRs that have the potential to deliver the desired expres-
sion characteristics.

At present, OnTarget requires a large amount of user
input, from selecting a gene with a desirable expression
pattern to providing cell-type-specific genomic evidence,
making it one tool within a larger workflow for designing
promoters. Future development will allow users to choose
genes with a desirable pattern of expression, access public
data repositories such as ENCODE (31) for selecting ge-
nomic evidence, and improve the visualization.

DATA AVAILABILITY

OnTarget is hosted on a virtual webserver at http:
/lontarget.cmmt.ubc.ca with 20 GB of RAM and 12 Intel
Xeon E7540 processors (2.00 GHz, 4 cores and 8 threads)
running on CentOS 7. The code for OnTarget is available on
GitHub (https://github.com/wassermanlab/OnTarget and
https://doi.org/10.5281/zenodo.7871189). The bash scripts
that download and process the genomic evidence for the
ADORA2A and PITX3 examples, the evidence itself,
and the results from OnTarget are also included in the
repository  (https://github.com/wassermanlab/OnTarget/
tree/master/data/examples; one folder per example). The
code for GUD has been deposited on a separate GitHub
repository (https://github.com/wassermanlab/GUD and
https://doi.org/10.5281/zenodo.7871278). GUD is hosted
with OnTarget for local accessibility, and runs on MariaDB
Server (version 5.5.60). All MiniPromoter sequences used
in this work are provided in the Supplementary Data.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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