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High-throughput genomics approaches, including massively parallel reporter 
assays (MPRAs) and CRISPR-based perturbation screens, have expanded dissec
tion of cis-regulatory elements at nucleotide resolution. Analyses of these 
experiments, together with attribution and in-silico mutagenesis applied to 
deep-learning models, can generate per-nucleotide importance scores that quan
tify how sequence perturbations affect regulatory activity. However, identifying 
the transcription factors (TFs) underlying these effects still predominantly relies 
on scanning reference DNA with TF position weight matrices (PWMs), an ap
proach that does not incorporate functional nucleotide preferences revealed by 
perturbation experiments. We developed RegScan, a statistical framework that 
uses TF PWMs to scan nucleotide-resolution importance scores and prioritize 
TFs whose sequence preferences are consistent with observed regulatory effects. 
At each candidate position, RegScan transforms the PWM relative to the refer
ence sequence and quantifies agreement with importance scores using cosine 
similarity. Statistical significance is assessed against a null distribution derived 
from shuffled importance scores, followed by multiple-testing correction. We 
evaluated RegScan across three sources of nucleotide-resolution functional 
information: saturation-mutagenesis MPRAs, CRISPR-based regulatory tiling 
screens, and deep-learning-derived importance scores. In MPRA benchmarks 
with validated TF binding sites, RegScan improved TF rank in four of five whole-
element analyses relative to sequence-only PWM scanning. When restricted to 
mutation-sensitive regions, RegScan matched or outperformed sequence-only 
scanning for all five TFs, recovering four within the top three candidates and 
all five within the top ten. RegScan also identified candidate TF binding sites 
from CRISPR-derived and deep-learning-derived importance scores. RegScan 
provides a framework for linking nucleotide-resolution functional measure
ments to TFs underlying cis-regulatory activity.
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Introduction: High-throughput functional genomics approaches, including massively parallel reporter assays (MPRAs) 
and CRISPR-based perturbation screens, have expanded our ability to dissect cis-regulatory elements at nucleotide 
resolution. Computational analysis of these experiments, together with attribution or in-silico mutagenesis applied to 
deep-learning models of regulatory sequence, can generate per-nucleotide importance scores that quantify how individual 
sequence perturbations affect regulatory activity. However, identifying the transcription factors (TFs) underlying these 
effects still predominantly relies on scanning the reference DNA sequence with TF position weight matrices (PWMs). 
This sequence-based paradigm identifies regions resembling canonical TF motifs but does not incorporate the functional 
nucleotide preferences revealed by perturbation experiments. 
Methods: We developed RegScan, a statistical framework that uses TF PWMs to directly scan nucleotide-resolution 
importance scores and prioritize TFs whose nucleotide preferences are consistent with observed regulatory effects. Rather 
than asking whether a sequence resembles a TF motif, RegScan asks whether the functional consequences of perturbing 
that sequence agree with the nucleotide preferences encoded by the PWM. For each candidate TF and position, RegScan 
transforms the aligned PWM relative to the wild-type nucleotide, yielding a representation of the TF’s predicted 
preference for each substitution that directly parallels the observed importance scores. It then quantifies agreement using 
cosine similarity and assesses significance against a null distribution derived from shuffled importance scores, followed 
by multiple-testing correction. 

 
Figure 1. RegScan workflow. TF PWMs are transformed relative to the wild-type sequence and compared with per-nucleotide importance scores using cosine 

similarity; significance is evaluated against a shuffled null distribution. 
Results: We evaluated RegScan across three complementary sources of nucleotide-resolution functional information: 
saturation-mutagenesis MPRAs, CRISPR-based regulatory tiling screens, and importance scores derived from deep-
learning models. We first benchmarked RegScan on saturation-mutagenesis MPRA regulatory elements with 
experimentally validated TF binding sites [1]. When scanning the complete regulatory element without prior knowledge 
of the functional site, RegScan improved the rank of the validated TF in four of five elements compared with sequence-
only PWM scanning. When analysis was restricted to experimentally defined single nucleotide variants, RegScan matched 
or outperformed sequence-only scanning for all five validated TFs. Four of five were recovered among the top three 
candidates and all five within the top ten, with particularly large gains when sequence-only motif matching performed 
poorly. For example, ELF1 improved from rank 25 with sequence-only scanning to the top-ranked candidate with 
RegScan. Beyond MPRAs, we applied RegScan to nucleotide-resolution importance scores from CRISPR-based 
regulatory screens and deep-learning models, including ChromBPNet [2], demonstrating that it operates independently of 
any source of functional scores. 
Conclusions: RegScan integrates TF binding preferences with nucleotide-level functional effects to prioritize functional 
TF binding sites. The framework is applicable to importance scores derived from MPRA, CRISPR, and deep-learning 
approaches, enabling a unified strategy for linking nucleotide-resolution functional measurements to the TFs underlying 
cis-regulatory activity. 
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