Downloaded from genome.cshlip.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

Enhancers display constrained sequence flexibility and
context-specific modulation of motif function

Franziska Reiter, Bernardo P. de Almeida and Alexander Stark

Genome Res. 2023 33: 346-358 originally published online March 20, 2023
Access the most recent version at doi:10.1101/gr.277246.122

References This article cites 52 articles, 12 of which can be accessed free at:
http://genome.cshlp.org/content/33/3/346.full.html#ref-list-1

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see
License https://[genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 International),
as described at http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAI Genetic Screening. | LEARN
Your new superpower. MORE

CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2023 Reiter et al.; Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.277246.122
http://genome.cshlp.org/content/33/3/346.full.html#ref-list-1
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.277246.122&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.277246.122.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

Research

Enhancers display constrained sequence flexibility
and context-specific modulation of motif function

Franziska Reiter,'?* Bernardo P. de Almeida,'?* and Alexander Stark'-3

"Research Institute of Molecular Pathology, Vienna BioCenter, Campus-Vienna-BioCenter 1, 1030 Vienna, Austria; 2Vienna BioCenter
PhD Program, Doctoral School of the University of Vienna and Medical University of Vienna, 1030 Vienna, Austria; 3Medical

University of Vienna, Vienna BioCenter, 1030 Vienna, Austria

The information about when and where each gene is to be expressed is mainly encoded in the DNA sequence of enhancers,
sequence elements that comprise binding sites (motifs) for different transcription factors (TFs). Most of the research on en-
hancer sequences has been focused on TF motif presence, whereas the enhancer syntax, that is, the flexibility of important
motif positions and how the sequence context modulates the activity of TF motifs, remains poorly understood. Here, we
explore the rules of enhancer syntax by a two-pronged approach in Drosophila melanogaster S2 cells: we (1) replace important
TF motifs by all possible 65,536 eight-nucleotide-long sequences and (2) paste eight important TF motif types into 763 po-
sitions within 496 enhancers. These complementary strategies reveal that enhancers display constrained sequence flexibility
and the context-specific modulation of motif function. Important motifs can be functionally replaced by hundreds of
sequences constituting several distinct motif types, but these are only a fraction of all possible sequences and motif types.
Moreover, TF motifs contribute with different intrinsic strengths that are strongly modulated by the enhancer sequence
context (the flanking sequence, the presence and diversity of other motif types, and the distance between motifs), such
that not all motif types can work in all positions. The context-specific modulation of motif function is also a hallmark of
human enhancers, as we demonstrate experimentally. Overall, these two general principles of enhancer sequences are im-

portant to understand and predict enhancer function during development, evolution, and in disease.

[Supplemental material is available for this article.]

Transcriptional enhancers are DNA sequence elements that con-
trol gene expression by modulating the transcription of their tar-
get genes in specific cell types and conditions (Banerji et al.
1981; Levine 2010). These elements contain short sequence motifs
bound by different transcription factors (TFs), and the combined
regulatory cues of all bound TFs determine an enhancer’s activity
(Spitz and Furlong 2012). Due to the critical role of enhancers in
development, evolution, and disease (Levine 2010; Rickels and
Shilatifard 2018), understanding how enhancer sequences encode
function is a major question in biology. Previous studies have
highlighted the importance of sequence constraints within en-
hancers, such as the presence of TF motifs and features related to
the motifs’ flanking sequences, affinities, and arrangements (their
number, order, orientation, and spacing), termed here “motif syn-
tax” (Jindal and Farley 2021). However, although mutations in en-
hancer sequences can change enhancer function and lead to
morphological evolution and disease (Gompel et al. 2005; Visel
et al. 2009; Levine 2010; Rickels and Shilatifard 2018), enhancers
usually display only modest or no sequence conservation across
species (Ludwig et al. 1998; Blow et al. 2010; Schmidt et al. 2010;
May et al. 2012; Arnold et al. 2014; Villar et al. 2015; Fuqua et al.
2020) and even random DNA sequences can act as enhancers (de
Boer et al. 2020; Galupa et al. 2023). Therefore, the importance
of sequence constraints and motif syntax within enhancers re-
main outstanding questions in gene regulation.

Two main models have been proposed to explain how
enhancer sequence relates to function. The enhanceosome model
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assumes very strict syntax rules with invariant motif arrangements
required for cooperative TF binding (Thanos and Maniatis 1995;
Panne 2008). In contrast, the billboard model proposes that TFs
bind independently without constraints on how motifs are ar-
ranged within the enhancer (Kulkarni and Arnosti 2003; Arnosti
and Kulkarni 2005). Yet very few enhancers fit these models, hav-
ing either invariant syntax or no constraints at all, and most en-
hancers fall in between these two extremes, with a flexible
syntax yet high degree of dependency between enhancer features
(Kulkarni and Arnosti 2003; Vockley et al. 2017; Jindal and Farley
2021). This complexity in enhancer sequence has prevented the
generalization of sequence rules derived from individual enhanc-
ers into unifying principles of the regulatory code, thus limiting
our understanding of the sequence constraints related to motif
syntax and TF activity in enhancers.

Although enhancer sequences evolve rapidly, their function,
which is comprised of enhancer strength as well as cell type-specif-
icity, can be conserved despite significant sequence changes
(Ludwig et al. 1998, 2000; Rastegar et al. 2008; Blow et al. 2010;
Schmidt et al. 2010; Weirauch and Hughes 2010; Swanson et al.
2011; Taher et al. 2011; May et al. 2012; Arnold et al. 2014;
Villar et al. 2015; Wong et al. 2020; Vaishnav et al. 2022). This sug-
gests that there is considerable flexibility within enhancer se-
quences, and that the maintenance of function-defining features
rather than overall sequence similarity is important for enhancer
activity. This is illustrated most clearly by the maintenance of TF
motifs at invariant positions or at different relative positions
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Enhancers display constrained sequence flexibility

within orthologous enhancer sequences (Ludwig et al. 1998, 2000;
Rastegar et al. 2008; Arnold et al. 2014; Wong et al. 2020).
However, how flexible or constrained motif positions within en-
hancers are at both, the DNA sequence and the TF motif level,
that is, how many different sequence variants or motif types might
functionally replace the wild-type sequence at important motif po-
sitions, has remained unknown. Similarly, even though TF motifs
have been observed to move between different enhancer positions
over the course of evolution (presumably a consequence of motif
decay and de novo formation), and despite position independence
being a key assumption of the billboard model, the influence of
the position and sequence context on a motif’s contribution to en-
hancer function is not understood. These knowledge gaps restrict
our understanding of the functional and evolutionary flexibility of
enhancer sequences and how many sequence variants, as they
might arise by DNA mutagenesis, might lead to similar or different
enhancer activities.

Here, we investigated how many defined DNA sequences
might functionally replace the wild-type sequence in various motif
and control positions by exhaustively testing all possible 8-nucle-
otide-long sequence variants at these positions in two enhancers
in Drosophila melanogaster S2 cells. In addition, we systematically
compared the contribution of prominent TF motif types to en-
hancer activity when placed into different positions along an en-
hancer to assess how their intrinsic strengths are modulated by
the sequence context in both Drosophila as well as human enhanc-
ers. Overall, these complementary approaches emphasize the flex-
ibility of enhancer sequences and how the activity of TF motifs is
modulated by the enhancer sequence context, namely the flank-
ing sequence, the presence and diversity of other motif types,
and the distance between motifs.

Results

STARR-seq comprehensively assesses the activity of enhancer
variants revealing constrained enhancer sequence flexibility

To systematically test what sequences function in a certain en-
hancer position, we used an approach inspired by studies that test-
ed the activity of fully randomized regulatory sequences (Farley
et al. 2015; de Boer et al. 2020; Vaishnav et al. 2022; Galupa
et al. 2023) or the local fitness landscape of the green fluorescent
protein (GFP; Sarkisyan et al. 2016; Somermeyer et al. 2022). We
generated a comprehensive library of sequence variants by replac-
ing a specific 8-nt stretch in an enhancer with randomized nucle-
otides (N3) and assessed the enhancer activity of each variant by
UMI-STARR-seq in Drosophila S2 cells (Fig. 1A; see Methods; Arnold
etal. 2013; Neumayr et al. 2019). Enhancer activity as used here is a
quantitative measure and is defined as the increase in transcription
of the reporter by a given enhancer candidate. We tested the power
of this approach in the position of a GATA TF motif within the ced-
6 developmental enhancer (ced-6 position 241 nt, or pos241) that
is required for its activity. We recovered all possible 8-nt variants
(65,536) in the input library and obtained reliable enhancer activ-
ity measurements for each variant (Supplemental Fig. S1). This
showed that the vast majority of all variants drive low activity
levels, whereas only 374 (<1%) achieve similar activity to wild
type (£10%) and 600 (1%) drive even higher activity, that is, con-
stitute valid solutions at this motif position (Fig. 1B).

Although only a few hundred sequences functioned at this
position, these were highly diverse (Fig. 1C,D) and included not
only different variants of the GATA motif (Fig. 1B—in blue, and

1E,F) but also other TF motifs, such as SREBP and AP-1 (Fig. 1E,F;
Supplemental Figs. S2A,B, S3A). The different levels of importance
of motifs were independent of their orientation, with the possible
exception of SREBP and STAT for which differences are apparent
yet not significant and cannot be assessed reliably because of a
small number of instances (Supplemental Fig. S3A). Most of the
600 variants stronger than wild type (94%) created TF motifs over-
represented in S2 developmental enhancers (PWM P-value 1x107%;
Fig. 1F; Supplemental Fig. S3B), showing that there is flexibility in
the DNA sequences but also in the motif types they encode.
However, different TF motifs rescued enhancer activity to different
levels (Fig. 1E; Supplemental Fig. S3A). Whereas AP-1 and SREBP
achieved similar activity to the wild-type GATA motif, twist and
ETS had lower activity at this enhancer position, despite being gen-
erally associated with strong enhancer activity in S2 cells (de
Almeida et al. 2022). Therefore, the observed sequence flexibility
is constrained to some TF motifs. In addition, even within each
TF motif not all specific sequence variants functioned similarly,
as apparent in the large differences between their activities (Fig.
1E). We observed a positive association between the activities of
motif sequence variants and the TF motif affinities for most motifs,
yet the correlation was typically modest, indicating that the PWM
motif score does not explain the widely different activities (only
SREBP has a PCC>0.6 and twist and ETS even have PCCs<0.1;
Supplemental Fig. S3C).

We also observed TF motif types that had neutral or repressive
functions at the tested 8-nt position: The Dref motif, previously
shown to only be important for housekeeping enhancers (Zabidi
et al. 2015; de Almeida et al. 2022), had no activity in this ced-6
developmental enhancer, whereas the Ttk motif created the
most inactive 8-nt variants consistent with Ttk’s function as a re-
pressor (Fig. 1E; Supplemental Fig. S2C; Xiong and Montell
1993). These results show that this approach can comprehensively
assess the activity of all sequence variants in a specific region of the
enhancer and identify activating, neutral, and repressive sequenc-
es. Moreover, our findings indicate that developmental enhancers
exhibit constrained flexibility, in that many variants, but still a
strongly restricted number, can function at a given enhancer posi-
tion. This constrained sequence flexibility applies not only to indi-
vidual DNA sequences but also TF motif types in that several
different motif types work, but not many or all.

Activity of random variants in seven specific positions of two
different enhancers

To evaluate if the same principles and the same specific solutions
apply at different enhancer positions, we selected three additional
positions of the ced-6 enhancer and three positions of a strong en-
hancer in the ZnT63C locus (Fig. 2A). To probe enhancer sequence
flexibility at important motif positions and nonimportant control
positions, we used the deep learning model DeepSTARR (Fig. 2A;
de Almeida et al. 2022) and previous experimental enhancer muta-
tions (Supplemental Fig. S4F) to choose positions that should (ced-
6 pos110, pos241; ZnT63C pos142, pos180, pos210) or should not
(ced-6 pos182, pos230) be important for enhancer activity. We
generated exhaustive libraries of all 8-nt sequence variants for
each position and performed UMI-STARR-seq on the combined li-
braries of each enhancer (Supplemental Fig. S4A-E; see Methods).
As observed for the GATA position in Figure 1 (pos241), only a re-
stricted set of variants achieved wild-type activity at a second im-
portant GATA motif position in the same enhancer (pos110) or
at the important motif positions in the ZnT63C enhancer (Fig.
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Figure 1. STARR-seq comprehensively assesses the activity of random variants in a specific enhancer position. (A) Schematics of STARR-seq for the analysis

of random variants in an enhancer position: (1) A comprehensive library of sequence variants was generated by replacing the 8-nt stretch overlapping a
GATA TF motif in the strong ced-6 enhancer with all possible 65,536 randomized nucleotides; (2) the enhancer activity of each variant was measured by
STARR-seq in Drosophila S2 cells; (3) expected outcomes include the wild-type sequence (wt, blue), inactive variants (gray), and variants that recover the
wild-type activity (green) or are even stronger (purple). (B) Most sequence variants exhibit low activity levels. The distribution of enhancer activity for each
of the 62,012 enhancer variants with confident activity is shown. The wild-type (wt, red) sequence, the strongest GATA variant in each orientation (blue),
and the strongest sequence variant are highlighted, together with the number of variants that achieve similar activity to wild type (+10%) or drive even
higher activity. (C) Strong sequence variants are highly diverse. Logos with nucleotide frequency of the most-active variants in STARR-seq (1, 2, 5, 10, 50,
100, 1000, and all) and flanking nucleotides. Please note that because variants are aligned this will smear out motifs that occur at different positions. Motif
finding with HOMER for these variants is shown in Supplemental Figure S2. (D) Sum of information content within the most-active 8-mers in STARR-seq
(red) compared with the same after randomly sorting the variants (gray), considering different number of top sequences. (E) Distribution of enhancer ac-
tivity for all 62,012 enhancer variants (left) or variants creating each TF motif (right). The activity of the wild-type sequence (wt, red dot and dashed line) or
median of all variants (gray dashed line) are shown. The string of each TF motif used for the motif matching and the number of variants matching to each
motif are described in the x-axis in the format “motif string (TF motif name, number of variants).” (F) Number of variants among the 600 stronger than wild
type that match to motifs enriched in S2 developmental enhancers (PWM P-value cutoff 1x107%).

2B), confirming that important positions in enhancers show con- in the ced-6 (pos110) or the ZnT63C (pos210) enhancer showed

strained flexibility. This contrasted with the nonimportant posi-
tions (pos182 and pos230 of the ced-6 enhancer) where most
sequence variants were active at or near wild-type levels (Fig. 2B).
This is expected, as these positions are predicted to not contain se-
quences associated with enhancer activity and are therefore less
constrained. Thus, the importance of an enhancer position reflects
its constraint, with nonimportant positions not being constrained
(while they can still be modulated positively or negatively).

The most active sequences at each enhancer position were
highly diverse and exhibited distinct nucleotide preferences (Sup-
plemental Figs. S5-S7). For example, two positions located either

distinct preferences among the strongest 100 variants, which pref-
erentially match to an SREBP (GTCAC]|flanked by GTC]) or an ETS
motif (CCGGA[A]), respectively (Supplemental Fig. S5B). These re-
sults show that different enhancer positions require different mo-
tif types and thus are under different constraints.

Different TF motif types are active at different enhancer positions

Comparing the activity of the 8-nt sequence variants between the
enhancer positions (scaled to the average activity of variants to be
comparable across positions; see Methods) revealed that they
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Figure 2. Sequence constraints at different enhancer positions. (A) DeepSTARR-predicted nucleotide contribution scores for the ced-6 (top) and ZnT63C

(bottom) selected enhancer sequences. Selected 8-nt motif positions and nonimportant control positions are highlighted in yellow with the respective nu-
merical position, TF motif identity, and different colors. (B) Distribution of enhancer activity for all enhancer variants detected in each enhancer position.
The activity of the wild-type sequence of each enhancer (wt, red dashed line) or of inactive sequences (gray dashed line) are highlighted, together with the
activity of example sequence variants that create different TF motifs (ETS, GATA, and SREBP; dots and connected lines). Number of variants tested in each
position are shown on the x-axis, whereas the number of variants with higher activity than wild type is shown on the top (gray, *). (C) Heatmap of Z-scores of
log, enhancer activity of 21,235 variants across all seven enhancer positions. Only variants assessed in all positions and active (Z-score> 1) in at least one are
shown. Variants were clustered using hierarchical clustering and their activity is colored in shades of red (activating) and blue (repressing). (D) Heatmap of
average Z-scores of log, enhancer activity of variants creating each TF motif type (y-axis) across all enhancer positions (x-axis; sorted as in C). Motif activity is
colored in shades of red (activating) and blue (repressing). (E) Distribution of Z-scores of log, enhancer activity for variants creating each of four TF motifs
(AP-1, GATA, ETS, ttk) in two selected enhancer positions (ced-6 pos241 and ZnT63C pos180).

indeed functioned differently at different positions (Pearson corre- tions of each position differed substantially, with each position

lation coefficients [PCCs] below 0.4 between positions; Fig. 2C;
Supplemental Fig. SSA-C). Further consolidating the 8-nt into 6-
nt variants to reduce the impact of the surrounding sequence of
each position (averaged activity across the flanking nucleotides)
showed higher correlations but still strong differences between po-
sitions (Supplemental Fig. S8A,B,D). The top variants and solu-

revealing specific sequences with particularly high activity, match-
ing to known TF motifs (Fig. 2C). For example, an ETS motif vari-
ant was among the strongest sequences at ced-6 pos110 but not at
pos241, a GATA variant was very active at ced-6 pos182 but inactive
at pos230, and an SREBP variant was active in all positions of the
ZnT63C enhancer except at pos210 (Fig. 2B).
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We next compared the activity of motifs between the seven
positions of the two different enhancers, by consolidating the ac-
tivity of all 8-nt variants (4 nt flanks) creating each motif (Fig. 2D,
E; Supplemental Fig. S9; see Methods). For each position the wild-
type sequence as well as different variants of that motif were
among the top variants. Whereas the repressor Ttk motif repressed
in all positions and showed little specificity (similar to other
known and novel repressor motifs; Supplemental Fig. S10), the ac-
tivator motifs showed distinct profiles, such as motifs that are glob-
ally active in all positions (AP-1), motifs with low activity in all
tested positions (STAT, CREB, and Trl), and motifs with highly
context-dependent activities (GATA, twist, ETS, and SREBP) (Fig.
2D,E). For example, GATA was active at the ced-6 pos110 but not
at the ZnT63C pos180 position, whereas ETS motifs showed the
opposite profile with the strongest activity at ZnT63C pos180
(Fig. 2E). For GATA motifs, we observed strong activity in all posi-
tions except on ced-6 pos230 and ZnT63C pos180, which are posi-
tioned close to another GATA motif (Fig. 2A). This observation is in
line with the previously observed negative interaction of GATA/
GATA motif pairs at short distances (de Almeida et al. 2022) and
suggests that the observed different activities of TF motifs at differ-
ent enhancer positions depend on their interaction with other TFs
and the sequence context.

In summary, testing thousands of sequence variants in differ-
ent enhancer positions revealed that enhancer sequences display
constrained flexibility, in that only a specific but still diverse set
of sequences and TF motifs can function at a given position.
However, these constraints and solutions differed between en-
hancer positions, with different TF motifs active at different posi-
tions, suggesting that their activity is modulated by the sequence
context.

Systematic motif pasting shows that motifs work differently
at different enhancer positions

To systematically test if and how the enhancer sequence context
modulates the function of TF motifs, we selected eight TF motifs
that showed distinct position-dependent preferences (GATA, Til,
SREBP, AP-1, Atf2, twist, Stat92E, and ETS) and pasted their opti-
mal sequences into 763 positions in a total of 496 developmental
enhancers (Fig. 3A; see Methods). These positions were selected to
be TF motifs important for the activity of the respective enhancers,
as assessed by motif mutagenesis, allowing the reliable measure-
ment of the increase in enhancer activity after pasting each TF mo-
tif (here quantified as the log, fold-change activity over the motif-
mutated enhancer). UMI-STARR-seq experiments with these de-
signed libraries produced highly reproducible and quantitative en-
hancer activity measurements (replicates PCC between 0.94 and
0.98; Supplemental Fig. S11). Disrupting the selected enhancer po-
sitions by shuftling the wild-type sequences substantially reduced
the activity of the respective wild-type enhancers by an average of
more than sixfold, and pasting the different TF motifs in these
same positions rescued enhancer activity to different levels
(Supplemental Fig. S12A). Because we pasted the same optimal se-
quence for each TF motif into all positions, the differences in activ-
ity can only be explained by their respective sequence context; the
differences between TF motifs are also directly comparable,
because we pasted them in the same set of positions.

Across all positions TF motifs had different median activities,
which we interpret as different intrinsic strengths, with SREBP, ETS,
and AP-1 being the strongest motifs and Trl the weakest (Fig. 3B;
Supplemental Fig. S12A). However, enhancer positions had large

effects on the motif activities that differed more than 100-fold
for the same motif (Fig. 3B). For example, pasting a GATA motif ac-
tivated enhancer activity more than 20-fold for 33 positions but
not at all for 72 different positions. This position dependency
was particularly strong for Trl, Stat92E, and GATA motifs, and
weaker for AP-1, SREBP, and ETS (Supplemental Fig. S12B), which
all had higher intrinsic strengths. Additionally, each TF motif
showed differential activity across enhancer positions and activat-
ed in a unique set of positions. For example (Fig. 3C), GATA motifs
activated enhancerl-position168 but not enh2-pos68, whereas
ETS showed the opposite effect, and both motifs activated enh3-
pos135. The different TF motifs showed different activity profiles
across all positions, as revealed by global comparisons and hierar-
chical clustering (Fig. 3D; Supplemental Fig. S13). These results
highlight the complexity of enhancer syntax and the difficulty
of predicting and interpreting individual sequence manipulations.

The distinct preferences observed between pasted motifs were
largely independent of the identity of the replaced wild-type motif
across all positions, as revealed by the weak interaction scores be-
tween the wild type and the pasted motif identity in a multivariate
linear regression analysis of all motif-pasting experiments (<1% ex-
plained variance, Supplemental Fig. S14). In contrast, the pasted
motif identity (irrespective of the identity of the replaced motif)
explains the most (23%) whereas 65% of variance remains unex-
plained and is likely due to surrounding enhancer sequence fea-
tures affecting the motifs’ activities. Thus, systematic pasting of
TF motifs across hundreds of enhancer contexts shows that motifs
have different intrinsic strengths but work differently at different
enhancers and positions, suggesting that the enhancer sequence
context constrains the activity of TF motifs.

TF motifs have different intrinsic strengths that are modulated
by the enhancer sequence context

The observed differential activities of motifs in different enhancer
positions (Fig. 3D) suggest that the enhancer sequence context
modulates the function of TF motifs. We found no significant dif-
ferences when comparing the motif activity between pairs of posi-
tions in the same enhancer or in different enhancers, suggesting
that the local context immediately surrounding the motif is as im-
portant as enhancer identity (Supplemental Fig. S15).

More globally, the sequence context for a motif can be related
to its position within the enhancer, the motif flanking sequence,
and the presence and distance to other motifs. To characterize
the importance of these features, we tested if they contribute to
the performance of predicting enhancer activity following the
pasting of a motif at different enhancer positions. We first built a
baseline random forest model that only includes the importance
of the wild-type motif and the identity of the wild-type and pasted
motifs as features, thereby not taking any sequence context fea-
tures into account. This model obtained a PCC of 0.59 in the whole
data set using tenfold cross-validation and showed that the pasted
motif and the wild-type motif importance are strong determinants
for enhancer activity (Supplemental Fig. S16A). Training a second
random forest model that also includes context features such as
the motif position relative to the enhancer center, the motif flank-
ing sequence (defined as +5 bp around the optimal motif as in
de Almeida et al. [2022]), and the presence and distance to other
TF motifs, improved this performance to a PCC of 0.69
(Supplemental Fig. S16B). This shows that the enhancer sequence
context, particularly the closest flanking nucleotides as well as the
presence of other motifs at specific distances (e.g., GATA or ETS),
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enhancers, representing different contexts. The enhancer activity of each variant was measured by STARR-seq in Drosophila S2 cells to quantify the activity
of motifs at the different positions. (B) Distribution of enhancer activity changes (log, FC to mutated sequence) across all enhancer positions for each pasted
TF motif. (C) Bar plots with activity (log,) of variants of three different enhancers with a mutated sequence (gray), a GATA (blue), or a ETS (brown) motif
pasted at the same position. (D) Heatmap of enhancer activity changes (log, FC to mutated sequence) after pasting each of the eight selected TF motifs in
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positions shown in C are highlighted. PCC: Pearson correlation coefficient.

has an impact on the activity of TF motifs (Supplemental Fig. 4B; Supplemental Fig. S18A). We saw different associations for
S16B). ETS activity, as expected by the different GATA and ETS activity

To better characterize the importance of these sequence rules profiles across all positions (Fig. 3E). ETS activity was only mildly
for each TF motif separately, we generated interpretable linear influenced by the flanking nucleotides but strongly by neighbor-
models based on these rules to predict the motif activities across ing motifs: it was stronger close to GATA motifs and weaker in en-

all positions (Fig. 4A). These models were able to predict the motif hancers with another ETS motif (Fig. 4C; Supplemental Fig. S18B).
pasting results, with PCCs to experimentally assessed log, fold These sequence features, such as the negative GATA/GATA and the
changes between 0.39 (ETS) and 0.64 (Stat92E) (Fig. 4A; positive ETS/GATA interactions at close distances, were observed

Supplemental Fig. S17). The motif flanks and the presence of addi- previously via computational models of wild-type S2 enhancer se-
tional motifs explained on average 16.7% and 6.7% of the motif quences (de Almeida et al. 2022).
activities variance, respectively, whereas the motif position within In addition, the DeepSTARR-predicted importance of each
the enhancer had lower importance (0.4%). nucleotide when pasting different TF motifs into the same posi-
The TF motif type-specific models revealed how the sequence tion revealed their interaction with the sequence context (Fig.
context rules differ between TF motif types, explaining the motif- 4D,E; Supplemental Fig. S19): GATA but not ETS activated the
specific enhancer position preferences. For example, GATA activity Chr 3L enhancer in a position with additional distal GATA mo-
was strongly dependent on the flanking nucleotides and was tifs, while ETS but not GATA activated the Chr X enhancer in a
modulated by the presence of a second GATA at close distance position with a GATA motif at close distance, and both activated
(negative interaction) or ETS motifs (positive interaction) (Fig. the Chr 2L enhancer that contains multiple surrounding twist
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motifs, all consistent with these motifs’ respective distance pref-
erences (de Almeida et al. 2022). Together these results demon-
strate how the sequence context (e.g., the flanking sequence,
and the presence and diversity of other motif types) modulates
the function of TF motifs, constraining enhancer sequence
flexibility.

Enhancer sequence context modulates the function of human
TF motifs

To test whether TF motifs also work differently in different en-
hancer sequence contexts in other species, we performed the sys-
tematic motif pasting experiment in human HCT116 cells for
eight previously characterized human TF motifs (P53, AP-1, ETS,
CREB1, MAF, EGR1, E2F1 and MECP2; see Methods; de Almeida
et al. 2022). Pasting of the motifs into 1354 important positions
in 753 different HCT116 enhancers revealed that human TF motifs
also have different intrinsic strengths and work differently in dif-
ferent enhancers and positions (Fig. 5A; Supplemental Figs. S20,
S21). P53 was the strongest motif and the only one that showed
globally strong activity across all enhancer positions, suggesting
little dependence on the enhancer context, as has been suggested
before (Verfaillie et al. 2016). AP-1, the second strongest motif, was
strongly dependent on the enhancer positions, with activities
ranging more than 50-fold across enhancer contexts. This position
dependence was also observed for the other motifs, even though
their overall activity was lower (Fig. SA).

TF motifs preferred different enhancer contexts, with four
groups of motifs showing characteristically different preferences:
(1 - PS3) strong activity in all positions; (2 - CREB1, AP-1, MAF,
EGR1) and (3 - ETS) highly context-dependent activities; (4 —
MECP2, E2F1) only active in few and highly specific enhancer po-
sitions (Fig. 5B,C; Supplemental Fig. S22). These distinct preferenc-
es were independent of the identity of the replaced motif (Fig. SD;
Supplemental Fig. S23) but correlated with sequence context fea-
tures. Similar to Drosophila TF motifs, motif context features such
as motif flanks and the presence and distance to other TF motifs
were important to predict the activities of human motifs across
the different enhancer positions (Supplemental Fig. S24). TE-spe-
cific linear models based on such syntax features were able to pre-
dict the motif activities across all positions (PCCs between 0.46
and 0.51; Supplemental Fig. S25) and revealed the context prefer-
ences of each TF motif (Fig. SE).

All motif activities were influenced by the flanking nucleo-
tides, which explained on average 8.2% of the motif activities’ var-
iance, whereas the presence of additional motifs and their distance
explained 8.5% (Fig. SE; Supplemental Figs. S25, 526). As expected
by the weak context specificity of P53 (group 1, Fig. 5A), its activity
was independent of the presence and distance to other TF motifs
(Fig. SE; Supplemental Fig. S26A). All the other motifs preferred
contexts with an additional AP-1 instance (Fig. SE). The AP-1 motif
itself, as well as MAF, CREB1, and EGR1 (group 2), all preferred po-
sitions close to an ETS motif, concordant with previous studies
showing direct protein—protein interactions between ETS and oth-
er TFs (Li et al. 2000; Burda et al. 2010), whereas the ETS motif
(group 3) had a negative interaction with a second close ETS motif
(Fig. SE), as also observed in Drosophila enhancers (Fig. 4A). These
findings are also concordant with the motif syntax rules found in a
previous study (de Almeida et al. 2022). Altogether, this establishes
that TF motifs require specific enhancer sequence contexts in spe-
cies as divergent as fly and human, suggesting that this is a general
principle of regulatory enhancer sequences.

Discussion

In this study, we used two complementary strategies to explore the
flexibility of enhancers with regard to nucleotide and motif iden-
tity at specific enhancer positions as well as the position depen-
dence of motif activity. Even though median enhancer activity
drops significantly when randomizing an 8-nt stretch at important
positions, many sequence variants, including variants of the wild-
type motif but also other TF motifs, can achieve strong enhancer
activity. The diverse solutions at each position show that enhanc-
ers exhibit some degree of flexibility. However, as only a few hun-
dred out of the >65,000 tested sequences work, the flexibility at
any given position is constrained. Similarly, systematically pasting
different motifs into hundreds of enhancer positions revealed that
motif activity is strongly modulated by the enhancer sequence
context. Therefore, constrained sequence flexibility and the mod-
ulation of motif function by the sequence context seem to be key
features of enhancers.

The observation that both Drosophila and human TF motifs
require specific enhancer sequence contexts suggests that this is
a general principle of enhancers. Even though motifs possess
some intrinsic strengths, their potential to activate transcription
strongly depends on the sequence context and follows certain syn-
tax rules, including motif flanks, combinations, and distances.
Although our study cannot assess the mechanistic causes for these
rules, they might be related to local DNA shape (Dror et al. 2015;
Mathelier et al. 2016; Samee et al. 2019) or to more general enhanc-
er DNA properties such as DNA bending. Our observation that
homotypic interactions of certain motifs at close distances (e.g.,
GATA or ETS) are negatively associated with enhancer activity is
consistent with repressive homotypic interactions between pluri-
potency TFs found by thermodynamic modeling (Fiore and
Cohen 2016); the mechanisms, however, are still unclear.
Intermotif distances can impact the synergy between TFs at the
level of DNA binding or after binding, such as cofactor recruitment
and activation, which could explain both positive and negative TF-
TF interactions (Reiter et al. 2017). Although these syntax rules
seem to be stricter for some TF motifs (e.g., GATA) and more re-
laxed for others (e.g., P53), our results show that motifs are not
simply independent modules. Instead, they interact with all en-
hancer features in a highly cooperative manner, which can modu-
late motif activity by more than 100-fold. This is an important
result that supports a model where enhancer activity is encoded
through a complex interdependence between motifs and context,
rather than motifs acting independently and additively. Whereas
tissue- or cell type-specificity can already be predicted by motif
presence-absence patterns alone (Kvon et al. 2014; Janssens et al.
2022), the encoding of different enhancer strengths seems to
depend on more complex cis-regulatory syntax rules (Jindal and
Farley 2021; de Almeida et al. 2022). The functional implications
of mutations in TF motifs or elsewhere within enhancer sequences
can therefore only be assessed in the context of these syntax
features.

The motif syntax rules described here agree well with the ones
learned by DeepSTARR trained on genome-wide enhancer activity
data (de Almeida et al. 2022) and the BPNet model trained on en-
dogenous TF binding and cooperativity (Avsec et al. 2021), sug-
gesting that these rules are important in wild-type enhancer
sequences. As an ectopic reporter assay STARR-seq measures the
potential of sequences to act as enhancers, even if the sequences
might be repressed endogenously at the chromatin level (Arnold
et al. 2013; Muerdter et al. 2018), making it a powerful tool to
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Figure 5. Human TF motifs require specific enhancer sequence contexts. (A) Distribution of enhancer activity changes (log, FC to mutated sequence)
across all enhancer positions for each pasted TF motif. (B) Heatmap of enhancer activity changes (log, FC to mutated sequence) after pasting each of the
eight selected human TF motifs in 1052 enhancer positions (positions with data for at least six motifs). TF motifs and positions were clustered using hier-
archical clustering and the activity is colored in shades of red (activating) and blue (repressing); missing values are colored in gray. (C) Human TF motifs
work differently at different enhancer positions. Comparison between enhancer activity changes (log, FC to mutated sequence) after pasting AP-1 (x-axis)
and P53 (top) or ETS (bottom) (y-axis), across all enhancer positions. Positions with stronger activity of each motif (>twofold in respect to the other motif in
the scatter plot) are colored (P53: green, AP-1: purple, ETS: brown). PCC: Pearson correlation coefficient. (D) TF motif activity in function of wild-type and
pasted motif identity. Left: Bar plot showing the amount of variance explained by the wild-type motif importance and identity, the pasted motif identity,
and the interaction between the wild-type and pasted motifs, using a linear model fit on all motif pasting results. Right: Scatter plots of predicted (linear
model) versus observed enhancer activity changes (log, FC to mutated sequence) across all motif pasting experiments. Color reflects point density. (E)
Motif syntax rules modulate the function of human TF motifs. For each TF motif type (rows), we built a linear model to predict their activity across all en-
hancer positions, using as covariates the number of instances, the wild-type TF motif importance and identity, and sequence context features such as the
position within the enhancer, the flanking nucleotides, and the presence at close or distal distances to all other TF motifs. The PCC between predicted and
observed motif activities is shown with the green color scale on the left. The heatmap shows the contribution of each feature (columns) for each model,
colored by the FDR-corrected P-value (red or blue scale depending on positive or negative association, respectively).
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uncover the sequence determinants for enhancer activity. It will be
interesting to explore the sequence rules and mechanisms by
which chromatin modulates endogenous enhancer activities and
gene expression using complementary methods (Catarino and
Stark 2018). In addition, DeepSTARR also predicted with good ac-
curacy the activity of all randomized sequence variants and of mo-
tifs pasted in different enhancer contexts (Supplemental Figs. S27,
$28). This supports the validity of computational models such as
DeepSTARR and their use in in-silico-like experiments (e.g., motif
pasting experiments with a larger set of TF motifs across many
more genomic positions) to improve our understanding of the reg-
ulatory information encoded in enhancer sequences and the im-
pact of mutations.

Our study shows that enhancer sequences are flexible
enough for enhancer strength to be achieved by a small yet
diverse set of sequence variants, and that mutations in informa-
tion-poor positions have little impact on the enhancer activity
in a single cell type. This flexibility allows many different se-
quences to achieve similar enhancer activities in a single cell
type, which might be an important prerequisite for the evolution
of developmental enhancers that operate under many additional
constraints, for example, regarding the precise spatiotemporal
control of enhancer activities. As the activity in a given cell can
be achieved by many solutions, the specific solutions that fulfill
additional requirements can be explored during evolution.
Indeed, previous studies that have analyzed expression changes
of enhancer mutations across different cell types in vivo have ob-
served that the cell type-specific expression patterns of enhanc-
ers can change upon (minimal) sequence perturbations (Farley
et al. 2015; Fuqua et al. 2020; Galupa et al. 2023). The fact that
enhancer strength in any given cell type and enhancer specificity
across cell types and developmental time are subject to different
yet overlapping sequence constraints highlights the complexity
of the regulatory code. We expect that the combination of quan-
titative enhancer-sequence-to-function models in individual cell
types and qualitative predictions of enhancer activities across cell
types will provide unprecedented progress in our understanding
of enhancer biology and our ability to read and write enhancer
sequences.

Methods
UMI-STARR-seq library cloning

Libraries of Drosophila enhancer variants with 8-nt randomized
sequences were generated using a PCR approach with degenerate
oligonucleotides. Forward primers (Supplemental Table S1) were
designed to anneal directly downstream of the enhancer position
of interest followed by 8 degenerate bp (creating 65,536 variants)
and another 20 bp complementary stretch. Reverse primers were
complementary to the 20 bp 5 of the degenerate stretch. The
STARR-seq vector containing the wild-type enhancer of interest
(ced-6 or ZnT63C) was used as a template for the PCR. The PCR
was run across the whole STARR-seq plasmid, followed by Dpnl
digestion and a Gibson reaction that recircularizes the plasmid.
Drosophila and human oligo libraries were amplified (for primers,
see Supplemental Table S1) and cloned into Drosophila STARR-seq
vectors containing the DSCP core promoter and into the human
STARR-seq plasmid with the ORI in place of the core promoter
(Muerdter et al. 2018), respectively. All libraries were grown in
21 LB-Amp (final ampicillin concentration 100 pg/mL). All librar-
ies were purified with Qiagen Plasmid Plus Giga Kit (cat. no.
12991).

Cell culture, transfection, and UMI-STARR-seq

Drosophila S2 and human HCT116 cells were cultured as described
previously (Arnold et al. 2013; Muerdter et al. 2018). Cells were
electroporated using the MaxCyte-STX system at a density of 50
x 10° cells per 100 uL and 5 pg of DNA using the “Optimization
1” protocol (S2) and at a density of 1x 107 cells per 100 uL and
20 ng of DNA using the preset “HCT116” program (HCT116), re-
spectively. We transfected 400 x 10° S2 cells total per replicate
with 20 pg of the input library for Drosophila and 80x 10°
HCT116 cells total per replicate with 160 pg of the input library
for human cells. UMI-STARR-seq was performed as described previ-
ously (Arnold et al. 2013; Muerdter et al. 2018; Neumayr et al.
2019). Further experimental details can be found in the
Supplemental Methods.

Random variant UMI-STARR-seq data analysis

RNA and DNA input reads (paired-end 150 bp) were mapped to
dedicated Bowtie indices using Bowtie v.1.2.2 (Langmead et al.
2009). Because the Ng variants were all positioned in the last 150
nt of each enhancer, we allowed for flexible mapping in the begin-
ning of the fragments to increase the number of mapped reads
while keeping high sensitivity for the different enhancer variants.
Specifically, we trimmed the forward reads to 36 bp and mapped
them to the indices allowing for three mismatches; the full 150-
bp-long reverse reads were mapped with no mismatches, to identi-
fy all sequence variants; paired-end reads with the correct position,
length, and strand were kept. For paired-end DNA and RNA reads
that mapped to the same variant, we collapsed those that have
identical UMIs (10 bp, allowing one mismatch) to ensure the
counting of unique molecules (Supplemental Table S2).

We excluded oligos with less than five reads in any of the in-
put replicates and less than one read in any of the RNA replicates.
The enhancer activity of each sequence in each screen was calcu-
lated as the log, fold-change over input, using all replicates, with
DESeq2 (Love et al. 2014).

Oligo library UMI-STARR-seq data analysis

As described previously (de Almeida et al. 2022), RNA and DNA in-
put reads were mapped to a reference containing the 249-bp-long
sequences from the fragments present in the Drosophila (dm3) or
human (hg19) libraries using Bowtie v.1.2.2 (Langmead et al.
2009). We used these reference genomes to be able to integrate
our results with older in-house and published data sets and made
sure this choice does not affect the quantifications of enhancer ac-
tivity. Mapping reads with the correct length, strand, and with no
mismatches were kept. Both DNA and RNA reads were collapsed by
UMIs (10 bp) as above (Supplemental Table S2).

We excluded oligos with less than 10 reads in any of the input
replicates and added one read pseudocount to oligos with zero
RNA counts. The enhancer activity of each oligo in each screen
was calculated as the log, fold-change over input, using all repli-
cates, with DESeq2 (Love et al. 2014).

Random variant libraries of Drosophila enhancers and UMI-
STARR-seq

Two strong S2 developmental enhancers with different TF motif
compositions were selected to test a diversity of random 8-nt var-
iants in different positions: ced-6 (Chr 2R: 5,326,628-5,326,876)
and ZnT63C (Chr 3L: 3,310,914-3,311,162) enhancers. We select-
ed five positions important for the activity of the two enhancers
(ced-6 pos110 and pos241; ZnT63C pos142, pos180, pos210) and
two nonimportant positions of the ced-6 enhancer (pos182 and
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pos230) and replaced each 8-nt stretch of the enhancer with ran-
domized nucleotides (Ng), creating 65,535 enhancer variants in
addition to the wild-type sequence per position. For each enhanc-
er, we pooled the libraries of the different positions and combined
them with an oligo library of thousands of wild-type enhancers
and negative sequences (de Almeida et al. 2022) for normalization.
UMI-STARR-seq using the ced-6 or ZnT63C pooled libraries was
performed and analyzed as described above (Supplemental Table
S3). We performed two independent replicates per enhancer
pooled library screen (Pearson correlation coefficient (PCC)=
0.85-0.91). To be able to compare the activity of variants and mo-
tifs between enhancer positions, we next scaled the enhancer ac-
tivity of all variants per position (Z-scores). This allowed us to
measure the change in activity of a given variant over the average
of all variants, correcting for the importance of the different en-
hancer positions tested.

Diversity of top active variants and de novo motif discovery

The most-active 8-nt variants of each screen (1, 2, 5, 10, 50, 100,
and 1000) were retrieved and consolidated into position probabil-
ity matrices based on the nucleotide frequencies at each position.
Logos were visualized using the ggseqlogo function from R package
ggseqlogo (v.0.1; https://CRAN.R-project.org/package=ggseqlogo).
The top 100 and 1000 or bottom 1000 variants (8 nt + 4 nt flanks)
of each screen were used for de novo motif discovery analyses us-
ing HOMER, taking all detected variants of the respective screen
as background. HOMER (v4.10.4; Heinz et al. 2010) was run with
the findMotifs.pl command and the arguments fly -len 6,7,8.

Activity of TF motifs created by sequence variants

To robustly assess the activity of a given TF motif, we retrieved the
activity of all 16-nt variants (8 nt+4 nt flanks) creating each motif
by string matching. For a more systematic comparison across all
TF motif types, we matched variants to the optimal string from
each TF motif PWM model in a motif database (de Almeida et al.
2022). The average activity across variants was defined as the motifs’
intrinsic strength. To find how many active variants are explained
by the creation of known motifs enriched in S2 developmental en-
hancers, we performed PWM-based motif scanning of those candi-
date motifs onto variants (8 nt+4 nt flanks). We used the
matchMotifs function from R package motifinatchr (v.1.4.0;
genome = “BSgenome.Dmelanogaster.UCSC.dm3”, bg="“genome”
[https://bioconductor.org/packages/release/bioc/html/motifmatchr
.html]) with P-value cutoffs 1x10™* and 1x107>.

Comparison of random variants activity across enhancer positions

We compared the activity of all 8-nt random variants across en-
hancer positions using their Z-score scaled activity (Supplemental
Table S3). We calculated pairwise PCCs between the different li-
braries, performed hierarchical clustering (“complete” method) us-
ing the correlation values as similarities, and displayed heatmaps
using the pheatmap R package (v.1.0.12; https://CRAN.R-project
.org/package=pheatmap). To reduce the impact of the flanking se-
quence of each position when comparing the activity of variants
between them, we repeated the same after consolidating the 8-nt
into shorter variants by taking the centered sequence and averag-
ing the activity across variants with different flanking nucleotides.

Drosophila and human TF motif mutagenesis oligo library synthesis
and UMI-STARR-seq

For the Drosophila library, we selected 1172 motif positions
(among 728 enhancers) that are required for the activity of the re-

spective enhancers and designed sequences of enhancer variants
where we pasted a mutant sequence or the optimal sequence of
eight TF motifs (GATA, AP-1, twist, Trl, ETS, SREBP, Stat92E, and
Atf2; one at a time; sequences in Supplemental Table S4) in each
of these positions. For the human library, we selected 1456 motif
positions important for the activity of 808 enhancers and designed
sequences of enhancer variants where we pasted a mutant se-
quence or the optimal sequence of the same eight TF motifs (AP-
1, ETS, E2F1, EGR1, MAF, MECP2, CREB1, P53; one at a time; se-
quences in Supplemental Table S4) in each of these positions.
Each of the Drosophila and human libraries was synthesized and
pooled with a previous library containing the respective wild-
type enhancer sequences (de Almeida et al. 2022) to be screened
together (Supplemental Tables S5, S6). All details can be found
in the Supplemental Methods. The resulting 300-mer oligonucleo-
tide Drosophila and human libraries were synthesized by Twist Bio-
science. UMI-STARR-seq using these oligo libraries was performed
and analyzed as described above (Supplemental Tables S5, S6). We
performed three independent replicates for Drosophila (correlation
PCC=0.95-0.98) and human (PCC=0.96-0.98) screens.

Quantification of motif activity at different enhancer positions

We used our enhancer activity measures of the wild-type and mu-
tated sequences to stringently select important enhancer positions
for further analyses: positions where mutation reduced the activity
by atleast twofold (Supplemental Figs. S12A, S21A). These resulted
in 763 important positions distributed among 496 Drosophila en-
hancers and 1354 positions distributed among 753 human en-
hancers. Variability of activity of each motif across enhancer
positions was quantified using the coefficient of variation (ratio
of the standard deviation to the mean; Supplemental Fig. S12B).
We compared the activity of motifs across enhancer positions by
pairwise PCCs and performed hierarchical clustering (“complete”
method) using the correlation values as similarities. Heatmaps
were displayed using the pheatmap R package (v.1.0.12; https://
CRANL.R-project.org/package=pheatmap).

Prediction of motif activities using motif syntax features

We extracted the following syntax features per tested enhancer po-
sition: the position relative to the enhancer center (center: —/+25
bp, flanks: —/+25:75 bp, boundaries: —/+75:125 bp), the position
flanking nucleotides (5 bp on each side), and the presence and dis-
tance to other TF motifs (close: <25 bp; distal: >25 bp; between
motif centers). Instances of each TF motif type were mapped across
all enhancers using their annotated PWM models (Supplemental
Table S3) and the matchMotifs function from R package motifimatchr
(v.1.4.0;  https://bioconductor.org/packages/release/bioc/html/
motifmatchr.html) with the following parameters: genome=
“BSgenome.Dmelanogaster.UCSC.dm3”, p.cutoff=5e-04, bg=
“genome”.

We used a 10-fold cross-validation scheme to train random
forest models to predict Drosophila or human motif pasting activi-
ties (log, fold-change to mutant) using as features the wild-type TF
motif identity and importance (log, fold-change activity between
wild-type and motif-mutant sequence) and the pasted motif iden-
tity, together or not with the syntax features described above. All
models were built using the caret R package (v. 6.0-80; https://
CRAN.R-project.org/package=caret) and feature importance was
calculated using its varlmp function.

In addition, we trained a multiple linear regression model per
TF motif type to predict its activity across different enhancer posi-
tions using as covariates the wild-type TF motif identity and im-
portance together with the syntax features described above. All
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models were built using the caret R package (v. 6.0-80; https://
CRAN.R-project.org/package=caret) and 10-fold cross-validation.
The linear model coefficients and respective FDR-corrected P-val-
ues were used as metrics of importance for each feature, using
thered or blue scale depending on positive or negative associations
(Figs. 4A, 5E). We calculated the percentage of variance explained
by each covariate in the linear models built for each TF motif
with one-way ANOVAs. Further details can be found in the
Supplemental Methods.

DeepSTARR nucleotide contribution scores and predictions
of enhancer sequence changes

Nucleotide contribution scores for wild-type enhancers or enhanc-
er variants were calculated using DeepSTARR as described previ-
ously (de Almeida et al. 2022) and visualized using the ggseqlogo
function from the R package ggseqlogo (v.0.1; https://CRAN.R-
project.org/package=ggseqlogo). DeepSTARR was also used to pre-
dict the enhancer activity of Ng variants in enhancers or the log,
fold-change enhancer activity of motif pasting sequences.

Statistics and data visualization

All statistical calculations and graphical displays have been per-
formed in R statistical computing environment (v.3.5.1; R Core
Team 2020) and using the R package ggplot2 (Wickham 2016).
In all box plots, the central line denotes the median, the box en-
compasses 25th to 75th percentile (interquartile range), and the
whiskers extend to 1.5x interquartile range.

Data access

All raw and processed sequencing data generated in this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE211659 or Zenodo (https://zenodo.org/record/7010528#
.ZAeEay1h2v4). Code used to process the UMI-STARR-seq data as
well as to reproduce all analyses, results, and figures has been
submitted to GitHub (https://github.com/bernardo-de-almeida/
Variant_STARRseq) and is available as Supplemental Code.
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