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Supplemental Figures

Supplemental Fig S1. STARR-seq comprehensively assesses the activity of random
variants in a specific region of the enhancer.
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A) Pairwise comparisons of normalized STARR-seq input (left) and RNA (middle) UMI read
counts or enhancer activity (RNA/input; right) between two independent biological replicates
across all sequence variants tested in the GATA position (pos241) in the ced-6 enhancer. Color
reflects point density. The PCC is denoted for each comparison. Note the overrepresentation
of the wild-type sequence both in the input and RNA libraries (top right corner), since it was
used as the template for the PCR cloning (see Methods). B) Representation of sequence
variants in STARR-seq input library. Frequency of variants covered by different number of
UMI read counts. Number of sequences matching to wild type and the number of variants
recovered are shown, together with the mean and median counts sequenced per variant.

Supplemental Fig S2. De novo motif discovery with Homer of top and bottom

variants at the GATA position (pos241) in the ced-6 enhancer.
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variants. Motifs logo, statistics and predicted TF are shown.
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Supplemental Fig S3. Activity of variants creating different TF motif types at the
GATA position (pos241) in the ced-6 enhancer.
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A) Distribution of enhancer activity for all 62,012 enhancer variants (left) or variants creating
each TF motif in either orientation (right; positive and negative orientation are shown in
grey). The motif activities are independent of their orientation (Wilcoxon rank sum test p-
value > 0.05). The activity of the wild-type sequence (wt, red dot and dashed line) or median
of all variants (grey dashed line) are highlighted. 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)”. B) Number of variants among the
600 stronger than wild type that match to motifs enriched in S2 developmental enhancers,
using two different PWM p-value cutoffs (1e-05 and 1e-04). C) Pearson correlation coefficient
between variant activity and TF motif PWM scores. Note that for repressors, as ttk, the
correlation is expected to be negative.
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Supplemental Fig S4. STARR-seq screens with random variants in seven positions
of two different enhancers.
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A, B) Pairwise comparisons of normalized STARR-seq input (left) and RNA (middle) UMI read
counts or enhancer activity (RNA/input; right) between two independent biological replicates
across all sequence variants tested in positions of the ced-6 (A) or ZnT63C (B) enhancer. Color
reflects point density. The PCC is denoted for each comparison. Note the overrepresentation

pos241 Other wildtype pos210

of the wild-type sequence both in the input and RNA libraries (top right corner), since it was
used as the template for the PCR cloning (see Methods). C) Comparison of enhancer activity
between the two different enhancer pooled libraries for the common oligos (a library of wild-
type enhancer or negative sequences; see Methods). The PCC is shown. The respective wild-
type enhancers are highlighted. Given the underestimation of the activity of the ZnT63C wild-
type sequence in its pooled library, we used as reference wildt-ype activity the activity of
another enhancer with similar activity that was conserved in both libraries (see Methods). D,
E) Representation of sequence variants from each individual library (a library of wild-type
enhancer and negative sequences, grey, or libraries with random variants in each enhancer
position, different colors) in STARR-seq input and RNA pooled libraries of the ced-6 (D) or
ZnT63C (E) enhancer. The mean counts sequenced per variant is shown per pooled library
with a dashed line. F) Importance of each motif position selected in the ced-6 (Left) or ZnT63C
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(Right) enhancer as judged by the impact of their individual mutation in enhancer activity
(log fold-change). Data retrieved from de Almeida et al, 2022 (de Almeida et al. 2022).

Supplemental Fig S5. Top active variants at each enhancer position are highly
diverse.
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A) DeepSTARR-predicted nucleotide contribution scores for the ced-6 (left) and ZnT63C
(right) selected enhancer sequences. Selected 8nt motif positions and non-important control
positions are highlighted in yellow with the respective numerical position, TF motif identity
and different colors. B) Strong sequence variants are highly diverse. Logos with nucleotide
frequency of the most-active variants in STARR-seq (1, 2, 5, 10, 50, 100, 1,000 and all) at each
enhancer position (colored as in (A)). C) Sum of information content within the most-active
8-mers in STARR-seq (colored as in (A)) compared with the same after randomly sorting the
variants (grey) for each enhancer position, considering different number of top sequences.



Supplemental Fig S6. Characterization of active variants.
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Supplemental Fig S7. De novo motif discovery with Homer of the top 1000 variants
at the different enhancer positions.
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Supplemental Fig S8. Comparison of all random variants across enhancer positions.
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Supplemental Fig S9. Activity of TF motif types at different enhancer positions.
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A) Heatmap of average z-scores of logz enhancer activity of variants creating each TF motif
type across all seven enhancer positions. Only motif types active (average z-score > 1) in at
least one position are shown. Motifs and enhancer positions were clustered using hierarchical
clustering and their activity is colored in shades of red (activating) and blue (repressing).
Motifs enriched in S2 cell enhancers are labelled in green. Motif types used in the motif pasting
experiment are highlighted. B) Activity of different TF motifs at each enhancer position.
Distribution of z-scores of logz enhancer activity for variants creating each TF motifs in ced-6
and ZnT63C enhancer positions.
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Supplemental Fig S10. STARR-seq identifies known and novel motifs that repress

enhancer acthlty.
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A) DeepSTARR-predicted nucleotide contribution scores for the ced-6 (left) and ZnT63C
(right) selected enhancer sequences. Selected 8nt motif positions and non-important control
positions are highlighted in yellow with the respective numerical position, TF motif identity
and different colors. B) Activity of different repressor motifs at each enhancer position.
Distribution of enhancer activity for all enhancer variants (left) or variants creating each
repressor TF motif (right), per enhancer position. The activity of the wild-type sequence (wt,
red) or median of all variants (grey 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)”.

11



Reiter & de Almeida, et al

Supplemental Fig S11. Systematic motif pasting screens in Drosophila enhancers.
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Supplemental Fig S12. Enhancer activity of different sequences in Drosophila

enhancers.
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A) Activity of pasted motifs at different enhancer positions. Distribution of enhancer activity
changes (logz) of all wild-type enhancers used and their variants with either mutant
sequences or different TF motifs pasted. Few instances show negative values: these are not
dependent on the specific mutant sequence but rather correspond to the creation of a
repressor motif at the flanks of the pasted motif and the backbone enhancer. B) Bar plots
showing the coefficient of variation (ratio of the standard deviation to the mean) of the activity
of each TF motif across all enhancer positions. C) Activity of pasting motifs (y-axis, logz fold-
change activity over basal motif-mutated enhancer activity) in function of the basal activity
(x-axis, activity of motif-mutated enhancer). The PCC is denoted for each motif.
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Supplemental Fig S13. Motifs work differently at different enhancer positions.
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A) Hierarchical clustering of all TF motifs based on PCC of motif activities across all enhancer
positions. B) Motifs work differently at different enhancer positions. Comparison between
enhancer activity changes (log; FC to mutated sequence) after pasting different TF motifs
across all enhancer positions. Positions with stronger activity of each motif (>= 2-fold in
respect to the other motif) are colored with the respective colors. PCC: Pearson correlation
coefficient. C,D) DeepSTARR-predicted nucleotide contribution scores for two enhancers and
respective positions (highlighted in yellow, with wild-type motif types described on top)
included in the screen. For each position, the enhancer activity changes (logz FC to mutated
sequence) after pasting each TF motif are shown in dot plots (bottom).
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Supplemental Fig S14. TF motif activity in function of wild-type motif identity.
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A) Distribution of enhancer activity changes (logz FC to mutated sequence) across all
enhancer positions for each pasted TF motif, grouped by the identity of the wild-type motif.
B) 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) vs. observed enhancer activity changes (logz FC to mutated sequence) across
all motif pasting experiments. Color reflects point density. PCC is shown.

Supplemental Fig S15. Motif activity in different positions in the same or different
enhancers.
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A) Schematics of comparison of motif activity between instances within the same enhancer or
in different enhancers. B) Absolute log: fold-change in enhancer activity between instances
within the same enhancer (red) or in different enhancers (blue) for each pasted TF motif type.
n.s. non-significant (Wilcoxon signed rank test).
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Supplemental Fig S16. Prediction of motif activities using motif syntax features in
random forest model.
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Left: Importance of all features (A) or only the top 20 (B) included in the random forest
models with only TF motif identity (A) or also with syntax features (B), sorted by importance
and colored by feature type. Right: Scatter plots of predicted vs. observed enhancer activity
changes (log> FC to mutated sequence) across all motif pasting experiments. Color reflects
point density. PCC is shown.
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Supplemental Fig S17. Linear models with syntax features to predict motif
activities.
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A-H) Left: Bar plot showing the variance explained by the different types of features (color
legend) for each of the linear models. Right: Scatter plots of predicted vs. observed enhancer
activity changes (logz FC to mutated sequence) for motif pasting experiments per TF motif
type. Color reflects point density. PCC is shown.
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Supplemental Fig S18. Characterization of preferred syntax features of GATA and
ETS motifs.
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Syntax features associated with GATA (A) or ETS (B) activity. Left: bar plot showing the
variance explained by the different types of features (color legend) for each of the linear
models. Middle-left: motif activity according to the different bases at each flanking position,
colored by nucleotide identity. Statistics from linear model in Fig 4A: ****P < 0.0001, ***P <
0.001, **P < 0.01, *P < 0.05 (linear regression p-value). Middle-right and right: enhancer
activity changes (logz FC to mutated sequence) after pasting each TF motif in positions with
no additional GATA (middle-right) or ETS (right) in the enhancer, or with additional GATA or
ETS at close (<= 25 bp) or distal (>25 bp) distances. Number of instances are shown.
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Supplemental Fig S19. DeepSTARR-predicted importance scores for pasting GATA

or ETS in the same positions.
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Supplemental Fig S20. Systematic motif pasting screens in human enhancers.
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Supplemental Fig S21. Enhancer activity of different sequences in human
enhancers.
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Supplemental Fig S22. Human TF motifs work differently at different enhancer
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B) 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) vs. observed enhancer activity changes (logz FC to mutated sequence) across
all motif pasting experiments. Color reflects point density. PCC is shown.

Supplemental Fig S24. Prediction of motif activities using motif syntax features in
human enhancers.
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Supplemental Fig S25. Linear models with syntax features to predict motif activities

in human enhancers.
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Supplemental Fig S26. Sequence features associated with activity of P53, AP-1 and
ETS motifs in human enhancers.
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Supplemental Fig S27. DeepSTARR predicts enhancer sequence changes.
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Supplemental Tables

Supplemental Table S1. Primers used for UMI-STARR-seq library cloning.
Primers used for UMI-STARR-seq library cloning.

Supplemental Table S2. Random variants and oligo UMI-STARR-seq mapping
statistics.

Summary of total sequenced reads, mapped reads and unique fragments (after collapsing
by UMIs) for two random variants and three oligo UMI-STARR-seq screens in S2 cells, and
three oligo UMI-STARR-seq screens in human HCT-116 cells.

Supplemental Table S3. Activity of random variants in seven enhancer positions.
8nt and 16nt forward and reverse sequences, activities and scaled activities in each of the
seven enhancer positions.

Supplemental Table S4. Drosophila and human TF motif sequences used in the
motif pasting experiments.
Drosophila and human TF motif sequences used in the motif pasting experiments.

Supplemental Table S5. Results of motif-pasting experiment in Drosophila S2
enhancers.

Table with all oligos used in the analysis of Drosophila motif pasting with their DNA
sequence, wild-type motif information, pasted motif information, activity of respective
enhancer variant, of the original wild type or motif-mutant enhancer, and respective log,
fold-changes.

Supplemental Table S6. Results of motif-pasting experiment in human HCT-116
enhancers.

Table with all oligos used in the analysis of human motif pasting with their DNA sequence,
wild-type motif information, pasted motif information, activity of respective enhancer
variant, of the original wild type or motif-mutant enhancer, and respective log; fold-
changes.

27



Reiter & de Almeida, et al

Supplemental Methods

UMI-STARR-seq

Cell culture and transfection

Drosophila Schneider 2 cells were grown in Schneider’s Drosophila Medium (Gibco;
21720-024) supplemented with 10% heat inactivated FBS (Sigma-Aldrich; F7524) at
27°C. Human HCT116 cells were cultured in DMEM (Gibco; 52100-047) supplemented
with 10% heat inactivated FBS (Sigma-Aldrich; F7524) and 2mM L-Glutamine (Sigma-
Aldrich; G7513) at 372C in a 5% C0z-enriched atmosphere. Both cell types were passaged
every 2-3 days.

We used the MaxCyte-STX electroporation system for all library transfections. S2 cells
were collected at 300 x g for 5min and washed once in 1:1 Schneider’s Drosophila Medium
and MaxCyte electroporation buffer (EPB-1). 50 x 106 cells were transfected with 5ug of
DNA using the “Optimization 1” protocol, recovered for 30min at 27°C and resuspended
in 10mL S2 Medium with 10% FBS. HCT116 cells were collected at 200 x g for 5min and
washed once in MaxCyte electroporation buffer (EPB-1). Cells were electroporated at a
density of 1 x 107 cells per 100uL and 20pg of DNA using the preset “HCT116” program,
recovered for 20min at 37 °C and resuspended in 10mL DMEM 10% FBS and 2mM L-
Glutamine.

Each replicate for a STARR-seq screen was transfected in 2 0C400 cuvettes with a total of

400 x 10e.

UMI-STARR-seq experiments

Library cloning

Random 8nt variant libraries were generated using a PCR approach with degenerate
oligonucleotides. Forward primers (primers see Supplemental Table S1) were designed
to anneal directly downstream of the enhancer position of interested 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 (either 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 digest and a Gibson reaction that re-circularizes the plasmid.
Libraries were grown in 21 LB-Amp (final ampicillin concentration 100pg/mL). Variant

libraries of the same enhancer i.e. ced-6 enhancer pos110, pos182, pos230, pos241 and
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ZnT63C enhancer pos142, pos180, pos210 were pooled to equimolar ratio, together with
another synthetic oligo library containing wt enhancer sequences and negative regions.
Drosophila and human oligo libraries were synthesized by Twist Bioscience including the
249 bp enhancer sequence and adaptors for library cloning. Drosophila library fragments
were amplified (primers see Supplemental Table S1) and cloned into Drosophila STARR-
seq vectors containing the DSCP core-promoters using Gibson cloning (New England
BioLabs; E2611S). The oligo library for human STARR-seq screens was amplified
(primers see Supplemental Table S1) and cloned into the human STARR-seq plasmid with
the ORI in place of the core promoter (Muerdter et al. 2018). Libraries were grown in 21
LB-Amp (final ampicillin concentration 100pg/mL).

All libraries were purified with Qiagen Plasmid Plus Giga Kit (cat. no. 12991).

Drosophila S2 cells

UMI-STARR-seq was performed as described previously (Arnold et al. 2013; Neumayr et
al. 2019). In brief, we transfected 400 x 1076 S2 cells total per replicate with 20 pg of the
input library (see libraries above). After 24 hr incubation, poly(A) RNA was isolated and
processed as described before (Neumayr et al. 2019). Briefly: after reverse transcription
and second strand synthesis a unique molecular identifier (UMI) was added to each
transcript, allowing the counting of individual RNA molecules. This is followed by two
nested PCR steps, each with primers that are specific to the reporter transcripts such that

STARR-seq does not detect endogenous cellular RNAs.

Human HCT116 cells

UMI-STARR-seq was performed as described previously (Arnold et al. 2013; Muerdter et
al. 2018; Neumayr et al. 2019). Screening libraries were generated from synthesized oligo
pools by Twist Bioscience (see above). We transfected 80 x 1076 HCT116 cells total per
replicate with 160 pg of the input library. After 6 hr incubation, poly(A) RNA was isolated

and further processed as described before (Neumayr et al. 2019).

lllumina sequencing
High-throughput sequencing was performed at the VBCF NGS facility on an Illumina

NextSeq 550 or NovaSeq SP platform, following manufacturer’s protocol. Random
variants UMI-STARR-seq and Twist-oligo library screens were sequenced as paired-end
150 cycle runs, using standard Illumina i5 indexes as well as unique molecular identifiers
(UMIs) at the i7 index. Deep sequencing base-calling was performed with CASAVA
(v.1.9.1).
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Random variants UMI-STARR-seq data analysis

Dedicated Bowtie indices were created for each enhancer position’s Ng library and
combined with an oligo library of thousands of wild-type enhancers and negative
sequences (de Almeida et al. 2022) for normalization, all 249 bp-long sequences. UMI-
STARR-seq RNA and DNA input reads (paired-end 150 bp) were mapped to these
dedicated Bowtie indices using Bowtie v.1.2.2 (Langmead et al. 2009). Since the Ng
variants were all positioned in the last 150 nt of each enhancer, we allowed for flexible
mapping in the beginning 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 3 mismatches; the
full 150 bp-long reverse reads were mapped with no mismatches, to identify all sequence
variants; paired-end reads with the correct position, length and strand were kept. This
mapping strategy was used for both DNA and RNA reads. 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 5 reads in any of the input replicates and less than 1
read in any of the RNA replicates. The enhancer activity of each sequence in each screen
was calculated as the log; fold-change over input, using all replicates, with DESeq2 (Love
et al. 2014). We used the counts of wild-type negative regions in each library as scaling

factors between samples.

Oligo library UMI-STARR-seq data analysis

As described previously (de Almeida et al. 2022), oligo library UMI-STARR-seq RNA and
DNA input reads (paired-end 150 bp) 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 datasets and made
sure this choice does not affect the quantifications of enhancer activity. For each library
we demultiplexed reads by the i5 and i7 indexes and oligo identity. Mapping reads with
the correct length, strand and with no mismatches (to identify all sequence variants) 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
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each screen was calculated as the log: fold-change over input, using all replicates, with
DESeq2 (Love et al. 2014). We used the counts of wild-type negative regions in each

library as scaling factors between samples.

Analyses of random variants at different enhancer positions

Independent motif mutations

Two strong S2 developmental enhancers with different TF motif compositions were
selected to test a diversity of random 8 nt variants in different positions: ced-6
(chr2R:5326628-5326876) and ZnT63C (chr3L:3310914-3311162) enhancers.
Experimental mutations of GATA, AP-1 and twist motifs in these enhancers were
performed in a previous study (Supplemental Fig S4F; (de Almeida et al. 2022)) and used

here to select important enhancer positions.

Enhancer random variants libraries and UMI-STARR-seq

We selected five positions important for the activity of the two enhancers (ced-6 pos110
and pos241; ZnT63C pos142, pos180, pos210) and two non-important positions of the
ced-6 enhancer (pos182 and pos230). At each position, we experimentally replaced the
respective 8nt stretch of the enhancer with randomized nucleotides (Ng), creating 65,535
enhancer variants in addition to the wild-type sequence per position. For each enhancer,
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
(“UMI-STARR-seq experiments”) and analyzed (“Random variants UMI-STARR-seq data
analysis”) as described above (Supplemental Table S3). We performed two independent
replicates per enhancer pooled library screen (Pearson correlation coefficient
(PCC)=0.85-0.91; Supplemental Fig S4A-E).

To be able to compare the activity of variants and motifs between enhancer positions, we
next scaled the enhancer activity of all variants per position (z-scores). This allows to
measure the change in activity of a given variant over the average of all variants,

correcting for the importance of the different enhancer positions tested.

Comparison between pooled libraries using common oligos
The respective wild-type enhancer sequence was overrepresented in each Ng library
input since it was used as the template for the PCR cloning (Supplemental Fig S4A,B). We

compared the activities of the ced-6 and ZnT63C enhancer sequences and all other wild-
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type enhancers and negative sequences present in both ced-6 and ZnT63C pooled libraries
(Supplemental Fig S4C). The activities of the common sequences were similar between
both screens, except for the ZnT63C enhancer whose activity was underestimated in the
ZnT63C pooled library, likely due to the technical overrepresentation in the input. We
therefore selected another enhancer with the same activity as the ZnT63C enhancer
(chrX:9273894-9274142) to be used as the reference wild-type activity for the ZnT63C

enhancer variants (Supplemental Fig S4C, 2B).

Diversity of top active variants and de novo motif discovery

The most-active 8nt variants of each screen (1, 2,5, 10, 50, 100 and 1,000) were retrieved
and consolidated into position probability matrices based on the nucleotide frequencies
at each position (Fig 1C, S5B). Logos were visualized using the ggseglogo function from R
package ggseqlogo (v.0.1; (Omar Wagih 2017)). The same was done after randomly
sorting the variants of each screen for comparison. The information content of the top
sequences at each position was calculated as described in

https://bioconductor.org/packages/release/bioc/vignettes /universalmotif/inst/doc/In

troductionToSequenceMotifs.pdf (Schneider and Stephens 1990; Schneider et al. 1986)
(Fig 1D, S5Q).
The top 100 and 1,000 or bottom 1,000 variants (8nt +/- 4nt flanks) of each screen were

used for de novo motif discovery analyses using HOMER, taking all detected variants of
the respective screen as background (Supplemental Fig S2, S7). 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 16nt
variants (8nt +/- 4nt flanks) creating each motif by string-matching. The main motifs used
were: GATA - GATAAG, AP-1 - TGA.TCA, SREBP - TCACGCGA, twist - CATCTG, CREB/ATF
- TCATCA, STAT - TTCC.GGA, Trl - GAGAGA, ETS - CCGGAA, Dref - ATCGAT, ttk -
AGGATAA, ZEB1 - CAGGTG, lola - GGAGTT (format: TF motif - string). 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 (Supplemental Fig S94; (de
Almeida et al. 2022)). The average activity across variants was defined as the motifs’
intrinsic strength. These activities were used in Fig 1E, 2E,D, Supplemental Fig S3A, S6A,
S9, S10.

To find how many active variants are explained by the creation of known motifs enriched

in S2 developmental enhancers (from (de Almeida et al. 2022)), we performed PWM-
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based motif scanning of those candidate motifs onto variants (8nt +/- 4 flanks) (Fig 1F,
Supplemental Fig S3B, S6B). We used the matchMotifs function from R package
motifmatchr (v.1.4.0; genome = “BSgenome.Dmelanogaster.UCSC.dm3”, bg="genome"

(Schep 2021)) with p-value cutoffs 1e-04 and 1e-05.

Activity of variants in function of their similarity to the wild-type sequence
The similarity of each sequence variant to the wild-type sequence at each enhancer
position was measured using the stringdist R package and hamming distance method

(Supplemental Fig S6A).

Comparison of random variants activity across enhancer positions

We compared the activity of all 8nt random variants across enhancer positions using their
z-score scaled activity (Fig 2C, Supplemental Fig S8; Supplemental Table S3). We
calculated pairwise PCCs between the different libraries, performed hierarchical
clustering (“complete” method) using the correlation values as similarities, and displayed
heatmaps using the pheatmap R package (v.1.0.12; (Kolde 2019)). To reduce the impact
of the flanking sequence of each position when comparing the activity of variants between
them, we repeated the same after consolidating the 8nt into shorter variants by taking the
centered sequence and averaging the activity across variants with different flanking

nucleotides.

Analyses of motif pasting screens in Drosophila and human enhancers

Oligo library design

Drosophila motif pasting library

We selected 1,172 motif positions (among 728 enhancers) that are required for the
activity of the respective enhancers, assessed by experimental mutagenesis in a previous
study (de Almeida et al. 2022). These wild-type positions cover different contexts and TF
motifs: GATA, AP-1, twist, Trl, ETS and SREBP. We next 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 (Fig 3A). To reduce the influence of
flanking nucleotides and different motif affinities and focus on differences due to the
enhancer context we pasted an extended optimal sequence of each TF motif (as in de

Almeida et al. (de Almeida et al. 2022)). This library (Supplemental Table S5) was
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synthetized and pooled with a previous library containing the wild-type enhancer

sequences (de Almeida et al. 2022) to be screened together.

Human motif pasting library

Similar to the Drosophila library, we selected 1,456 motif positions important for the
activity of 808 enhancers, assessed by experimental mutagenesis in a previous study (de
Almeida et al. 2022). These wild-type positions cover different contexts and TF motifs:
AP-1, ETS, E2F1, EGR1, MAF, MECP2, CREB1, P53. We next designed sequences of
enhancer variants where we pasted a mutant sequence or the optimal sequence of the
same eight TF motifs (AP-1, ETS, E2F1, EGR1, MAF, MECP2, CREB1, P53; one at a time;
sequences in Supplemental Table S4) in each of these positions. As for the Drosophila
motifs, we pasted an extended optimal sequence of each TF motif to reduce the influence
of flanking nucleotides and different motif affinities and focus on differences due to the
enhancer context. This library (Supplemental Table S6) was synthetized and pooled with
a previous library containing the wild-type enhancer sequences (de Almeida et al. 2022)

to be screened together.

Oligo library synthesis and UMI-STARR-seq

The Drosophila and human enhancers’ oligo libraries contained each sequences for the
wild-type enhancers and enhancers with mutant variants or motifs pasted at the selected
positions (Supplemental Table S5 and S6, respectively). All sequences were designed
using the dm3 and hg19 genome versions, respectively. The enhancer sequences spanned
249 bp total, flanked by the Illumina i5 (25 bp; 5° -TCCCTACACGACGCTCTTCCGATCT)
and i7 (26 bp; 5 AGATCGGAAGAGCACACGTCTGAACT) adaptor sequences upstream
and downstream, respectively, serving as constant linkers for amplification and cloning.
The resulting 300-mer oligonucleotide Drosophila and human libraries were synthesized
by Twist Bioscience. UMI-STARR-seq using these oligo libraries was performed (“UMI-
STARR-seq experiments”) and analyzed (“Oligo library UMI-STARR-seq data analysis”) as
described above (Supplemental Table S5 and S6). We performed three independent
replicates for Drosophila (correlation PCC=0.95-0.98; Supplemental Fig S11A,B) and
human (PCC=0.96-0.98; Supplemental Fig S20A,B) screens.

Quantification of motif activity at different enhancer positions
We used our enhancer activity measures of the wild-type and mutated sequences to
stringently select important enhancer positions for further analyses: positions where

mutation reduced the activity by at least 2-fold (Supplemental Fig S12A, S21A). These
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resulted in 763 important positions distributed among 496 Drosophila enhancers and
1,354 positions distributed among 753 human enhancers. This was important to select
positions where we could reliably measure the increase in enhancer activity after pasting
each TF motif - quantified as the log, fold-change activity over the mutated enhancer (Fig
3B, 5A). 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; (Kolde
2019)) (Fig 3D, 5B, Supplemental Fig S134A, S22A).

Importance of the wild-type motif

We fitted motif activity values (log. fold-change enhancer activity after motif pasting)
with linear models using the wild-type TF motif identity and importance (log: fold-change
activity between wild-type and motif-mutant sequence), the pasted motif identity, and
the interaction between the wild-type and pasted motifs as covariates, using the Im
function (v.3.5.1; (R Core Team 2020)). Variance explained by each covariate was
calculated with one-way ANOVAs of the respective models (Fig 5D, Supplemental Fig
S14B, S23B).

Difference between pairs of positions in the same or different enhancers
Drosophila enhancers with two positions tested in our assay were selected and the fold-
change in motif activity between pairs of positions in the same enhancer was compared
with the fold-change between pairs of positions in different enhancers (matched by
similar position-mutant baseline activities). For each pasted TF motif, significant
differences were assessed through a two-sided Wilcoxon signed rank test followed by
FDR multiple testing correction (Supplemental Fig S15).

Prediction of motif activities using motif syntax features

Motif syntax features

To test how motif activities depend on motif syntax features we extracted the following
features per tested enhancer position: 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 distance to other TF motifs (close:

<= 25 bp; distal: >25 bp; between motif centers).
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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
motifmatchr (v.1.4.0; (Schep 2021)) with the following parameters: genome =
“BSgenome.Dmelanogaster.UCSC.dm3”, p.cutoff = 5e-04, bg="genome". Overlapping

instances (minimum 50%) for the same TF motif were collapsed and counted only once.

Random forest models

We used a 10-fold cross-validation scheme to train random forest models to predict
Drosophila or human motif pasting activities (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 identity, together or
not with additional syntax features (described above). All models were built using the
Caret R package (v. 6.0-80; (Kuhn 2018)) and feature importance was calculated using its
varlmp function. Predictions for each held-out test sets were used to compare with the

observed motif activities and assess model performance (Supplemental Fig S16, S24).

Linear model with motif syntax rules to predict motif activities

For each TF motif type, we built a multiple linear regression model to predict its activity
(log: fold-change to mutant) across different enhancer positions using as covariates the
wild-type TF motif identity and importance (log, fold-change activity between wild-type
and motif-mutant sequence) together with additional syntax features (described above).
All models were built using the Caret R package (v. 6.0-80; (Kuhn 2018)) and 10-fold
cross-validation. Predictions for each held-out test sets were used to compare with the
observed log; fold- changes and assess model performance (Supplemental Fig S17, S25).
The linear model coefficients and respective FDR-corrected p-values were used as
metrics of importance for each feature, using the red or blue scale depending on positive
or negative associations (Fig 44, 5E). For flanking positions, we used always red because
the direction of the association is not relevant. In addition, we calculated the percentage
of variance explained by each covariate in the linear models built for each TF motif with
one-way ANOVAs. For each TF motif, we generated 100 different models, randomizing the
order of the covariates (since the variance explained depends on the order of covariates
entered), quantified the percentage of variance explained of each covariate as its sum of
squares divided by the total sum of squares, and used the average value across all 100

models as the final variance explained per covariate (Supplemental Fig S17, S25).
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DeepSTARR predictions

Nucleotide contribution scores

Nucleotide contribution scores for wild-type enhancers or enhancer variants (Fig 24, S54,
S11C,D, S16) were calculated as described previously (de Almeida et al. 2022), using
DeepExplainer (the DeepSHAP implementation of DeepLIFT, see refs. (Shrikumar et al.
2017; Lundberg and Lee 2017; Lundberg et al. 2020); update from

https://github.com/AvantiShri/shap/blob/master/shap/explainers/deep/deep tf.py)
and visualized using the ggseqlogo function from R package ggseqlogo (v.0.1; (Omar
Wagih 2017)).

DeepSTARR predictions of enhancer sequence changes

DeepSTARR (https://github.com/bernardo-de-almeida/DeepSTARR, (de Almeida et al.

2022)) was used to predict the enhancer activity of Ng variants in enhancers
(Supplemental Fig S27) or the log, fold-change enhancer activity of motif pasting
sequences (Supplemental Fig S28).

Statistics and data visualization

All statistical calculations and graphical displays have been performed 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
encompasses 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 number GSE211659 or Zenodo at https://doi.org/10.5281 /zenodo.7010528.

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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