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Fig. 5 | CRISPRI reveals that enhancers and promoters both act in a distance-dependent manner but
with distinct regulatory outcomes

a, Volcano plots showing changes in target gene expression following CRISPRi-mediated silencing of
promoters or enhancers located 20 kb, 100 kb, 250 kb, or 1 Mb from the target gene transcription start site.
b, Percentage of CRISPRi-perturbed promoters or enhancers within each genomic distance window (20 kb,
100 kb, 250 kb, or 1 Mb) that lead to up- or down-regulation of target gene expression. For each distance
threshold, the proportions of up- versus down-regulated targets following CRISPRIi silencing of enhancers
and promoters were compared using a chi-square test (¥, P < 0.05; **, P <0.01; *** P <0.005).

¢, Bar plots showing the percentage of promoters in the top or bottom quartile of pause index or gene-body
(+500 bp from TSS to -500bp from TES) PRO-seq signal that up- or down-regulate target gene expression
following CRISPRI silencing. Statistical significance was assessed using chi-square tests of the top and
bottom quartiles relative to all promoters. (*, p < 0.05)

d, Schematic model illustrating how promoters and enhancers can act cooperatively to either increase or
decrease transcription of nearby genes.
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Extended Data Fig. 1 | Quantification of promoter—TRE activity from barcode sequencing.

a, Schematic of the data analysis pipeline using the MYC-CMYV enhancer pair as an example. (1) For each
expression bin, reads corresponding to a given promoter—TRE pair are divided by the total reads in that bin
to calculate the fractional representation of that pair. (2) Fractions in bins 1-7 are divided by the fraction in
the unsorted population to obtain relative enrichment for each bin. (3) Relative enrichment values across
bins 1-7 are normalized to generate a distribution that enables comparison across promoter—TRE pairs. (4)
An activity score is calculated as the sum of each bin specific normalized relative enrichment multiplies by
the corresponding bin-specific EGFP score.

b, Correlation of activity scores for each promoter between biological replicate 1 (repl) and biological
replicate 2 (rep2). Reduced correlation between biological replicates for certain promoters was
predominantly attributable to their weak responsiveness to TREs, which yielded low dynamic range in
activity scores.
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Extended Data Fig. 2 | Reproducibility of promoter activity measurements.
a, Correlation between intrinsic promoter activity at the integration locus (from c) and PRO-seq gene body
signal per kb at the native genomic locus without MYC.
b, Normalized relative enrichment distributions of the 16 promoters when paired with the CMV enhancer.
The dotted red line corresponds to the distribution shown in Fig. 2a.


https://doi.org/10.64898/2026.02.16.706221

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.16.706221; this version posted February 18, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

== PROcap+ == PROcap- — DNase — H3K27ac — H3Kémel — H3Kéme3

CNBP NUSH ZSCAN12 MINPP1
PROcap max =410
PROcap min =210

109 PROCap max = 488

DAAMIT SEMA4F IFT81 Myc
PROGap max = 28 FROGap mas = 131 PROGap mar = 6350

FROcap min = 248 PROcap min = -33 PROGap min = -693 4"'\
B — o 1_'*1
= I |, =

104 PROGap max = 73
PROcap min = 133
05]  _r——

5 05
g
2
@ 0
3
B GAPDH HEMGN SPH APOBEC3F
2 101 PRGGap max = 1108 PRGcan max = 16 P iax = 155 PROGap max = 3
5 PROap min = 52 PROG gin =18 PROcap min =10 —— PROcap min = 74
=08 B o r— B
o o N T = ——
o g o =1
] '
10
MNDA BINZ ADGRG5 HNF1B
104 PROGap max =0 PROGap max = 0 PROGap max = 2 PROcap max = 0
PROCap min =0 PROCaR min = -1 PROGaR min = -1 PROGAp win = 0
os I
ot KRS oI 4L
5
10
500 250 H 250 s s00 250 H 250 E 250 H 250 sa0 5o 250 ] 250 o
b Distance from Center (bp)
: ~— PROseq+ == PROseq -
CNBP NUS1 ZSCAN12 MINPP1
PROsEq max = 260 PROSEq max = 47 PROs®q max = 105 PROSeH mak = 151
200{ PROseq min =126 2001 PROSaq min = 67 200{ PROseq min =172 200 PROseq min = 129
o e La |-, VP e o ol ll = n
2| Lhaam 4 By | -r'
e P e e PR o e
P — —_—
DAAM1 SEMA4F IFT81 myc
PROseq max= 116 PROseq max = 17 PROsa0 max = 48 PROseq max = 630
200{ PROseq min=-28 200 PROseq min =-201 200{ PROseq min=-12 sp0| PROSe min =-100
i b/ 1. Il -
5 | o
E 2o | 200 e | -
T — —_—— 250
5
3 GAPDH HEMGN SPH APOBEC3F
g PROseq max = 201 PROseq max =71 PROseq max = 105 PROs=q max = 34
O 200 PROseqmin =38 2004 PRCseqmin =121 200 PROseq min = -39 2004 PROseqmin =15
&
&
yi M < ol L Mok 4 et i 4 ot 4 -
[T i T T v
Rk PP car oy | 200 Y ey am wonscs
— _—
MNDA BIN2 ADGRGS HNF1B
PROseq iy =3 PROSeq Max = 18 PROs2q max = 15 PROSeq max = 1
208 PROseq min =4 200 PROseq min=-21 200{ PROseq min=-3 2004 PROseq min =0
o -l ot - et - ot -
o won | 20T o, oo | 200 comree| 2007 e
-—
x 25 o 2 sk s Py H [ 25K sk 5 25 a 25% sk

sk S0
Distance from Genter (bp)

Extended Data Fig. 3 | Chromatin and transcriptional profiles of target promoters.

a, Meta-profiles of PRO-cap, DNase-seq, and ChIP—seq signals for H3K27ac, H3K4mel, and H3K4me3
across the 16 target promoters at their native genomic loci, shown from —500 bp to +500 bp relative to the
promoter center.

b, PRO-seq meta-profiles across the 16 target promoters, shown from —5 kb to + 5 kb relative to the
promoter center.
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Extended Data Fig. 4 | Distinct regulatory capacities of TREs with different natures.

a, Counts of TREs classified by regulatory nature.

b, Boxplots of maximum PRO-cap signal across TREs of different regulatory natures.

¢, Boxplots showing the number of promoters activated by TREs of different regulatory natures.
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Extended Data Fig. 5 | Functional properties of TREs across transcription factor—based clusters.

a, Meta-profiles of PRO-cap, DNase-seq, and ChIP—seq signals for H3K27ac, H3K4mel, and H3K4me3
across TREs from different transcription factor—based k-means clusters.

b, Boxplots of maximum PRO-cap signal across TREs from each transcription factor—based k-means cluster;
P values were calculated using the Wilcoxon rank-sum test (*: P < 0.05; **:P < 0.01; ***:P <0.005).

¢, Boxplots of maximum DNase-seq signal across TREs from each transcription factor—based k-means
cluster; P values were calculated using the Wilcoxon rank-sum test (*: P < 0.05; **:P < 0.01; ***:P <
0.005)).

d, Boxplots showing the number of promoters activated by TREs from each transcription factor—based k-
means cluster.
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Extended Data Fig. 6 | Transcription factor binding landscape across TREs.

a, Heatmap of ChIP—seq signals for all transcription factors that show difference in enrichment across TREs.
Columns represent individual TREs, ordered by k-means clustering based on transcription factor binding
profiles, and rows represent transcription factors.
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Extended Data Fig. 7 | Gene Ontology enrichment of promoter- and enhancer-biased transcription
factors.

a, Network of gene ontology (GO) molecular function (MF) and biological process (BP) terms enriched
among transcription factors showing higher enrichment at promoters than at enhancers. Solid black dots
represent transcription factors, and open circles represent GO terms. Blue lines represent molecular function
GO terms, and red lines represent biological process GO terms.

b, Network of gene ontology (GO) molecular function (MF) and biological process (BP) terms enriched
among transcription factors showing higher enrichment at enhancers than at promoters. Solid black dots
represent transcription factors, and open circles represent GO terms. Blue lines represent molecular function
GO terms, and red lines represent biological process GO terms.
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Extended Data Fig. 8 | Transcription factor ChIP—seq meta-profiles across TRE clusters.

a, Individual meta-profiles of ChIP—seq signals for POLR2G, TBP, TAF9, NRF1, ELF4, SP1, GATALI,
STATS5A, and SMARCA4 across transcriptional regulatory elements (TREs) grouped by transcription
factor-based k-means clusters.
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Extended Data Fig. 9 | DNase I sensitivity assays reveal chromatin accessibility at promoters paired
with distinct TREs.

a, PCR analysis of chromatin accessibility at the GAPDH promoter (highly accessible), a CTCF peak region
(less accessible), and the MNDA promoter (least accessible). Genomic DNA from samples that were either
undigested or digested with DNase I (25 U, 5 min) was amplified using increasing PCR cycle numbers.
Relative PCR band size is quantified by Imagel.

b, PCR analysis of chromatin accessibility at the ADGRGS target promoter paired with an untranscribed
TRE (cluster 1), RCCI promoter (cluster 3), strong enhancer 93 (cluster 7), strong enhancer 93 carrying a
GATAI1l motif #1 mutation, strong enhancer 93 carrying a GATA1l motif #2 mutation, or strong
enhancer 93 carrying mutations in both GATA1 motifs (#1 and #2). Genomic DNA from samples that
were either undigested or digested with DNase I (25 U, 5 min) was amplified using increasing PCR cycle
numbers. Relative PCR band size is quantified by ImageJ.

¢, PCR analysis of chromatin accessibility at CTCF peak region (Extended Data Fig.9a) in samples in Fig.
4b. Relative PCR band size is quantified by Imagel.
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d, PCR analysis of chromatin accessibility at CTCF peak region (Extended Data Fig.9a) in samples in Fig.
4c. Relative PCR band size is quantified by ImageJ.

e, PCR analysis of chromatin accessibility at CTCF peak region (Extended Data Fig.9a) in samples in
Extended Fig. 9b. Relative PCR band size is quantified by Image].
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Extended Data Fig. 10 | Quantitative effects of TRE class and motif mutations on promoter activity.
a, Boxplots of EGFP expression for cells harboring the MYC or ADGRG) target promoter paired with
representative TREs from different transcription factor—based clusters: untranscribed 4 TRE (cluster 1),
UBE2D3 promoter (cluster 2), RCCI promoter (cluster 3), weak enhancer 21 (cluster 5), and strong
enhancer 93 (cluster 7). EGFP intensity is shown on the x-axis. Statistical significance was assessed using
two one-sided tests (TOST) relative to the untranscribed TRE (*, —AL > 0.05; **, —AL > 0.1; **, —AL >
0.2).

b, Boxplots of EGFP expression for cells harboring the MYC target promoter paired with the RCCI
promoter (cluster 3) carrying different combinations of mutations in the SP1, NRF1, and ELF4 motifs.
EGFP intensity is shown on the x-axis. Statistical significance was assessed using TOST relative to the
wild-type promoter (*, —AL > 0.05; ** —AL > 0.1; **, —AL > 0.2).

c, Boxplots of EGFP expression for cells harboring the MYC or AGRGRS target promoter paired with the
strong enhancer 93 (cluster 7) carrying different combinations of mutations in the two GATA1 motifs.
EGFP intensity is shown on the x-axis. Statistical significance was assessed using TOST relative to the
wild-type enhancer (*, —AL > 0.05; **, —AL > 0.1; *** —AL > 0.2).
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