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Patterns of transcriptional activity are encoded in our genome through regulatory
elements such as promoters or enhancers that, paradoxically, contain similar
assortments of sequence-specific transcription factor (TF)-binding sites'>.

Knowledge of how these sequence motifs encode multiple, often overlapping, gene
expression programs is central to understanding gene regulation and how mutations
in non-coding DNA manifest in disease*. Here, by studying gene regulation from the
perspective of individual transcription start sites (TSSs), using natural genetic
variation, perturbation of endogenous TF protein levels and massively parallel
analysis of natural and synthetic regulatory elements, we show that the effect of TF
binding on transcription initiation is position dependent. Analysing TF-binding-site
occurrences relative to the TSS, we identified several motifs with highly preferential
positioning. We show that these patterns are acombination of a TF’s distinct
functional profiles—many TFs, including canonical activators such as NRF1, NFY and
Spl, activate or repress transcription initiation depending on their precise position
relative to the TSS. As such, TFs can collectively guide the site and frequency of
transcription initiation. More broadly, these findings reveal how similar assortments
of TF-binding sites can generate distinct gene regulatory outcomes depending on
their spatial configuration and how DNA sequence polymorphisms may contribute
to transcription variation and disease, and underscore a critical role for TSS datain
decodingtheregulatory information of our genome.

Each cell of an organism interprets the same genome in a unique way.
Atthe heart of this process are sequence-specific TFsthat orchestrate
regulatory programs and interpret the regulatory sequence gram-
mar inscribed in the genome® . How these regulatory programs are
encoded is still largely enigmatic. Many regulatory elements contain
sequence motifs for similar sets of TFs and most TFs display wide-
spread binding to regulatory sequences, with variable and sometimes
minimal consequences for gene regulation® ™. Consequently, we are
largely unable to predict gene expression patterns from DNA sequence
alone'*®anditis unclear how the transcription of most humangenes is
regulated. Previous studies have shown that TF-binding-site spacing,
orientation and copy number, and affinity of TF-binding sites caninflu-
ence transcriptional output>*¢, However, few generalizable rules
exist for how TF-binding sites construct gene regulatory programs,
restricting our ability to rationally interpret our genome or understand
how mutations in regulatory sequences impact gene regulation or
manifestin disease".

Spacing of TFsrelative to the TSS

The TSS is alandmark of gene expression, where regulatory signals
are ultimately integrated to start transcription. Regulatory elements

including promoters and enhancers as defined by active transcrip-
tioninitiation (hereafter collectively referred to as transcription start
regions (TSRs))™ often start transcription from several different TSS
locations rather than a single site’*?°, Capturing TSSs across different
cell types or inresponse to stimuli revealed that TSS selection within
TSRs can be highly dynamic?*2. We therefore set out to investigate
motif grammar from the perspective of each individual TSS, rather
than from the perspective of open chromatin, a specific protein or
epigenetic state.

To do so, we developed HOMER2 (Methods and Extended Data
Fig. 1), a suite of analysis tools to study DNA sequence motif enrich-
ments accounting for both GC content and position-dependent
nucleotide biases, for example, as found near TSSs (Fig. 1a). We next
profiled human U20S cell TSSs using capped small RNA-sequencing
(csRNA-seq)®, which accurately captures the TSSs of both stable and
unstable RNAs. Using these TSSs as anchors for de novo motif analysis®
revealed that the binding sites of the most-enriched TFs had prefer-
ential localizations relative to active TSSs (Fig. 1b and Extended Data
Fig. 2a). This preferential positioning was particularly apparent for
sequences bound by ubiquitously expressed canonical activators such
as NRF1, NFY, Spl and ETS-family TFs®?*?” (Extended Data Fig. 2b,c).
In general, these activator binding sites were enriched upstream of
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Fig.1| TF functionis position dependent. a, Nucleotide frequency bias near
TSSs of human U20S cells. b, Many TF-binding sites are enriched at specific
positionsrelative to active TSSs genome-wide (TSSs). ¢, Integrating positional
informationand nucleotide biases using HOMER2 identifies TF-binding site
enrichmentor depletionrelative to the TSS, exemplified by NRF1. Statistical
analysis was performed using two-sided Fisher’s exact tests with Benjamini-
Hochbergcorrection.d, Most TF-binding sites are enriched in preferred
positions. Enrichment or depletion of all 463 known human TF-binding sites in
the HOMER2 motif database relative to the TSS. A detailed version of this figure
isprovidedinSupplementaryFig.1.e, NRF1functionis dependentonthe
location of its binding site relative to the TSS. TSSs are ranked on the basis of
theirlog,-transformed fold change in activity after NRF1 knockdown (from gain
toloss of transcriptioninitiation, n=136,757). TSSs with NRF1-binding sites
(heat map, darkred) within their preferred localization pattern (blue graph;
top) are repressed, while those with NRF-binding sites downstream of the
TSSwere correlated with activation (or derepression; bottom). Analysis was
performed using MEPP (Methods). f, TSSs downregulated after NRF1 knockdown
(siNRF1) display TF binding withinits preferred upstream region while
derepressed TSSsdisplay NRF1binding downstream, as assessed by anti-NRF1
ChiIP-seq.g, NRF1probably represses upstream TSSs through steric hindrance.
Analysis of TSSs (n=136,344) ranked from gain toloss of transcription

initiation activity after overexpression of atranscriptionactivation domain
(TAD)-deleted dnNRF1 mutant shows repression when the NRF1-binding site
(darkred)islocated either upstream or downstream of the TSS, suggesting
that TSSs found upstream of NRF1sites are activated only after removal of

the TF from the downstream DNA. h, Model for NRF1 TF function and NRF1-
dependent TSS derepression.
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the core promoter region (-40 to +40 bp, relative to the TSS)* and
depleted near the active TSS, especially downstream, where the RNA
polymerase Ilinitiation complex is postulated to initially contact the
TSR?%° (Fig.1c,d and Extended Data Fig. 2c). One exception to this rule
was YY1, aTF known forits dual role as atranscriptional activator and
repressor’*?, The binding sites of repressors such as ZBTB7A/LRF*
were depleted near active TSSs (Fig. 1d and Extended Data Fig. 2d).
Although some TF-binding sites were specifically enriched in distinct
regulatory element types, such as bZIP TFs (such as AP-1) at enhanc-
ers®* TF-binding-site-specific positional preferences were highly
similar near TSSs for different transcript types (Supplementary Fig.1).
Enrichment patterns for several TF-binding sites exhibited an approxi-
mately 10 bp periodicity, suggesting that the rotational position of
TFs relative to the TSS affects transcription initiation>** (Extended
DataFig. 2e). Positional preferences were conserved across cell lines,
vertebrate species and TSS-detection methods and, in some cases,
were restricted to genomic locations with cell-type-specific activity
(for example, HNF1; Extended Data Fig. 2f-h). Positional preferences
were less apparent for TF-binding sites associated with weak tran-
scription such as CTCF (Extended Data Fig. 2b,c). Moreover, spatial
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TF-binding site enrichment patterns were more pronounced in the
absence of the canonical initiator core promoter element® (Extended
Data Fig. 2i-k). Consistent with the eminence of these elements in
anchoring down the RNA polymerase and guiding TSS selection®3¢,
this finding suggests positionally enriched TF-binding sites may them-
selves direct TSS selection but that theirimpactis superseded by core
promoter elements. Together, these findings highlight that many
TF-binding sites are enriched or depleted at specific positions relative
totheTSS.

TF position governs regulatory impact

We speculated that the preferred localization patterns of diverse
TF-binding sites are a reflection of TF function and may represent a
superposition of the multiple mechanistic roles TF can have in regu-
lating transcription initiation. To assess how the position of a TF rela-
tive to the TSS may affect its function, we knocked down NRFI and
YY1usingshortinterfering RNAs (siRNAs) (Extended Data Fig. 3a) and
captured changesin transcriptioninitiation 24 h later using csRNA-seq.
We selected these TFs because their binding sites have strong posi-
tional preferences, and they are the only proteins known to bind to
their respective motifs. Furthermore, NRF1sites are preferentially
located upstream of the TSS (Fig. 1c), while YY1 sites are unique for
their preferred location downstream of the TSS (Fig.1b,d). Consistent
with previous reports that both regulators are potent activators®?8,
knockdown of NRFIand YYI diminished the csRNA-seq signal at 3,791
and 1,621 TSSs (<-1.5-fold, adjusted P (P,q;) < 0.05), respectively. Moreo-
ver, knockdown of these strong activators also increased initiation at
acomparable number of TSSs (3,971and 1,160, respectively, >1.5-fold,
P,4>0.05). Follow-up transcriptome analysis showed that these ectopic
TSSs not only resulted in alternative 5" untranslated regions (UTRs)
that, at times, produced new splice isoforms or open reading frames
butalso altered gene expression levels (Extended DataFig. 4). TSSs with
decreased orincreased activity were frequently found within the same
TSR, implying shifts in TSS selection within regulatory elements that
may activate specific regulatory programs or help to buffer changes
in gene expression. These findings mirror the results observed after
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depletion of NFY*, and help to explain the observations that many
TF-binding events appear to be uncoupled from expected changes in
gene expression'®404,

Notably, ranking TSSs by their change ininitiation frequency after
TF knockdown revealed a clear bimodal distribution of the cognate
TF-binding sites: TSSs that were downregulated after NRF1 knock-
down were enriched for NRF1-binding sites upstream of the TSS,
where the motif is preferentially located relative to active TSS loca-
tions genome-wide. By contrast, TSSs with increased transcription
after NRF1 knockdown had NRF1-binding sites positioned down-
stream of the TSS, where the motifis naturally depleted (Fig. 1c,e).
Integrating ChlP-seq validated that downregulated TSSs had NRF1
bound predominantly upstream, whereas TSSs that were activated
after NRFI knockdown had NRF1 bound downstream of impacted
TSSs (Fig. 1f). Together, these findings demonstrate that NRF1
can both activate and inhibit transcription initiation, depending
onits location relative to a TSS. The function of NRF1is therefore
position dependent. Given that the majority of strongly regulated
sites contain an NRF1-binding site that, as assessed using chroma-
tin immunoprecipitation followed by sequencing (ChIP-seq), is

Fig.2|Naturalgenetic variationreveals position-dependent function
anddistinctclasses of TFs.a,b, Natural DNA polymorphisms can have amajor
impactongeneregulation. Example lociwhere genetic variants eliminated
NF-kB (p65) binding sites in the SPRET mouse strain (versus C57BL/6) and
associated with either areductionindownstream transcriptioninitiation (a) or
aderepression of transcriptioninitiation when the mutated binding site was
located downstream of the TSSs (b). Transcription initiation was measured
inuntreated (notx) or KLA-stimulated BMDMs from SPRET and C57BL/6
reference mouse strains (average of n =2 biological replicates). ¢, Theinfluence
that variants in TF-binding sites has on transcription initiationis dependent on
their positionrelative to the TSS. Analysis of the genome-wide significance of
theassociationbetween mutations in the Spl-bindingsite (GC-box) and the
changein transcriptioninitiation, calculated for Splsites asa function of their
relative distance to the TSS. Positive log[P] values indicate that mutations
predicted to cause reduced Splbinding are more strongly associated with
reducedinitiation, whereas negative log[P] valuesindicate that the mutated
binding sites are more strongly associated with increased initiation (30 bp
windows evaluated at 10 bp increments). Statistical analysis was performed
using two-sided Mann-Whitney U-tests with Benjamini-Hochberg correction.
d, Similar to ¢, but showing that mutationsin the NF-kB (p65) binding sites
exhibit stronger positional associations after 1 h of KLA stimulation (dotted
versussolid line). e, The functionalimpact of mutating TF-binding sites (TFBSs)
generally follows one of three distinct patterns: pure transcriptional activators
(PU.1), pure transcriptional repressors (ZEB2) and dual-function TFs (Sp1) that
canactivateor repress transcriptioninitiationina position-dependent manner.
f, Position-dependent activity was evaluated for mutations impacting 463
known human TF motifs (notall are expressed in BMDMs). A detailed map of
thisfigureis provided in Supplementary Fig.2.

commonly bound by the TF (Fig. 1f and Extended Data Fig. 3b-e),
the observed NRF1-dependent inhibition of transcription initiation
incisis probably distinct from previous reports showing that the loss
of an activator can lead to activation through secondary effects in
tran510'40'42_44.

Similarly, YYIdepletionresultedin the downregulation of TSSs with
YY1-binding sites within its preferential zone immediately downstream
of the TSS, whereas upregulated TSSs typically had a YY1 site further
downstream (Extended Data Fig. 3f-h). Position-specific effects mirror-
ing the TF-binding-site’s natural enrichment were also identified when
reanalysing published NFY knockdown data from mouse embryonic
fibroblasts® (Extended Data Fig. 3i). Together, these results indicate
that NRF1, YY1and NFY canactivate butalso directly inhibit transcrip-
tioninitiation, depending on the position of their binding relative to
theregulated TSS (Fig. 1h).

Suppression of TSS by steric hindrance

To further examine the mechanisms underlying TSS activation
after activator TF knockdown, we ectopically expressed a dominant-
negative NRF1 (dnNRF1) mutant®. In contrast to siRNA knockdown,
overexpression of transactivation domain-deficient NRF1 resulted
in the downregulation of all TSSs near dnNRF1-bound sites, even
those located downstream of the TSS (Fig. 1g and Extended Data
Fig. 5a-d). TSSs activated after NRFI knockdown therefore prob-
ably depend on the clearance of the TF from the DNA, substantiat-
ing a model in which preferred spacing among TFs and the RNA
polymerase Il complexis critical for effective transcriptioninitiation.
Binding outside of these preferential positions inhibits RNA poly-
merase Il recruitment and/or initial elongation, probably by steric
hindrance (Fig. 1h), similar to the function of canonical prokaryotic
repressors*®, Raplin yeast or CTCF in vertebrates**%, These findings
highlight the importance of accurate TSS positional information
to decode TF function, and provide an explanation as to why it has
been so challenging to predict gene expression programs from DNA
sequence alone'>®,
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Fig.3|Capturingthe TSSs of thousands of TSR variants confirms the
position-dependent function of TFs. a, Schematic of TSS-MPRA, which
accurately captures the TSSs and activity from thousands of plasmid cloned
DNAsequences. b, Example of normalized TSS-MPRA transcriptioninitiation
datafrom fourinserts designed based ona TSRin EIF2S1 promoter (from-110 bp
to+42 bprelative to the primary TSS). Three of the inserts show the impact

of placing the NRF1-binding site at different positions relative to the TSS. The
invivogenomic TSSuse, as measured using csRNA-seq analysis in HEK293T

TF function revealed by genetic variation

Genetic variation that naturally occurs between individuals offers an
opportunity to study the functional impact of genetic variation on
gene regulation*”*®, As many of these variants affect TF-binding sites,
we captured the TSS landscape of bone-marrow-derived macrophages
(BMDMs) from two mouse strains (C57BL/6 versus SPRET) to assess how
sequence variantsin TF-binding sites impact transcriptioninitiation as
afunction of their positionrelativeto the TSS (Fig. 2). Akey advantage
of exploiting natural genetic variation is that it can be used to unbias-
edly assess theimpact of all TF-binding sites on transcription, including
those where TF redundancy may hinder analysis on the protein level
under natural, unperturbed conditions.

To resolve distance-dependent functions of TFs, we used HOMER2
and its ability to normalize for positional single-nucleotide variant
biases (Extended Data Fig. 5e,f) to assess the relationship between
genetic alterations in TF-binding sites and regulatory phenotypes.
Contrasting42.9 million single-nucleotide polymorphisms (SNPs) and
80,988 differentially regulated TSSs (P,q; < 0.25) between the mouse
strains revealed that the influence of genetic variants disrupting
TF-binding sites on initiation levels is position dependent (Fig. 2c-f).
For example, variants that weaken consensus binding sites of NRF1or
NFY at their preferential positions relative to the TSS were strongly
associated with reduced transcription (Extended Data Fig. 5g,h),
consistent with the steric requirements of transcription complex
assembly?**,

Analysis of all motifs in the HOMER2 database revealed that
sequence variation found in 300 of 463 motifs is significantly asso-
ciated with distance-dependent changes in transcription initiation
(P, < 0.0linatleast one position). Clustering of TF-binding-site pat-
terns stratified three major classes: pure transcriptional activators,
pure transcriptional repressors and dual-function TFs (Fig. 2e,f).
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cells,isshown at the top. ¢, Synthetic TF-binding site insertions confirmthe
position-dependent function of TFs. Summary of TSS-MPRA data for six
TF-binding sitesinserted at three positionsrelative to the TSS. The impact
ofinserting the TF-binding site was measured as the log ratio of normalized
transcriptlevels versus the wild-type control. n =13 distinct promoters,
enhancers and other TSRs. The box plots show the median (centre line), 25th
and 75th percentiles (box limits), and the minimum and maximum values
(whiskers) for each position.

For dual-function TFs, the location of the binding site relative to the
TSS determined their role in activating or repressing transcription,
usually segregated by their localization upstream or downstream
of the TSS, respectively. This group includes the binding sites of the
strong, ubiquitous TFs that are typically characterized as activators
(Sp1/KLF, NRF1 and NFY), MYC, RUNX and other TFs that physically
interact with the RNA polymerase Il complex (Fig. 2f). These results
were also verified using an alternative analysis approach® (Supple-
mentary Fig.2). The function of TFsthat bind to these sitesis therefore
highly dependent on their relative position to the TSS. Pure activa-
tors, exemplified by the lineage-determining TF PU.1, included TFs
of which variants with weakened consensus binding sites are gen-
erally associated with areduction in transcription. These findings
are consistent with previous reports suggesting that the TFs binding
to these sites promote transcription through indirect mechanisms,
including chromatin opening and epigenetic modification®**>, The
third cluster of pure repressors encompassed TF-binding sites that
were associated with transcription activation when disrupted, and
included the well-characterized repressors ZEB2%* and ZBTB7A
(also known as LRF)*.

To assess whether position-dependent TF function extends to
signalling-dependent TFs, we stimulated macrophages from both
mouse strains with the TLR4 agonist Kdo,-lipid A (KLA), which elicits
astrong innate immune response®. Consistently, this stimulation led
to amuch more prominent signature for the binding sites of the main
response factor, NF-kB® (Fig. 2d, Extended Data Fig. 5i,j and Supple-
mentary Fig. 2). These data highlight position-dependent activity of
TFsasawidespread phenomenon that extends to signalling-dependent
TFsand argue that genome-wide analysis of TF-binding sites and their
spatial constraints relative to the TSS provides unbiased insights into
TF function, thereby providing a tool to bridge the gap between DNA
sequence and transcription.
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TSS-MPRA confirms TF positional function

Todirectly assess how the position of TF-binding sites within regulatory
sequences affects transcription en masse, we developed a massively
parallel reporter assay (MPRA) strategy to capture transcription initia-
tionatbase resolution® (TSS-MPRA; Fig. 3aand Methods). As exempli-
fied fora TSR found at the E/F2S1locus, TSS-MPRA accurately captured
therelativeinitiation frequencies and locations of TSSs observed in vivo
by csRNA-seq (Fig. 3b and Extended Data Fig. 6a).

To examine position-dependent TF function, we next synthetically
inserted the binding site of six TFs (Sp1, NRF1, NFY, YY1, p53 and CTCF)
or a control sequence predicted to not be bound by any known TF at
positions —50 bp, -20 bp or +25 bp relative to the TSS into 13 different
TSRs (Supplementary Table S2) and performed TSS-MPRA. As aninter-
nal control, and to mitigate potential barcode-dependent biases, each
construct was paired with four distinct barcode sequences (Methods).
In agreement with our results above, TF-binding site insertion at
-50 bp or 20 bp relative to the TSS stimulated initiation approxi-
mately fourfold for Spl and NRF1, and twofold for NFY (Fig. 3c). By

Fig.4|Spatialinteractions between TFs determines TSS positionand
initiation frequency. a, Heat map of TSS measurements captured by
TSS-MPRAfora2bp sweep of Spl-binding sites (blue) from -100 to +40 across
anartificial, motif-depleted promoter. b,c, Position-dependent activity
patterns determined using TSS-MPRA TF sweeps resemble each TF’s natural
enrichment profile. The average log,-transformed change ininitiation activity
for all TSSs compared with their mean levels were plotted relative to the
Spl-binding-site (b) or the NFY-, NRF1- or YY1-binding-site (c) distance to each
TSS. Average of n = 2 biological replicates. d, Multipleindependent experimental
approaches show similar spatial-functional profiles for a TF. Natural NFY-
binding-site enrichment relative to the active TSS (black), theimpact of NFY
knockdown (orange), theimpact of natural genetic variation in the NFY-binding
sites (green) and aTSS-MPRANFY sweep (blue) reveal consistent, position-
dependent functional profiles and superhelical preferences for NFY (each
profile was minimum/maximum scaled to1/-1). e, Position-dependent TF
activity was altered when NRF1is swept through the putative TOB2 enhancer
(eTOB2) versus the TOB2 enhancer with the endogenous NRF1-binding site
mutated (mutNRF1).f, Transcriptioninitiationis affected by the relative
spacing between TF-binding sites and TSS location. TSRs containing both
NRF1-and Spl-binding sites sorted by the distance between them are shown
with csRNA-seqinitiationlevels on both the positive (red; +) and negative
(blue; -) strands. g, Position-dependent TF-TF interactions. TSSs upstream of
the NRF1but downstream of Spl (black triangle) are upregulated after NRFI
knockdown while most downregulated TSSs are downstream from NRF1, even
if Splis found downstream as well (red circle). Upregulated TSSs are shownin
green,and downregulated TSSs are shownin purple. Expression of dnNRF1
generallyrepresses all nearby TSS activity. h, Model of how TF interactions can
mediate TSS selection.

contrast, insertion of the same sites at +25 bp reduced initiation by
twofold to fivefold. Insertion of a CTCF site at the +25 position was even
morerepressive, consistent with the strong DNA binding and insulator
function of CTCF*®8, By contrast, binding sites for YY1, which evolved
to function at or just downstream of the TSS*, showed the inverse trend,
with significantincreasesin transcription when positioned at +25.

Binding of a TF at positions —20 bp or +25 bp relative to the TSS is
generally thought to be stericallyincompatible with RNA polymerase
Il complex assembly®. The negative regulatory phenotype observed
for most TF-binding sites when located at +25 bp, but less so when
upstream of the TSS at —20 bp, proposes that the downstream core
promoter regionis critical for initial TFIID DNA recognition, while TFs
boundto the upstream promoter region may be more readily displaced
after TFIID has docked. These findings lend functional support to the
cryo-electron-microscopy-based model that posits that TFIID initially
interacts with TSRs in the downstream promoter region before transi-
tioning to the upstream core promoter region®*>°°,

Anotable exceptionwas the tumour suppressor p53. The p53-binding
sitelacks natural preferential spacing (Extended Data Fig. 5k) and acti-
vated transcription across all tested positions, resembling the behav-
iour of pure activator TFs uncovered in our natural genetic variation
analysis. This finding is consistent with previous reports*****2.and may
provide an explanation for the unique potency of p53 to rewire tran-
scription networks by itself. Together, these results corroborate the
position-specific impact of TF-binding sites on transcription initia-
tion and suggest that there are different classes of TFs with distinct
position-specific effect profiles.

TF interactionsinfluence TSS use

Synthetic recreation challenges our true understanding of observed
biological phenomena. We therefore designed a synthetic 150 bp DNA
sequence lacking known TF-binding sites and generated thousands of
variations thereof by placing abinding site for NRF1, NFY, YYlor Splin
2 bpincrements across the entire sequence. Capturing bothinitiation

strength and positions using TSS-MPRA revealed that insertions of

TF-bindingsites frequently resulted in de novo TSSs (Fig. 4a, Extended
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Fig.5|Position-dependent TF functionin human disease. a, Positional
TF-bindingsite enrichment (right) and position-dependent activity of TFs
based onthe analysis of genetic variants and TSS activity (left) in LCLs across
67 humanindividuals calculated for 463 human TF motifs (30 bp windows
evaluated at 10 bp increments). Statistical analysis was performed using
two-sided Mann-Whitney U-tests or Fisher’s exact tests with Benjamini-
Hochberg correction. Note that only asubset of TFs with motifs is expressed
inLCLs. A detailed map withall TFs annotated is provided in Supplementary
Fig.3.b, Disease-associated variants, identified through GWAS, recapitulate
position-dependent TF function. Example of variant rs11122174, for which a
Cto Tmutationdisrupts aconsensus NRF1-binding site leading to ageneral
increaseinupstream TSS activity and decrease in downstream TSS activity.
¢, Summary of the effect of disease-associated GWAS variants grouped by
positionrelative to the TSSs suggests arole for position-dependent TF function

DataFig. 6b,c and Extended Data Fig. 7a-e), further supporting our
observation that the TFs binding to these sites can strongly influence
the recruitment and positioning of RNA polymerase Il. Aggregating
the sites of transcription initiation for each construct as a function of
the distance between the TF-binding site and the TSS (Fig. 4b,c and
Extended DataFig. 7f) revealed a position-dependent activity pattern
resembling the binding site’s natural enrichment relative to active TSSs,
similarto our previous results (Fig. 1d and Extended Data Fig. 2c). Thus,
multipleindependent experimental and analytical approaches revealed
anextremely similar pattern for agiven TF (Fig. 4d and Extended Data
Fig. 8a-d). While many activator TFs shared an overall preference for
binding the =50 bp region relative to the TSS, similar to a fingerprint,
each TF exhibited a unique pattern. These findings propose a model
in which human TFs can directly guide transcription initiation based
onthe consensus of their unique spatial-functional profiles (Extended
DataFig. 8e).

To test this model, we repeated the NRF1 sweep through a natu-
ral enhancer region adjacent to the TOB2 gene. The activity pattern
obtained by TSS-MPRA initially resembled that of the NRF1-binding-site
sweep through our synthetic motif-depleted sequence, but then
diverged with a more pronounced 10 bp helical periodicity upstream
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indisease. GWAS variants weakening TF-binding sites upstream of TSSs were
associated withreduced initiation while those strengthening TF-binding sites
were associated withincreased transcription (trans.). Vice versa, weakening
TF-bindingsitesincreased proximal TSSs, consistent with thereported
position-dependent TF blocking function. d, An analysis of 133 human
promoters and enhancers using TSS-MPRA showed that the mutation of
TF-bindingsites for ETS1, NFY, NRF1,Spland YY1 within their naturally
enriched positionisassociated with reduced initiation, while mutation of sites
in positions at which the TF-binding siteis naturally depleted were associated
withactivation (=20 promoters each). Each pointrepresentsanindividual TSS.
e, Mutation of TF-binding sites resulted in changesin TSS selection and
alternative 5’ UTRs. The mean shift of all TSS positions between the mutant and
control elements s plotted for the mutation of each TF-binding-site family.

of =50 bprelative to the TSS (Fig. 4e). We hypothesized that these dif-
ferencesin the spatial activation profiles could be due to the presence
of other TF-binding sites in the enhancer region, such as the NRF1site
naturally found at —50 bp (Extended Data Fig. 8f). Indeed, repeating
the NRF1-binding-site sweep in the TOB2 enhancer inwhich the innate
NRF1site was mutated revealed a pattern that now closely resembled
the synthetic NRF1sweep (Fig. 4e). These results highlight that tran-
scription initiation is affected by the spatial relationships not only
between TF-binding sitesand the TSS, but also between the TF-binding
sites themselves.

To further examine the relationship between TF-binding site spac-
ing and transcription initiation, we selected all TSRs active in U20S
cells that contained at least two activator TF-binding sites of interest
within 300 bp of one another and the primary TSS, such as Spland NRF1
motifs. Sorting these TSRs based on the distance between the sites and
visualizing transcription initiation patterns measured by csRNA-seq
revealed several trends that are consistent with the position-dependent
functions of TF-binding site pairs in vivo. First, TSSs were predomi-
nantly located at the preferred position characteristic for the 3’ TF
in each TF-binding site pair (Fig. 4f (2’ regions)). Second, TSSs were
depleted in between the two TF-binding sites, consistent with the



ability of these TFs to suppress initiation when binding downstream
of the TSS, indicating that the most-3’-binding TF has a dominant
role in activating TSS selection (Fig. 4f (‘' regions) and Extended
DataFig.9).

To gain further insights into TF-mediated TSS selection, we reana-
lysed our own as well as published TF knockdown data for NRF1, YY1
and NFY* withafocus on regulatory elements with multiple TF-binding
sites. For clarity, we limited the presentation of these datato one DNA
strand only. Ectopically activated (or derepressed) TSSs after TF knock-
downwere preferentially upstream of the targeted TF’s binding site but
downstream of the second TF (Fig. 4g (black triangle) and Extended
DataFig.9b-d), corroborating the role of TF-mediated blocking in TSS
selection. As expected, downregulated TSSs were found at the preferred
distance downstream of the targeted TF-binding site but, importantly,
alsowhen the site was preferentially positioned upstream of the second
activator TF-binding sites, for example, Sp1 (Fig. 4g (red ellipse) and
Extended Data Fig. 9b-d). This emphasizes that NRF1 or NFY binding
upstreamof Splis necessary for proper initiation strength, supporting
an additive model for TF contribution to transcription activity when
multiple TFs are bound at their preferential positions®. Together with
the result that NRF1 or NFY binding downstream of Sp1 can repress
transcription initiation, this finding demonstrates that the order and
spacingamong TFsis critical for cooperative or antagonistic function
and TSS selection (Fig. 2h).

TF positioning in human disease

Toinvestigate the role of position-dependent TF function across human
individuals and putative functions in disease, we analysed nascent
TSSs captured in lymphoblastoid cell lines (LCLs) from 67 Yoruba
individuals®® with sequenced genomes. We first defined TSS quan-
titative trait loci (tssQTLs) by correlating SNPs with individual TSS
levels, and then stratified the impact of tssQTLs in TF-binding sites in
adistance-dependent manner. This analysis revealed the same group-
ing of TFs into pure transcriptional activators, pure transcriptional
repressors and dual-function TFs with distinct positional preferences,
relative to the TSS, as observed in the mouse strain data (Fig. 2f),
and often mimicked each TF-binding site’s enriched localization in
human TSSs (Fig. 5aand Supplementary Fig. 3). Integrating data from
genome-wide association studies (GWASs) further demonstrated a
position-dependent effect of disease-associated genetic variants on
TSSlevels, contingent onthe position of TF-binding sites. Forexample,
thevariant rs11122174-T, which is linked to defects in haematopoiesis®*,
disrupts an NRF1site in the TTCI3 promoter, resulting in decreased
initiation downstream of the mutated site and an increase in initia-
tionfromupstream TSSs (Fig. 5b and Extended DataFig.10a). Indeed,
tssQTL variants that weaken binding sites of many dual-function TFs
(Spproteins, ETS, NFY,NRF1, CRE, ZBTB33, AP-1and PU.1) upstream of
TSSs predominantly decreased transcription initiation (P < 0.00022,
Fisher’s exact test). Conversely, variants enhancing the consensus
of weaker binding sites were associated with increased initiation
(P=3.8x107%,Fig.5c). By contrast, consistent with position-dependent
TF function, TF-binding-site-disrupting variants downstream of the
TSSincreased transcription (P=0.0019). Strengthening of a down-
stream site by comparison had a lesser impact, potentially because
TF binding to moderate-affinity sites already causes steric hindrance
(P=0.35; Fig.5c).

To corroborate these findings, we assessed the effect of mutating
TF-binding sitesin 133 human promoters and enhancers on transcrip-
tioninitiation using TSS-MPRA. Consistently, mutation of TF-binding
sites within their naturally enriched positions was associated with
repression, whereas mutations of sites outside of this region were asso-
ciated with increased transcription initiation (Fig. 5d and Extended
DataFig.10b,c). Moreover, mutation of these TF-binding sites resulted
in notable changes in TSS selection and therefore alternative 5 UTRs

(Fig. 5e and Extended DataFig.10c), a characteristic feature of numer-
ous diseases**>%¢, Mutation of TF-binding sites near TSSs or within
their naturally enriched positions had the strongest effect relative to
sites that occur elsewhere (Extended Data Fig. 10d). Together, these
findings show that the position-dependent function of TFs canimpact
human gene regulation in health and disease.

Discussion

Multiple independent lines of functional evidence consistently repli-
cate spatial-functional profiles of a TF, including (1) TF perturbation;
(2) natural genetic variation; (3) TF-binding-site insertion or deletion
screens in natural TSRs; (4) synthetic DNA TF sweep TSS-MPRAs; and
(5) analysis of human individuals and GWAS variants. Importantly,
functional profiles align with the enriched or depleted positions for
TF-binding sites relative to TSSs genome-wide, indicating that the
naturally observed positioning of TF-binding sites can reveal important
information about position-dependent TF function. The fact that these
patterns also emerge for cell-type- or stimulus-specific TFs relative
toregulated TSSs (Extended Data Fig. 2f and Extended Data Fig. 5g,h)
indicates that TSS mapping followed by spatial analysis of TF-binding
sites could provide valuable insightsinto TF functions when studying
awide range of biological systems, disease states and even different
species. Position-specific enrichment of TF-binding sites in specific
disease contexts can also be observed for inflammatory regulators
during COVID-19 or in flavivirus infection®” %, We speculate that these
profiles reflect the combined impact of multiple regulatory mecha-
nisms for each TF. For example, activator TFs may function to remodel
chromatin or directly recruit the transcription machinery to broader
regions relative to the TF’s binding site, but binding of TFs to DNA
itself can also sterically hinder formation of or redirect the preinitia-
tion complex in close proximity. Overall, these data indicate that TFs
cooperatively drive TSS selection in a manner consistent with their
unique position-dependent functional properties. As such, different
spatial arrangements of the same sets of TFs can lead to distinct gene
regulatory outcomes (Fig. 5f). More broadly, our findings highlight a
spatial grammar as central to encode the multiple, often overlapping
gene regulatory programs in our genome.
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Methods

Experimental Methods

Cell culture, siRNA and mRNA transfections. U20S, HepG2, HEK293T
or Vero E6 cells were grown at 37 °C with 5% CO, in DMEM (Cellgro) sup-
plemented with10% FBS (Gibco), 50 U penicillinand 50 pg streptomycin
per ml (Gibco). For siRNA transfection, cells were washed once with
PBS (Gibco), trypsinized for about 5 min and then washed twice with
PBS (Gibco) by centrifugation at 400g for 5 min. Subsequently, about
3 million cells were resuspended in 150 pl gene pulser electroporation
buffer (Bio-Rad) and siRNAs in 1x siRNA buffer (60 mM KCI, 6 mM HEPES
pH 7.5,0.2 mM MgCl,). The following siRNAs were used: M-011796-
02-0005 siGENOME human YY1 (7528) siRNA, M-017924-01-0005
siGENOME human NRF1 (4899) siRNA and siGFP (CCACUACCUGAGCAC
CCAGU®) as a control. For transfection of the dominant-negative NRFI
mutant (AA1-304)*, the sequence was cloned into pGEM-T and mRNA
was synthesized using the mMMESSAGE mMACHINE T7 Transcription
Kit (Thermo Fisher Scientific). siRNAs and dnNRF1 were used at afinal
concentration of 10 pM. The mixture was transferred toa 0.2 cm cuvette
and pulsed once at 250 V for a constant 20 ms. After electroporation,
1ml complete growth medium was added and cells grown for 24 hin
a6 cmdish. To collect RNA, the plates were washed three times using
ice-cold PBS with 1 ml TRIzol reagent added. Cells were scraped and
RNA was extracted as described by the manufacturer with addition
of 1 pl 15 mg ml™ GlycoBlue coprecipitant (Thermo Fisher Scientific).

Mouse BMDMs. This study used total RNA originally collected from
macrophages generated from C57BL/6 and SPRET strains of mice as
partofaprevious study. The derivation of BMDMs and their treatment
with KLA for 1 h were performed as described previously*®. Total RNA
from these samples was used to perform csRNA-seq as described below.

Western blot. Cells were lysed in 1x NuPAGE LDS sample buffer (Ther-
mo Fisher Scientific), sonicated for about 30 s and then incubated at
95 °C for 5 min under 2,000 rpm agitation. The samples were then
centrifuged for 5 min at 21,000g and about 10 pg total protein was
loaded on a NUPAGE 4 to 12% Bis-Tris gel (NP0321BOX, Thermo Fisher
Scientific). The gel was washed for 5 min in water, transferred for 90 min
at200 mA in 1x NuPAGE transfer buffer (NPOOO6, Thermo Fisher Sci-
entific) and blocked for 40 minin -1% non-fat dry milk in TBS. Original
data are shown in Supplementary Fig. 4. Primary antibodies were al-
lowed to bind at 4 °C overnight. The following antibodies were used:
anti-YY1(SantaCruz,sc-7341, HRP YY1 (H-10),1:200), anti-NRF1 (Abcam,
ab55744,1:1,000) and anti-B-Actin (Cell Signaling, D6AS, 84575, rabbit
monoclonal antibody, 8457,1:2,500). Western blots were quantified
(Supplementary Table 3) using Fiji (v.1.53j) with mean grey value only.

csRNA-seq. csRNA-seqwas performed as described previously?. Small
RNAs of around 20-60 nucleotides were size-selected from 0.4-2 pg of
total RNA by denaturing gel electrophoresis. A 10% input sample was
takenaside and the remainder enriched for 5’-capped RNAs. Monophos-
phorylated RNAs were selectively degraded by 1 h incubation with
Terminator 5’-phosphate-dependent exonuclease (Lucigen). Subse-
quently, RNAs were 5’-dephosporylated through 90 min incubation
in total with thermostable QuickCIP (NEB) in which the samples were
briefly heated to 75 °C and quickly chilled onice at the 60 min mark.
Input (SRNA) and csRNA-seq libraries were prepared as described previ-
ously” using RppH (NEB) and the NEBNext Small RNA Library Prep kit,
amplified for 14 cycles and sequenced single-end for 75 cycles on the
Illumina NextSeq 500 system.

ChIP-seq. ChIP-seqwas performed as described previously”. A total
of 3 x10° U20S cells was fixed for 10 min with 1% formaldehyde/PBS,
the reaction was quenched by adding 2.625 M glycine, cells washed
twice withice-cold PBS, snap-frozenin1 million cell pellets and stored

at—80 °C.For dnNRF1-HA ChIP-seq, cells were collected 12 h after elec-
troporation with 3 pgIVT dnNRFI-HA mRNA as described above. Fixed
cellswerethawed onice, resuspendedin 500 plice-cold buffer L2 (0.5%
Empigen BB, 1% SDS, 50 mM Tris/HCI pH 7.5,1 mM EDTA, 1 x protease
inhibitor cocktail) and chromatin was sheared to an average DNA size
0f300-500 bp by administering 7 pulses of 10 s duration at 13 W power
output with 30 s pause on wet ice using a Misonix 3000 sonicator. The
lysate was diluted 2.5-fold with 750 plice-cold L2 dilution buffer 20 mM
Tris/HClpH 7.5at20 °C,100 mMNacCl, 0.5% Triton X-100,2 mM EDTA,
1x protease inhibitor cocktail), 1% of the lysate was kept as ChIP input,
and the remainder was used forimmunoprecipitation using the follow-
ingantibodies: dnNNRF1-HA (2 pg anti-HA, Abcam, ab9110), NRF1 (2 pg,
Abcam, ab175932) and YY1 (2 pg, ActiveMotif, 61980) and 20 pl of Dy-
nabeads Protein Awhilerotating overnight at 8 rpmand 4 °C. The next
day, the beads were collected on a magnet, washed twice with 150 pl
each of ice-cold wash buffer 1 (10 mM Tris/HCI pH 7.5,150 mM NacCl,
1% Triton X-100, 0.1% SDS, 2 mM EDTA), wash buffer Il (10 mM Tris/
HClpH 7.5,250 mM LiCl, 1% IGEPAL CA-630, 0.7% deoxycholate,1 mM
EDTA) and TET (10 mM Tris/HCI pH 7.5,1mM EDTA, 0.2% Tween-20).
Libraries were prepared directly on the antibody/chromatin-bound
beads. After the last TET wash, the beads were suspended in 25 pl TT
(10 mM Tris/HCl pH 7.5, 0.05% Tween-20), and libraries were prepared
using NEBNext Ultra Il reagents according to the manufacturer’s pro-
tocol but with reagent volumes reduced by half, using1 pl of 0.625 pM
Bioo Nextflex DNA adapters per ligation reaction. DNA was eluted and
cross-links were reversed by adding 4 p1110% SDS, 4.5 pl 5 M NacCl, 3 pl
EDTA, 1 pl proteinase K (20 mg ml™), 20 pl water, incubating for 1 h
at 55 °C, then overnight at 65 °C. DNA was cleaned up by adding 2 pl
SpeedBeads 3 EDAC in 62 pl of 20% PEG 8000/1.5 M NaCl, mixing and
incubating for 10 minat room temperature. SpeedBeads were collected
onamagnet, washed twice by adding 150 p180% ethanol for 30 seach,
collecting beads and aspirating the supernatant. After air-drying the
SpeedBeads, DNA was eluted in 25 pl TT and the DNA contained in
the eluate was amplified for 12 cycles in 50 pl PCR reactions using the
NEBNext High-Fidelity 2x PCR Master Mix or the NEBNext Ultra [l PCR
Master Mix and 0.5 pM each of primers Solexa 1GA and Solexa 1GB.
Libraries were cleaned up as described above by adding 36.5 1l 20%
PEG8000/2.5 MNaCland2 plSpeedbeads, two washes with150 pl 80%
ethanol for 30 s each, air-drying beads and eluting the DNA into 20 pl
TT. ChIP library size distributions were estimated after 2% agarose/
TBE gel electrophoresis of 2 pl of library, and library DNA amounts
measured using the Qubit HS dsDNA kit on the Qubit fluorometer. ChIP
input material (1% of sheared DNA) was treated with RNase for 15 min
at37°Cin EB buffer (10 mM Tris pH 8, 0.5% SDS, 5 mM EDTA, 280 mM
NaCl), then digested with proteinase K for 1 h at 55 °C and cross-links
were reversed at 65 °C for 30 min to overnight. DNA was cleaned up
using 2 plSpeedBeads 3 EDAC in 61 pl of 20% PEG 8000/1.5 M NaCland
washed with 80% ethanol as described above. DNA was eluted from the
magnetic beads with 20 pl of TT and library preparation and amplifica-
tion were performed as described for the ChIP samples. Libraries were
sequenced single-end for 75 cycles to a depth of 20-25 million reads
onthelllumina NextSeq 500 instrument.

TSS-MPRA. Twist Bioscience insert library cloning. Insert library
(10 ng) was PCR amplified in 50 pl mastermix (25 pl Q52x MM, 0.25 pl
100 uM pMPRAI1-LH (5’-GGTAACCGGTCCAGCTCA), 0.25 ul1 100 uM
PMPRAI-RH (5’-CGTGTGCTCTTCCGATCT)) under the following con-
ditions: 30 s at 98 °C; followed by 2x cycles of 10 s at 98 °C, 20 s at
65°Cand15sat 72 °C; followed by one more cycle with access prim-
ers and finally 2 min at 72 °C. The PCR product (-200 bp) was run on
a 2% agarose gel, then gel-extracted and cleaned up using PureLink
Quick Gel Extraction Kit (Invitrogen; K210012). The library pool was
Gibson-assembled into Bsal-linearized pTSS-MPRA-Empty plasmid®.
This reporter plasmid is based on the background-reduced pGL4.10
reporter backbone (Promega), with a cloning site harbouring the 18 bp
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PMPRAI-LH sequence followed by tandem Bsal sites for linearization
and the TruSeq Read 2-compatible pMPRA1-RH sequence and adown-
stream landing site for reverse transcription primer RS2, and an eGFP
ORF replacing the luciferase 2 gene. pMPRA1 (400 ng) was digested
with Bsalin 20 pl (1 pl Bsal, 2 pl CutSmart buffer (NEB)) at 37 °Cfor1h
and linearized plasmid was gel-extracted from an agarose/TBE gel using
the PureLink Quick Gel ExtractionKit (Invitrogen; K210012). Amplified
library was Gibson-assembled into cut plasmid using NEBuilder HiFi
2x master mix with a fivefold molar excess of the library at 50 °C for
l1hina4 pltotal volume.

Transformation. NEB 5-alpha (10 pl) chemically competent Escherichia
coli (high efficiency, NEB, C2988) were transformed with 1 pl of Gibson
assembly reaction, mixed and placed onice for 30 min. Cells were sub-
jected to heat-shock at 42 °C for 30 s, and then placed onto ice again
for 5 min. A total of 950 pl of room temperature SOC was added and
the cells were then incubated at 37 °C for 1 h while mixing at 250 rpm.
Then, 200 pl of SOC culture was added to 200 ml of LB broth contain-
ing100 pg ml™ carbenicillin and agitated at 37 °C, 225 rpmfor16-18 h
beforeisolating plasmids using the PureLink HiPure Plasmid Maxiprep
Kit (Invitrogen; K210006). Note that, for higher-diversity libraries
such as fragmented genomes or scrambled oligos, precipitate your
assembled plasmid and use electroporation.

Transfection. About 800,000 HEK293T cells were seeded into 3 ml
DMEM (Cellgro, supplemented with 10% FBS (Gibco), 50 U penicillin
and 50 pg streptomycin per ml (Gibco)) 24 h before transfectionina
6 cmdishand grownat 37 °Cwith 5% CO,. For each plate and construct,
25 pg plasmid DNA was transfected using Lipofectamine 3000 (Thermo
Fisher Scientific) as described by the manufacturer. After 8 h, cells were
washed three times with PBS (Gibco) and RNA was extracted using 1 ml
Trizol (Thermo Fisher Scientific).

5’-capped RNA enrichment. In total, 10-15 pg RNA (one-third of the
total) was dissolved in 15 pl TE’T (10 mM Tris pH 8.0, 0.1 mM EDTA,
0.05% Tween-20), heated to 75 °C for 90 s, then quickly chilled on wet
ice. Non-capped RNAs were dephosphorylated with Quick CIP (NEB)
and DNA digested by adding 25.25 pl MM1 (double-distilled H,O + 0.05%
Tween-20, 5 pl CutSmart buffer, 0.75 pl SUPERase in RNase inhibitor
(20 U pl™, Thermo Fisher Scientific), 0.5 ul RQ1 DNase (Promega),
2 pl Quick CIP). The sample was mixed well and incubated at 37 °C for
90 min. For more complete dephosphorylation of uncapped tran-
scripts, RNA was denatured a second time in MM1 at 75 °C for 30 s
in a prewarmed water bath and then quickly chilled onice for 2 min
before incubating the sample at 37 °C for another 30 min. After dou-
ble cap-enrichment, RNA was purified by adding 500 pl Trizol LS,
mixed and thenadding 140 pl TE'T and 140 pl CHCI; + 1AA (24:1, Sigma
Aldrich). The samples were vortexed hard and subsequently centri-
fuged for 10 min at 12,000g at room temperature (21 °C; allowing the
CIPto move to the lower phase). After phase separation, the top layer
was taken, and RNA was precipitated by mixing first with 1/10 vol 3M
NaOAc and then1vol 100% isopropanol. The mixture was incubated
at —20 °C for at least 20 min to overnight, then RNA precipitated by
centrifuging at >21,000g for 30 min at 4 °C. The supernatant was
removed, the samples centrifuged once more and all of the remaining
liquid was removed before washing the pelletin 400 pl 75% ethanol by
inversions followed by centrifugation as before. All ethanol was com-
pletely removed, and the pellet was air-dried at room temperature for
around 3-5 min.

Library preparation. RNA pellets were resuspendedin 5 pl TE'T, heated
75°Cfor 90 s, then quickly chilled onice. To remove 5’ caps, we next
added 10 pl DecappingMM (3.25 pl double-distilled H,0 + 0.05% Tween-
20,1.5 ul10x T4 RNA ligase buffer, 4 pl PEG 8000, 0.25 pl SUPERase in
RNase inhibitor and 1 pl RppH (NEB)) and incubated the samples at
37 °Cforlh.After decapping, 5’ adapters were ligated by T4 RNA ligase
1using 10 pl LIMM (1 pl10% T4 RNA ligase buffer, 2 pl10 mM ATP, 1.5 pl
10 pM 5" adapter, 4.5 pl PEG 8000 and 1 pul T4 RNA ligase 1 (NEB)) and
incubating at room temperature (21 °C) for 2 h. For better results, we

next repeated the Trizol clean-up as described in the '5’-capped RNA
enrichment’ section.

RNA pellets were next resuspendedin 7 plannealing MM (1 p120 mM
RS2 primer (5-AGCGGATAACAATTTCACACAGGA-3’),2 ul 700 mMKCI
and 4 pl TET (10 mM Tris pH 7.5,1 mM EDTA, 0.05% Tween-20)) and
incubated at 75 °C for 90 s followed by 30 minat 56 °C and then cooled
downtoroomtemperature. Next, 13 mI RT MM (7.5 pl double-distilled
H,0 +0.05% Tween-20, 1 ul RT buffer (homebrew, 500 mM Tris-HCI
pH 8.3,30 mMMMgCL,),2 pl 0.1MDTT, 2 pl 10 mMdNTPs, 0.5 pl SUPER-
ase in RNase inhibitor and 1 pl Protoscript I (NEB)) were added and
samplesincubate at 50 °C for1h.

The samples were amplified (95 °C for 3 min; then 14 cycles of 95 °C
for30s,62°Cfor30s,72°Cfor45s;and 72 °Cfor3 min) at 50 plvolume
(25 pl2x Q5MM (NEB), 2.8 1l 5 M betaine (Sigma-Aldrich), 2 pl 10 uM
3’barcoding primer, 0.2 pl100 uM 5’ primer). Note that the extended
extension time is important to ensure that all PCR products are com-
pletely amplified. After PCR, 1 pl of 20 mg mI™ RNase A was added and
thereactionwasincubated at 37 °Cfor 30 min. PCRreactions were puri-
fied using 1.5 vol of beads (2 pl Sera-Mag carbonylated beads (Cytiva),
34 pl5MNacl, 37.5 pl40% PEG 8000) and sequenced paired-end 50/30
onthe NextSeq 500 system.

Data analysis

HOMER2. HOMER2 enables investigation of DNA sequence fragments
and TF-binding sites enrichment accounting for the general nucleo-
tide content of the input fragments (for example, total GC content)
and position-dependent nucleotide biases (Extended Data Fig.1and
Supplementary Fig. 5). While HOMER2 is used to analyse sequences
and account for sequence biases near TSSs, similar to its predecessor
HOMER?, the software package can be used for a wide range of data
analysis. HOMER2 s available online (http://homer.ucsd.edu/homer2/;
HOMER2 s fully integrated into HOMER starting with v.5).
Position-dependent background selection and motifenrichmentin
HOMER?2. To account for the influence of position-dependent sequence
bias on the calculation of TF-binding motif enrichment, we developed
improvements in HOMER to select random genomic sequences that
contain the same position-dependent sequence features present in
aset of target sequences (for example, sequence anchored at thee
TSS). Previously, when HOMER performed motif-enrichment calcu-
lations, random sequences from the genome were selected to con-
struct an empirical background set such that the overall distribution
of GC% per sequence in the background set matched that of the tar-
get sequence set (Extended Data Fig. 1). The primary purpose was to
address sequence biases present in regulatory elements that overlap
CpGislands, which have different overall sequence characteristics from
other regions of the genome. HOMER2 can now select background
sequences that preserve positional preferences for nucleotide com-
position, while still matching the overall GC% fragment distribution
in the dataset (Extended Data Fig. 1). Position-dependent nucleotide
composition can be considered for different k-mer lengths, that is,
k=1 (simple nucleotide frequency), k = 2 (dinucleotide frequency),
k=3 (trinucleotide frequency) and so on. k =2 was used in this study.
This selection is restricted to datasets with a fixed sequence length
to unambiguously assess position-specific information relative to a
defined anchor point. Inaddition to the sequence-selection procedure
outlined below, HOMER has also been updated to generate synthetic
sequences based on a Markov model describing k-mer transitions in
a position-dependent manner to create a background dataset of syn-
thetic sequences with the desired characteristics.

First, target sequences (for example, 200 bp from TSS locations)
are assessed for their overall GC% content and positional k-mer con-
tent (Supplementary Fig. 5). Target sequences are then sorted by their
overall GC% and segregated into n bins corresponding to increasing
ranges of overall GC% content (n =10 for this study). Sequences from
the genome matching these GC% ranges are identified and putatively
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assigned to the appropriate GC-bin. Next, the genomic sequences
assigned from each bin are then sampled to generate a set of back-
ground sequences that matches the positional k-mer frequencies
of the target sequences in each corresponding GC bin. Background
sequenceselectionineach GC-binis performed using aniterative gra-
dient descent approach that progressively removes sequences until
the final desired number of background sequences perbinis reached.
During each iteration, the overall similarity between the positional
k-mer frequencyinthetarget and background setsis computed. Each
target and background sequence is then scored against these k-mer
frequency differences based on the k-mers present in each sequence
at each position and adding the differences in their frequencies (lin-
ear combination). Background sequences for the next iteration are
then randomly sampled on the basis of the relative fraction of target
sequences that have a similar overall difference score, which attempts
tomatchthe same overall distribution of the target sequences. This pro-
cessisrepeated until the differences in k-mer frequencies approaches
zerooramaximum number of iterationsisreached. Once theiterative
selection process for background sequences in each GC bin is com-
plete, the sequences are combined into a final background sequence
set and the distribution of the overall GC% and position-dependent
k-mer frequencies are calculated and compared to the original target
sequences (Supplementary Fig. 5). These sequences can thenbe used to
more accurately consider TF motif enrichment (below) or be exported
for other applications.

To calculate motifenrichment, target and background sequences are
scanned for motif matches using HOMER to generate acomplete table
of motif occurrences. For any given interval (for example, =50 to -40
relative to the TSS), the total number of target and background motif
occurrences within that range are tabulated and their enrichment is
calculated using the Fisher exact test (hypergeometric distribution).
Incasesinwhichthere are proportionally less motif occurrencesin the
target sequences compared with the background, the depletionis noted
and1- Pisreported. Thisis performed over all positional ranges and for
eachmotif queried, and theresulting Pvalues are further corrected for
multiple-hypothesis testing using the Benjamini-Hochberg method.
The corrected log-transformed P values are then reported, with com-
parisons containing depleted values reported as —1 x log[P] to reflect
depletion (versus1x log[P] for enrichment). De novo motif enrichment
is performed by applying the original HOMER search algorithm using
background sequences generated by HOMER2.

Motif analysis. To unbiasedly identify the most strongly enriched or
depleted TF-binding sites associated with transcriptioninitiation (Fig. 1
and Extended Data Figs. 2 and 3), TSRs from U20S cells were analysed
from -150 to +100 bp relative to the TSS using HOMER2 positionally
matched sequences from random genomic regions (GCbins =10,
kmer = 2). Maps of known motif enrichment were calculated for all
463 TF motifs in the HOMER known motif database for each strand
separately and at each bp using 3 bp windows (Fig. 1d). Enrichment
at human LCL TSSs was calculated on both strands every 10 bp using
30 bp windows (Fig. 5a) to directly compare with the analysis based on
genetic variants (Fig. 5a). Motif heat maps were created by clustering
the log-transformed P,; values using the correlation coefficient as
adistance metric (Cluster v.3.0)’? and visualizing the resulting heat
map using Java TreeView”® (v.1.1.6r4). Motif occurrences, including
histograms showing the density of binding sites relative to the TSS
(reported as motifs per bp per TSS), and the average nucleotide fre-
quency was calculated using HOMER’s annotatePeaks.pl tool and visual-
ized withJava TreeView, Excel (v.16.83) or R (v.4.2.2). TSSs were assigned
as apromoter TSS if their position was on the same strand and within
200 bp of a GENCODE annotated TSS. Promoter antisense TSSs were
defined as those on the opposite strand in the range of -400 to +200
relative toa GENCODE-annotated TSS. Promoter-distal (for example,
enhancer) TSSs were defined as those that are found greater than1kb
froma GENCODE-annotated TSS. Spectral analysis of TF-binding sites

was performed on TF-binding sites found between-120 and -40 bprela-
tivetothe TSS, correspondingto the region where many TFs appearto
exhibit cyclical patterns of positional preference. The power spectrum
(Fourier analysis) was calculated for periods from 0 to 50 bpin 0.1bp
increments on each TF’s strand-specific binding profile. The resulting
power spectra were normalized to their maximum value to facilitate
comparison. To segregate TSSs on the basis of the presence of initiator
core promoter elements, the genomic sequence adjacent to each TSS
was scanned for astrand and position-specific match to the sequence
IUPAC motif BBCA + 1BW (where the A + 1defines theinitiating nucleo-
tide)™. TSSs with a match were considered to be Inr-containing TSSs.
Analysis of TSSs and TF-binding sites in the context of natural
genetic variation. To assess how variationin TF-binding site sequences
relate to changes in TSS activity, we developed a framework for nat-
ural genetic variation analysis within HOMER2 that was inspired by
MAGGIE®. First, variants in cis near TSSs with significant changes in
activity are found (for example, <200 bp) and the alleles associated
with higher activity are assigned as ‘active’, while their corresponding
alternative alleles are assigned as ‘inactive’. If a variant overlaps agiven
TF-binding site, the change in motif log odds score is calculated for
that motif (active - inactive) and a distribution of motif score changes
is created for all variants impacting that motif at sites within a given
distance interval fromthe TSS. In MAGGIE’s original formulation, the
nullassumption underlying the nonparametric rank-sum significance
calculations was that changes in motif score are independent of TSS
activity, implying that the average of the distribution of motif scores
should be zero. However, variants found near TSSs with differential
activity do not follow auniform pattern and may impact other sequence
features thatinfluence transcriptioninitiationina position-dependent
manner (for example, core promoter elements) (Fig. 1aand Extended
DataFig. Se,f). Thisimplies that the expected changesinlog odds scores
foragiven motifatagivendistance fromthe TSS may follow a different
distribution (thatis, 1=0).

Tomoreaccurately assess how genetic variationimpacts TF-binding
sites and TSS activity as a function of distance to the TSS, HOMER2
attempts to model the expected distribution of changes in motif log
oddsscores given the full distribution of variants observed relative to
the TSS. This analysis is limited to single-nucleotide variants (SNVs/
SNPs), which are evaluated independently from one another. First, a sat-
uration mutagenesis scanis performed on each sequence toidentify all
ofthe positions where amatch to agiven motif may occur, and all of the
potential differencesin log odds scores as function of the variant and
positionarerecorded. Then, foragiveninterval, anexpected distribu-
tion of motif score changes is constructed taking the changes observed
inthe saturation mutagenesis analysis and then scaling their expected
frequency by the total number of variants of each type (that is, Ato C)
observed at that position relative to the TSS. This expected distribution
is then compared to the observed changes in motif scores from the
actual variants and their sequences using nonparametric rank-sum tests
(Mann-Whitney U-tests) to calculate the significance of the difference.
This analysis is analogous to randomizing the sequences containing
eachvariant while preserving the positionand nucleotide identity of the
variantrelative to the TSS. After all motifs are evaluated at all intervals,
the resulting Pvalues are then corrected for multiple-hypothesis test-
ing using the Benjamini-Hochberg method. Average changes in motif
score at each position and overlap with GWAS-annotated variants are
alsoreported.

For this study, the analysis was performed for all 463 motifs in the
HOMER2 known-TF-binding-site library using 30 bp overlapping win-
dows evaluated every 10 bp from -150 to +100 bp relative to the TSS.
Larger windows improve the sensitivity by capturing more binding sites
of agiven TF motif with DNA variants between strains to increase the
sensitivity, while smaller regions improve the resolution of the analy-
sis. When analysing differences between strains of mice, active alleles
were defined by TSSs that were significantly differentially regulated
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betweenstrains (see below). For analysing human variants, active alleles
were defined on the basis of a positive slope from significant tssQTLs
(Islope|>0.1,P<0.25).

As an alternative approach, we performed a second analysis by
directly comparing the sequences found in each mouse strain’s
genome assembly using the original MAGGIE program (v.1.1.1; Sup-
plementary Fig. 2c). This approach differs from that above in that it
can assess structural variation and indels in addition to SNVs, but
does not model the position-dependent changes in expected motif
score differences due to the arbitrary types of sequence variation
considered. For this alternative analysis, sequences from -150 to
+100 bp relative to the differentially regulated TSS (>1.5 shrunken
fold change in one mouse strain versus the other) were analysed.
We applied MAGGIE multiple times using an overlapping windowed
approach to analyse genomic sequences associated with specific
distance intervals from the TSS, similar to our approach above. To
perform the MAGGIE calculation for each windowed region and
TF-binding site, sequences corresponding to a given region relative
tothe TSSwere extracted from either the C57BL/6/mm10 genome or
fromregions in the same distance range relative to the homologous
TSS positioninthe SPRET genome. These regions were then scanned
using HOMER to identify TSSs associated with a match to the given
motifinatleast one of the two mouse strains. These sequences were
then analysed using MAGGIE to identify pairs for which strain specific
mutations were associated with changes in TSS activity. The signifi-
cance wasreported as the log[P] reported by Maggie, which was then
signed toindicate whether the association was more strongly associ-
ated withincreasing (negative log[P] values) or decreasing (positive
log[P] values) TSS activity. TF-binding-site enrichment heat maps
were generated by combining signed log[P] value results across all
TF-binding site and TSS-motif distances and then clustering the val-
ues using the correlation coefficient (Cluster 3.0) and visualizing the
resulting heat map usingJava TreeView (https://github.com/zeyang-
shen/maggie).

TF-TF spacing and transcription initiation analysis. To analyse pat-
terns of transcriptioninitiation near pairs of TF-binding sites (Fig. 4f),
non-redundant binding sites for the first TF-binding sites were first
identified by scanningall TSRs from-300 bp to +300 bp using HOMER2.
These sites were then scanned a second time from =300 bp to +300
to identify instances of the second TF-binding sites, and each region
containing both TF-binding sites was then sorted based on the position
ofthe second TF-bindingsites relative to the first. Note that, if multiple
instances of one of the binding sites are found in the vicinity of the other
sites, these regions will be represented multiple times in the list. The
sorted regions, centred on the first TF-binding site, were then used to
generate TF initiation level heat maps using HOMER’s annotatePeaks.
pl program using the parameter ‘-ghist’.

MEIRLOP score-based motif analysis. To analyse how well each
TF-binding site associates with the activity level of TSS, we used MEIR-
LOP (v.0.0.16)”, analysing motif occurrences from-150 to +50 bp rela-
tiveto the TSSand associating them with the total count of csRNA-seq
reads (log,). MEIRLOP assesses the dinucleotide content of each
sequence and models them as covariates when performing logistic
regression. Statistically significant enrichment coefficients (P, < 0.05)
were reported along with their confidence intervals (Extended Data
Fig. 2b; https://github.com/npdeloss/meirlop).

MEPP positional enrichment scoring. To analyse how the spatial
distribution of aTF-binding site associates with changesin TSS activity,
we used Motif Enrichment Positional Profiles (MEPP, v.0.0.1)™. For a
given motif PWM (for example, NRF1 motif), MEPP assesses the posi-
tional enrichment of the motifrelative to aset of scored sequences (for
example, thelog,-transformed fold change between the control siRNA
and NRFI siRNA conditions) that are anchored by a key feature (for
example, the TSS). MEPP first calculates the positions of the TF-binding
siteacross all regions, generating a heat map to visualize the locations

and PWM log-transformed odds scores (Fig. 1e (middle)). Positions are
indicated relative to the centre of the PWM motif. At each motif posi-
tionsurrounding the key anchor feature, we calculate the partial Pear-
son correlation of a sequence’s score with the motif’s PWM log-odds
score at that position (while controlling for GC content as a covariate
in the calculation). The positional correlation is then presented as
a profile below the heat map (Fig. 1e (bottom); https://github.com/
npdeloss/mepp).

csRNA-seq analysis. Genome originating TSS location and activity
levels were determined using csRNA-seq and generally analysed
using HOMER??, Additional information, including analysis tutorials
are available online (https://homer.ucsd.edu/homer/ngs/csRNAseq/
index.html).

csRNA-seq (small capped RNAs, ~20-60 nucleotides) and total
small RNA-seq input sequencing reads were trimmed of their adapter
sequences using HOMER (‘homerTools trim -3 AGATCGGAAGAG
CACACGTCT -mis 2 -minMatchLength 4 -min 20’) and aligned to the
appropriate genome (GRCh38/hg38, GRCm38/mm10) using STAR
(v.2.7.10a)”” with the default parameters”’. Only reads with a single,
unique alignment (MAPQ >10) were considered in the downstream
analysis. Furthermore, reads with spliced or soft clipped alignments
were discarded to ensure accurate TSSs. The same analysis strategy was
alsoused toreanalyse previously published Start-seq and PRO-cap TSS
profiling datato ensure the datawere processed inauniformand con-
sistent manner, although different adapter sequences were trimmed
according to each published protocol.

Two separate transcription initiation analysis strategies were used
inthis study. Inmost cases, individual, single-nucleotide TSS positions
were independently analysed. For a subset of analyses, we analysed
transcription initiation levels in the context of TSRs, which comprise
several closely spaced individual TSS. Individual TSS locations are
useful for characterizing spacing relationships at single-bp resolution,
whereas TSRs are more useful for describing the overall transcription
activity at whole regulatory elements.

Toanalyse TSSs at the single-nucleotide resolution, the aligned posi-
tion of the 5" nucleotide of each csRNA-seq read was used to create a
map of putative TSS locations in the genome. To ensure that we use
high-quality TSSs that could be reliably quantified across different
conditions, only TSS locations with at least 7 reads per 107 total aligned
readsacross all compared replicates and conditions (for example, con-
trol siRNA, NRFIsiRNA and so on) were retained for further analysis®.
Furthermore, any TSS that had higher normalized read density in the
smallRNAinput sequencing was discarded as alikely false-positive TSS
location. These sites ofteninclude miRNAs and other high-abundance
RNAspeciesthatare notentirely depletedin the csRNA-seq cap enrich-
ment protocol. To quantify the change in TSS levels between condi-
tions, a unified map of confident TSS positions is first determined
across the set of experiments to be compared. Then, the TSS activity
levels are assessed for each replicate and each experimental condi-
tion by first counting the raw read coverage across each TSS and all
experiments and normalizing the dataset using DESeq2’s rlog variance
stabilizing transform (v.1.38.3)"8. Changes in transcriptional activity
were then reported as the log,-transformed fold change represent-
ing the difference between averaged rlog transformed activity levels
across conditions (similar to a shrunken fold change). DESeq2 was
used to identify significantly differentially regulated TSS, defined
as TSS exhibiting a change of at least 1.5 fold and P,; < 0.05, unless
otherwise noted.

TSRs, representing loci with significant transcription initiation activ-
ity fromone or more individual TSSs on the same strand from the same
regulatory element (that is, peaks in csRNA-seq), were defined using
HOMER’s findcsRNATSR.pl tool, which uses shortinput RNA-seq, tra-
ditional total RNA-seq and annotated gene locations to find regions
of highly active TSSs and then eliminate loci with csRNA-seq signals
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arising from non-initiating, high-abundance RNAs that nonetheless
are captured and sequenced by the method (further details are avail-
ableinapreviousstudy®). Replicate experiments were first pooled to
form meta-experiments for each condition before identifying TSRs.
Annotationinformation, including gene assignments, promoter distal,
stable transcript and bidirectional annotations are provided by findc-
SRNATSS.pl. Toidentify differentially regulated TSRs, TSRsidentified
ineach condition were first pooled (union) to identify acombined set
of TSRs represented in the dataset using HOMER’s mergePeaks tool
using the option ‘-strand’. The resulting combined TSRs were then
quantified across all individual replicate samples by counting the 5
ends of reads aligned at each TSR on the correct strand. The raw read
count table was then analysed using DESeq2 to calculate normalized
rlog-transformed activity levels and identify differentially regulated
TSRs, similar to the analysis of TSSs”.

In all cases, normalized genome browser visualization tracks for
csRNA-seq datawere generated using HOMER’s makeUCSCfile program
using the “-tss’ option and visualized using either the UCSC Genome
Browser” or IGV®°. Annotation of TSS/TSR locations to the nearest
gene was performed using HOMER’s annotatePeaks.pl program using
GENCODE as the reference annotation.

Additional information about csRNA-seq analysis and tips for analys-
ing TSS data is available at the HOMER website (https://homer.ucsd.
edu/homer/ngs/csRNAseq/index.html).

Analysis of TSSs across two strains of mice. To analyse how changes
ingenomic sequenceimpact TSS activity from two different strains of
mice, we first took steps to ensure that TSS positions were conserved
and detectable inboth mouse strains to avoid analysing TSSs that may
exhibit differential activity due to technical/analytical reasons, or TSSs
found in non-homologous DNA. This was accomplished by ensuring
thatall csRNA-seq reads used inthe analysis could be aligned to asingle,
unique location in the genomes of both mouse strains. Furthermore,
thelocation that each csRNA-seq read aligns to in each genome must
correspond to a homologous position in the full genome alignment,
indicating that they represent the equivalent TSS positions in each
strain. This latter filter helps to eliminate TSSs mapping to positions
inrepetitive or duplicated regions that may not be resolved in one or
both genome assemblies.

Toidentify valid TSS positions for the natural genetic variation analy-
sis, csSRNA-seq and small input RNA-seq reads were first trimmed to
removeadaptersequences. Reads fromeachmouse experiment (regard-
less of the strain of origin) were aligned to both the C57BL/6 (GRCm38/
mm10) and SPRET (GCA_001624865.1/SPRET_EiJ_v1) genomes using
STAR with the default parameters. Only reads that aligned to a sin-
gle, unique location (MAPQ >10) were considered further. Next, TSS
positions representing the 5’ end of the reads were mapped to the
other mouse strain’s genome using UCSC’s liftOver tool and the cor-
responding C57BL/6/SPRET liftOver files (http://hgdownload.cse.ucsc.
edu/goldenpath/mm10/liftOver/mm10ToGCA_001624865.1_ SPRET _
EiJ_vl.over.chain.gz, https://hgdownload.soe.ucsc.edu/goldenPath/
GCA_001624865.1 SPRET EiJ_vl/liftOver/GCA_001624865.1 SPRET Eij_
viToMmlO.over.chain.gz). If the liftOver calculation yielded the same
TSSlocation as the alignment from the other mouse strain, the read was
retained for downstream analysis. Confident TSS locations, including
DESeq2 rlog-normalized values and log,-transformed fold changes
were then calculated based on the alignment positions reported in
the mm10 genome as described in the sections above. Strain-specific
differentially regulated TSSs used in the analysis of natural genetic
variation were determined by DESeq2 using P, of 0.25, resulting in
431,310 variant-TSS pairs for analysis.

Analysis of tssQTLs from LCL PRO-Cap data. Variant file merging
and filtering. Per-chromosome VCF files containing genotyping data
for the samples analysed previously®> were downloaded from the 1000

Genome project (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/data_
collections/1000G_2504_high_coverage/working/20201028_3202_
raw_GT_with_annot/). Using bcftools®, these VCFs were then filtered
for samples and variants observed from 67 individuals correspond-
ing to PRO-cap samples from Gene Expression Omnibus (GEO) acces-
sion GSE110638. The variants in these VCFs were then normalized
and named using their location and allelic data using bcftools. The
per-chromosome VCFs were then merged, while trimming unobserved
alternate alleles, removing sites without called genotypes and requiring
minor allele counts of at least 1. These were further filtered to include
only variants that were flagged as passing all upstream quality checks
and were called with aminimum depth of 10. The resulting VCF was con-
verted into PLINK format using plink2 (v.2.00a2.3LM)®, retaining only
SNPs with less than 50% of genotype calls missing, and a minor allele
frequency greater than 0.05. A set of genotype principal component
analysis (PCA) covariates was also generated using plink2.
LCLPRO-Cap data processing. To mitigate allele-specific alignment
effects,amasked genome was created that set bases at the filtered SNP
coordinates to Ns. We then trimmed adapter sequences from reads
using fastp and aligned them to the masked genome using STAR using
the default parameters. The resulting alignments were then processed
using HOMER. Tag directories were then separated on the basis of
whether they belonged to PRO-cap or PRO-seq experiments. To call
TSSs, PRO-cap and PRO-seq reads were processed in the same manner
as csRNA-seq and total small RNA-seq, respectively, to identify a uni-
fied set of human TSSs. We then obtained rlog-normalized from raw
counts quantifying coverage of the 5’ ends of reads from each sample,
using HOMER annotatePeaks.pl. To avoid bias from extreme outliers,
weretained only TSSs with aminimum count of 10 readsin 10 samples.
To control for broad genome-wide expression variance, we obtained a
set of 50 expression PCA covariates.

tssQTL calling. To call QTLs from TSS data, we used TensorQTL
(v.1.0.3)® to determine the link between filtered SNP genotypes and
TSS expression phenotypes, while controlling for covariance from sex,
genotype PCA and TSS expression PCA. TensorQTL was runinboth ‘cis’
and ‘cis_nominal’modes, witha cis window of 300 bp. We then analysed
each cis-nominal QTL SNP within the framework of our natural genetic
variation analysis, limiting our analysis to tssQTLs with P < 0.25 and
Islope| > 0.1, leading to a total of 194,746 variant-TSS combinations
used in the analysis.

ChIP-seq analysis. ChIP-seqreads were aligned to the appropriate hu-
man genome (GRCh38/hg38) using STAR with the default parameters”.
Only reads with a single, unique alignment (MAPQ = 10) were consid-
ered in the downstream analysis. ChIP-seq peaks were determined
using HOMER'’s findPeaks program using ‘-style factor’. Quantification
of ChIP-seq reads associated with peaks, annotation to the nearest
annotated gene TSS, calculation of TF-binding site presence (-100 to
+100 relative to the peak centre) and visualization of normalized read
pileups for the genome browser were all conducted using HOMER. The
same analysis strategy used for our dnNRF1, NRF1and YY1 ChIP-seq
datawasalso used to reanalyse TF ChIP-seq data from ENCODE®** to en-
sure that the datawere processed ina uniform and consistent manner.

TSS-MPRA analysis. Three different DNA insert designs were used for
TSS-MPRA inthis study. For each design, 400-500 DNA inserts were de-
signed consisting of 155 bp of query DNA (described below) and redun-
dantly coupled with 4 or 5independent 11 bp barcodes optimized for
their molecular properties and diversity® to generate a total 0of2,000
DNA inserts per design. Genome-encoded TSR sequences queried by
TSS-MPRA were designed to capture the sequence from-113to +42 bp
relative to the primary TSS to capture most of the upstream TF-binding
sitesand core promoter region. Key sequences used in the MPRA design
arereportedin Supplementary Table 2, and full TSS-MPRA design files
and sequences are available at the GEO (GSE199431).
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To process TSS-MPRA results, raw RNA and DNA sequencing
reads, corresponding to the RNA transcripts and input DNA library,
respectively, were trimmed for the 5" adapter sequence GGTAAC
CGGTCCAGCTCA on the R1read using cutadapt v.3.4. The trimmed
reads were aligned to the reporter library using STAR (v.2.7.10a)”’,
specifying an option to preclude soft-clipping at the 5’ end of R1
(STAR --outSAMattributes All --genomeDir library/tfsweep.STARIn-
dex--runThreadN 12 --readFilesIn file.fastq --outFileNamePrefix star/
Sweep_l.--alignEndsType Extend5pOfRead1--outSAMtype BAM Sorted-
ByCoordinate). For DNA plasmid control samples, the uniquely aligned
read pairs were counted to later scale transcriptional output. For RNA
samples, uniquely aligned read pairs were further processed to identify
exact TSSs, yielding a matrix of start sites per sequence position. Any
alignments showing mismatches at their 5’ ends were not counted and
reporter sequences with fewer than 50 total DNA alignments were also
ignored. Specific DNA insert details and analysis approaches tailored
for each TSS-MPRA design are described below.

TF-binding-site insertion analysis. A total of 13 TSRs was selected
from the human genome (Supplementary Table 2) and DNA inserts
were designed to introduce 7 TF-binding sites at positions =50, —20
and +25 bprelative to the primary TSS (Sp1, NRF1,NFY, YY1, p53, CTCF
or a control sequence; Fig. 3b,c). Binding-site insertion replaced the
endogenous sequence at each location to maintaintherelative spacing
ofregulatory element DNA outside of the TF-binding site insertion. For
RNA samples, the transcriptional output of each sequence was sum-
marized by counting alignments with start sites near the designated
promoter region (+7 bp fromthe TSS). These values were scaled based
on plasmid DNA levels and transformed as described above. Overall
levels were reported as the log,-transformed ratio relative to the control
bindingsite insertion that does not match any known TF-binding sites.
TF-binding-site sweep analysis. To unbiasedly assess the
position-dependent impact of TF-binding sites on transcription ini-
tiation levels, we first designed a synthetic promoter sequence that
lacked matches to any of the known motifs in the HOMER TF motif
library (Supplementary Table 2). TF-binding sites corresponding to Sp1,
NFY,NRF1and YYlweretheninserted at2 bpintervalsalongthelength
ofthesequence (Fig.4a-c). NRF1was additionally inserted at the same
2 bpintervals into either the WT TOB2 enhancer or a mutant version
lacking endogenous NRF1-binding sites (Fig. 4e). Binding-site insertion
replaced the endogenous sequence at each location to maintain the
relative spacing of regulatory element DNA outside of the TF-binding
site insertion. To analyse the impact of each TF-binding site sweep, a
scaling factor for eachinsert sequence was determined by calculating
min(10,000/plasmid, 100). After multiplying the start-site counts by
the scaling factor, a pseudocount of 1 was added and the values were
log, transformed. Replicates were then merged by averaging. Refer-
ence coverage was defined for each promoter-TF-binding site pair by
calculating the average position-wise signal across all of the sequences
(Extended Data Fig. 7). The difference between the merged signal and
reference coverage was smoothed for visualization using the R loess
function with span parameter set to 0.1.

TF-binding-site mutation analysis. In total, 133 TSRs were ran-
domly selected and TF-binding sites matching 20 different motifs
were mutated to monitor theirimpact on transcription initiation pat-
terns. Inaddition to the wild-type TSR sequence [-113, +42], aseparate
insert was designed for each motif where one or more TF-binding sites
were found. Sequences corresponding to the TF-binding site were
replaced with the same control sequence in each case starting at the
5’ end and continuing the length of the binding site (control sequence:
TAACTGTAATACCTCCTGAAGTC). Only motifs with matchesto at least
20 different TSRs were used in the analysis (Sp1, NFY, NRF1, YY1 and
ETS; Fig. 5e,f). DNA-scaled and log-transformed start site values were
calculated as with the above site sweep analysis. For each motif, start
positions were classified as enriched or depleted based on an over-
representation analysis in genomic contexts (P, < 0.01, data from

U20S motif enrichment analysis; Fig. 1d). TSS shifts were determined
by finding the weighted mean TSS position per insert, then subtracting
the mean position per mutant from the mean position of the relevant
control.

Reproducibility analysis. The reproducibility of MPRA results was
assessed by comparing (1) the variation in initiation activity levels
among different barcode replicates for the four TSRs displayed in
Fig.3b (Extended DataFig. 6a); (2) comparing summary heat maps of
the TSSsand their normalized activity levels captured by TSS-MPRA for
a2 bpincremental sweep of TF-binding site sweeps (Sp1, NRF1, NFY and
YY1) from-100to +40 using four different barcode sets (Extended Data
Fig. 7a-e); and (3) comparing TSS activity levels for a given DNA frag-
mentacross at least two biological replicates and betweenindependent
barcodes for each TSS-MPRA library (Supplementary Figs. 6 and 7).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All raw and processed data generated for this study can be accessed
under NCBI GEO accession number GSE199431. Previously pub-
lished GEO and high-throughput sequencing datasets analysed as
part of this study include csRNA-seq data in C57BL/6 mouse mac-
rophages (GSE135498), NFY-knockdown Start-seq data in mouse MEFs
(GSE115110), PRO-cap data from 69 human LCLs (GSE110638), NRF1
ChIP-seq data from ENCODE in HepG2 (ENCSR853ADA) and K562
(ENCSR494TDU) cells. Genomes used for the analysis of sequencing
datainclude human: GRCh38/hg38 (https://hgdownload.soe.ucsc.edu/
goldenPath/hg38/bigZips/hg38.fa.gz); mouse (C57BL/6): GRCm38/
mm1lO0 (https://hgdownload.soe.ucsc.edu/goldenPath/mm10/bigZips/
mm10.fa.gz); mouse (SPRET): GCA_001624865.1 (https://www.ncbi.
nlm.nih.gov/datasets/genome/GCA_001624865.1/); and green monkey:
Chlorocebus sabeus 1.1/chlSab2 (https://hgdownload.soe.ucsc.edu/
goldenPath/chlSab2/bigZips/chlSab2.fa.gz). Gene annotations were
downloaded from GENCODE (humanv34, mouse v25; https://www.gen-
codegenes.org/). Disease-risk variants from the GWAS Catalog mapping
to hg38 were downloaded from the UCSC Genome Browser (https://
hgdownload.soe.ucsc.edu/goldenPath/hg38/database/gwasCatalog.
txt.gz). Liftover files for mapping between mouse strains were obtained
online (http://hgdownload.cse.ucsc.edu/goldenpath/mm10/liftO-
ver/mml10ToGCA_001624865.1_SPRET _EiJ_vl.over.chain.gz (C57BL/6/
mm10 to SPRET) and https://hgdownload.soe.ucsc.edu/goldenPath/
GCA_001624865.1 SPRET EiJ_v1/liftOver/GCA_001624865.1 SPRET _EiJ_
viIToMm10.over.chain.gz (SPRET to C57BL/6/mm10)). Per-chromosome
VCF files containing genotyping data for the samples analysed pre-
viously®* were downloaded from the 1000 Genomes Project (ftp://
ftp.1000genomes.ebi.ac.uk/voll/ftp/data_collections/1000G_2504_
high_coverage/working/20201028 3202_raw_GT_with_annot/).Source
dataare provided with this paper.

Code availability

Code used to analyse data in this Article has been integrated into
HOMER, orisavailable from the following repositories as described in
the methods: HOMER2 (HOMERV.5) (http://homer.ucsd.edu/homer2/),
MEIRLOP v.0.0.16 (https://github.com/npdeloss/meirlop) and MEPP
v.0.0.1 (https://github.com/npdeloss/mepp).
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While in this example figure uses TSSs, any biological or user-defined positional information can be integrated.

HOMER2 accounts for both fragment-wide and single-nucleotide positional
biases of input sequences whenit selects background sequences from the
genome, such as nucleotide preferences naturally found near TSSs.
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Extended DataFig.2|TSS-centric analysis reveals aspatial grammar of TFs.

a, De novo motifenrichment analysis of TSRs active in U20S cellsby HOMER2
reveals the TF motifs with the highest enrichmentintranscribed regulatory
elements. b, Association of TSR-enriched TF binding sites with transcription
initiation frequency calculated using MEIRLOP” using initiation strength as
covariant. ¢, Examples of TF binding sites with natural preferential positioning
inthe proximity of human TSSs. Positional enrichment or depletion was
calculated using HOMER2, accounting for both positional (i.e. TSS-proximal),
and fragment-wide nucleotide content bias. d, Binding sites of the repressor
ZBTB7A aredepleted near active TSS, especially downstream where the RNA
PolymeraseIlinitiation complexis proposed toinitially contact the TSR.

e, Many TF binding sites including Sp1, NFY, and NRF1, but notall (i.e., CTCF)
have preferred 10.5 bp helical positioning relative to active TSS when found
between-120 and -40 bp, as shown by Fourier analysis (please see Methods for
details). f, Binding sites of cell type-specificactivator TFs often show preferential
positioning relative to the TSS only in cells that expressed them. TF binding site
distribution profiles for HepG2-specific HNF1and ubiquitous Sp1/GC-box
motifsacross TSSsidentifiedin K562, U20S and HepG2 cell lines by csRNA-seq.

g, Preferential TF binding site localisation is highly conserved across species
and methods. Motif density plot of the NFY binding site relative to TSS identified
using csRNA-seq from different human and green monkey (Vero cells) cell lines
aswell TSSidentified using PRO-cap inK562 cells®. h, The upstream, rather
than the downstream promoter regionis more conserved. Aggregate PhyloP
scores atsingle baseresolutionrelative toactive TSSsin U20S cells reveals that
upstreamregions, especiallyaround -30 bp and -50 bp, relative to the TSS, are
preferentially conserved. i, Genomic nucleotide frequency plots relative to TSS
containing or lacking a canonical Initiator motif (BBCA + 1BW)*®) at the TSSs.

j, Frequency and patterns of position-specific TF binding sites are more eminent
relative to TSSs thatlack canonical core promoter motifs. Normalized NFY, Sp1,
NRF1,YYland ZBTB7A motifoccurrences are displayed relative to the TSS
containing (red) or lacking (blue) acanonical human Initiator motif (BBCABW)
atthe TSS (grey). k, Helical periodicity of TF binding sites found between -120
to-40bprelativetothe TSSare more prominentin TSS lacking a canonical
human Initiator motif (BBCABW). Fourier analysis of TF binding sites NFY, Sp1
NRF1,YYland ZBTB7Arevealed preferred 10.5 bp helical positioning relative to
TSSlackingahumanInitiatorin position-dependent TF factors.
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Supplementary Fig.4.b, Validation of Chl

ChlIP-seq peaks using HOMER2 identifies the expected motif for each antibody
target. FRIP stands for Fraction of Reads In Peaks. ¢, Overlap between NRF1,
YY1, and dnNRF1binding and TSS reveals enhanced binding of NRF1to TSSs
bothupand downregulated by siRNA targeting NRF1relative toinvariant TSS.
d,e, Examplelociwith ChIP and csRNA-seq data. f, Position dependent function
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of humanYY1. Human U20S TSSs were ranked from gain to loss of transcription
initiation activity upon YY1knockdown and analysed for YY1 motif positional
enrichment (dark red). g, TSSs downregulated upon YY1knockdownhave YY1
bound withinits preferred region, as assessed by ChIP-seq, while derepressed
TSSshave YY1binding further downstream. h, Overlap between NRF1, YY1, and
dnNRF1binding and TSS reveals enhanced binding of YY1to TSSs both up and
downregulated by siRNA targeting YY1relative toinvariant TSS. i, Position
dependent function of mouse NFY. Mouse embryonic fibroblast (MEF) TSSs
wereranked from gaintoloss of transcriptioninitiationactivity upon NFYa
knockdown® and analysed for NFY motif positional enrichment.
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Overexpression of dnNRF1resultsinrepressionoftranscriptioninitiation at
TSRsinthevicinity of dnNRF1binding sites.a, Genome browser tracks atan
examplelocus (UTPI1) showing the HA-tagged dnNRF1ChlIP-seq read density
and normalized csRNA-seq TSS activity levelsin eGFP or dnNRF1expressing
U20S cells. b, TSRs strongly down-regulated by dnNRF1expression are also
bound by dnNRF1, as assessed by ChIP-seq. The average ChIP-seq normalized
read density or fraction of TSRs containing the NRF1binding site from -150 to
+50relative tothe TSSare plotted as afunction of the log2 ratio of TSS activity
between dnNRF1and GFP expressing U20S cells as measured by csRNA-seq.

¢, TSSs downregulated upon overexpression of HA-tagged dominant negative
NRF1(dnNRF1) knockdown have NRF bound within its preferred region
upstream of the TSS, as assessed by ChIP-seq.d, Overlap between NRF1,YY1,
and dnNRF1binding and TSS reveals enhanced binding of NRF1/dnNRF1to TSSs
downregulated by dnNRF1expressionrelative toinvariant TSS. e, Distribution
of single nucleotide variantsrelative to the TSS used in the analysis of mouse
(C57BI/6 and SPRET) bone marrow derived macrophages (BMDMs) comparing
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different strains and f, human tssQTLs found in LCLs. g, Analysis of the genome-
wide significance of the association between mutationsin the NFY binding site,
or h,NRF1bindingsite and the changein transcriptioninitiationin macrophages
fromeach mouse strain, calculated for each TF binding site as afunction of
theirrelative distance to the TSS. Positive logP values indicate that mutations
predicted to cause reduced TF binding are more strongly associated with
reduced initiation, while negative logP valuesindicate that the mutated TF
binding sites are more strongly associated with increased initiation. Distance-
dependent profiles were calculated using TF binding sites identified in
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totheTSS.ij, TF bindingsites for TLR4 pathway activated TFs that recruit RNA
polymerase Il are preferentially positioned relative to TSSs thatincrease
transcription following KLA treatment. Motif distribution profiles relative to
TSSs of TSRsthat were induced, repressed or did not change upon stimulation
of bone marrow derived macrophages with KLA for the binding sites of i, NFkB
(p65) andj, AP1.k, Distribution of the p53 DNA binding site relative to active
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changein TSS activity relative to the average activity of that TSS across all
possible Splbindingsite positions. This normalization highlights TSSs that are
activated (red) and repressed (blue) relative to the average level of activity for

0
Distance from TSS to motif

50

each bindingsite position. The Spl binding site positionisshowninblue.

¢, Summary heat maps of the TSSs and activity levels captured by TSS-MPRA
fora2bpsweepsofthe YY1bindingsite,d, NFY bindingsiteand e, NRF1binding
site, sweep from -100 to +40 across an artificial, TF motif-depleted DNA
background. Only BC#1 of 4 is shown. f, Lineplots showing that the position-
dependentimpact of sweeping TF binding sitesin asynthetic sequenceis
highly reproducible asindependently assessed for each of the four barcodes
sets. Datareported in the manuscript were obtained by averaging all four
barcodesand both biological replicates.
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Extended DataFig. 8 | Multiple experimental approaches reveal consistent
position-dependent functional profiles that are unique to each TF.
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enrichmentinthegenomerelative to active TSSs (black, i.e. Fig.1d), impact

of TF knockdown on transcription of proximate TSSs as a function of distance
tothe TFbindingsite (orange, i.e. Fig.1le, flipped),impact of TF binding site
mutations due to natural genetic variation on transcription (pink/yellow, i.e.
Figs. 2f, 5a) and abinding site’s ability toimpact transcriptionas captured by TF
binding site sweeps with TSS-MPRA (blue, i.e. Fig. 4c) altogether reveal
consistent, position-dependent functions and superhelical preferences for

a,YY1,b,Sp1,c,NRFland d, NFY. Each profile was scaled such that the most
extreme value wassetto1/-1.e, Hypothetical model for TF-mediated TSS
selectionand dispersed initiation. TFs canrecruit or block transcription
initiation based on their spacing. In most TSRs, this spacing-dependent
function of TFsisintegrated over several TFs. As TF binding s transient,
differentsets of TFs canbe present at agiven momentat homologous TSRsin
sister chromosomes or different cells of the same kind or vary at the same TSR
overtime.f, The transcribed putative TOP2enhancer region contains an NRF1
binding site. UCSC browser image and HOMER-annotated motifs with the NRF1
binding site mutated inthe screen highlightedinred.
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Replication A minimum of duplicate experiments was performed for all experiments, and all attempts at replication were successful. In some
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used anti YY1 (western, Santa Cruz, sc-7341 HRP YY1 (H-10)), anti YY1 (ChIP, ActiveMotif AB_2793763), anti NRF1 (Abcam , ab55744), anti
B-Actin (Cell Signaling D6AS8 - 8457S, Rabbit mAb #8457), and anti HA (Abcam, ab9110)

Antibody dilution for western blots:

anti-NRF1 (ab55744), 1:1000

anti-YY1 (sc-7341) 1:200

anti-beta actin (Cell Signaling D6A8 - 8457S, Rabbit mAb #8457) 1:2500

For ChIP-seq:

anti-HA (Abcam ab9110), rabbit pAb, 2 pg for 1x106 cells

anti-NRF1 (ab175932), rabbit mAb, 2 ug for 2.5x106 cells

anti-YY1 (Active Motif 61980, RRID: AB_2793763), rabbit pAb, 2 g for 2.5x106 cells

Validation Commercial validated monoclonal and polyclonal antibodies were further assessed by apparent molecular weight in western blot of
the detected proteins across multiple cell lines (Supplementary Fig. 4a). Anti-NRF1 (ab55744) recognizes human NRF1 aa 201-285.
anti-YY (sc-7341) was raised against full-length human YY1. The rabbit antibodies used for ChiP-seq were validated by ChIP-seq with
additional mouse monoclonal antibodies that recognize the same antigens (anti-HA (Biolegend 901501), anti-NRF1 (Diagenode
C15200013), anti-YY1 (Diagenode C15410345)), which resulted in near-identical ChIP-seq enrichment patterns.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Cell lines used in this study were gifted from Aaron Carlin’s lab (U20S, Vero E6), Xiangdong Fu’s lab (HepG2), and James
Kadonaga’s Lab (HEK293T) from University of California, San Diego.

Authentication Cells lines were verified by the presence of cell-line specific DNA variants and by the phenotypic similarity of their genomics
data to published resources (e.g. TSS locations identified in e.g. U20S cells match open chromatin regions in U20S cells
identified by the ENCODE consortium).

Mycoplasma contamination Cells were routinely tested for mycoplasma contamination. All tests were negative.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)
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ChlIP-seq

Data deposition
|Z| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links All raw and processed data generated for this study can be accessed at NCBI Gene Expression Omnibus (GEO; https://
May remain private before publication.  www.ncbi.nlm.nih.gov/geo/) accession number GSE199431.

Files in database submission ChIP-seq peak file provided as a supplemental file: GSE199431_peaks.U20S.dnNRF1.HA.bed.gz,
GSE199431_peaks.U20S.NRF1.bed.gz, GSE199431_peaks.U20S.YY1.bed.gz
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Genome browser session ChIP and csRNA-seq data are included for genomes hg38 and mm10:
(e.g-UCSC) https://genome.ucsc.edu/s/Cbenner/Reviewer%2DSession%2D240306%2DTfMotifGrammar
Methodology
Replicates Only a single experiment was performed.
Sequencing depth >10 million reads
Antibodies anti YY1 (ChIP, ActiveMotif AB_2793763), anti NRF1 (Abcam , ab55744), and anti HA (Abcam, ab9110), which was used to target a

dominant negative NRF1 protein tagged with HA.
Peak calling parameters  Peaks were found using HOMER's findPeaks program: findPeaks IP_Data/ -i Input_Data -style factor -o auto

Data quality 6,548 (NRF1), 9,454 (YY1) and 28,450 (dnNRF1) total peaks were identified, and the top de novo motif identifed using HOMER's motif
analysis program for each experiment was a match for either the NRF1 or YY1 motif.

Software HOMER v5.0 was used for the ChIP-seq analysis.
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