Article

Identification of the humanDPR core
promoter element using machinelearning

https://doi.org/10.1038/s41586-020-2689-7

Received: 27 November 2019

Accepted: 16 June 2020

Published online: 9 September 2020

M Check for updates

Long Vo ngoc', Cassidy Yunjing Huang', California Jack Cassidy', Claudia Medrano'
& James T. Kadonaga'™

The RNA polymerase Il (Pol II) core promoter is the strategic site of convergence of the
signals that lead to the initiation of DNA transcription'~, but the downstream core
promoter in humans has been difficult to understand' . Here we analyse the human
Pol Il core promoter and use machine learning to generate predictive models for the
downstream core promoter region (DPR) and the TATA box. We developed a method

termed HARPE (high-throughput analysis of randomized promoter elements) to
create hundreds of thousands of DPR (or TATA box) variants, each with known
transcriptional strength. We then analysed the HARPE data by support vector
regression (SVR) to provide comprehensive models for the sequence motifs, and
found that the SVR-based approach is more effective than a consensus-based method
for predicting transcriptional activity. These results show that the DPRis a
functionally important core promoter element that is widely used in human
promoters. Notably, there appears to be a duality between the DPR and the TATA box,
as many promoters contain one or the other element. More broadly, these findings
show that functional DNA motifs can be identified by machine learning analysis of a
comprehensive set of sequence variants.

The core promoter is generally considered to be the stretch of DNA that
directs the initiation of transcription of a gene; it ranges from about
-40to+40 nucleotides (nt) relative to the +1 nt transcription start site
(TSS)'>. The core promoter comprises DNA sequence elements such as
the TATA box, initiator (Inr), motif ten element (MTE), and downstream
core promoter element (DPE) (Extended Data Fig. 1a). Each of these
motifsis present only at a subset of core promoters. Hence, there are no
universal core promoter elements. Moreover, specific core promoter
motifs can be important for enhancer-promoter specificity® *and can
beinvolved in gene networks™ ™.,

The key DNA sequence motifs of human core promoters remain
to be clarified. In focused human promoters, in which transcription
initiates at asingle site or anarrow cluster of sites, the TATAbox is the
best known core promoter element, but most human core promoters
lack a TATA box™. In Drosophila, TATA-less transcription is frequently
driven by the downstream MTE and DPE motifs®¢; however, these
motifs have rarely been found in human promoters and have been
thought perhaps not to exist in humans'>,

HARPE analysis of the downstream promoter

Todecipher the downstream core promoter in humans, we generated
and analysed an extensivelibrary of promoters that containrandomized
sequences in the region from +17 to +35 nt relative to the +1 nt TSS.
This stretch, which we termthe DPR, comprises the positions that cor-
respond tothe MTE and DPE (Fig. 1a, Extended Data Fig. 1a), which are
overlapping elements in the downstream core promoter region in
Drosophila that span multiple contact points with the transcription
factor TFIID'*™, In previous studies, libraries of entire core promoter

regions have been screened and characterized by using cell-based
systems®® 2, By contrast, here we have analysed specific segments of
the core promoter in vitro and in cells, with the strategy of obtaining
high coverage and carrying out machine learning analysis of the data.

Innatural promoters, it can be difficult to elucidate the characteris-
tics of aspecific DNA element, such as the DPR, owing to the different
promoter backgrounds in which the sequence motif is situated. To
circumvent this problem, we adapted the survey of regulatory ele-
ments® (SuRE) and developed the HARPE method. HARPE involves
the generation of around 500,000 random DPR variants in an invari-
ant promoter cassette followed by assessment of the transcription
strength (defined as the RNA tag count divided by the DNA tag count;
Methods) of each variant in vitro (Fig. 1a, Extended Data Fig. 1, Sup-
plementary Table 1). This analysis showed that most DPR sequence
variants supportonly alow level of transcription (Fig. 1b) and that the
most active DPR sequences exhibit distinct nucleotide preferences
(Extended Data Fig. 1d). Moreover, hypergeometric optimization of
motif enrichment (HOMER) motif discovery analysis® of the top 0.1%
most-transcribed HARPE sequences identified a distinct motif that
resembled the Drosophila DPE consensus sequence (RGWYGT from
+28t0+32)* (Fig.1c, Extended Data Fig. 1e, f). The results of HARPE are
reproducible (Extended Data Fig. 1g-i) in the absence or presence of
sarkosyl, which limits transcription to a single round (Extended Data
Fig.2a-d, Supplementary Discussion1).

HARPE is arobust and versatile method

Todetermine the versatility of the HARPE method, we tested the assay
by varying different experimental parameters. First, we compared
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Fig.1|HARPE comprehensively assesses the transcriptional effect of many
different DNA sequencesinaspecificregion ofthe promoter. a, Schematic
of HARPE for the analysis of DNA sequence variantsin the DPR. The randomized
segmentwas generated by oligonucleotide synthesis with mixed nucleotides.
ORF, openreading frame. b, Most sequence variants exhibit low transcriptional
activity. The distribution of transcription strength for each of the approximately

the results of HARPE assays that were performed with two different
core promoter cassettes: SCP1m (asin Fig. 1), which s a version of the
synthetic SCP1 promoter with a mutant TATA box (also known as SCP-
1ImTATA?); and the human IRF1 core promoter, which lacks a TATA box
and contains a DPE motifY. Both core promoters contain a consen-
sus Inr sequence’, but otherwise they share no sequence similarity.
With these two different core promoter cassettes, the HARPE results
were nearly indistinguishable (Fig. 2a, Extended Data Figs. 1i, 2e).
Inaddition, we observed nearly the same results with TATA-less versus
TATA-box-containing promoters (Fig. 2b, Extended Data Figs. 1i, 2e).
Thus, HARPE can function consistently in different core promoter
backgrounds.

Second, we investigated whether we would obtain consistent
HARPE data if we randomized only a subset of the DPR rather than
the entire DPR. To this end, we performed HARPE by randomization
of only the MTE region (+18 to +29 nt) or only an extended DPE region
(+23 to +34 nt) (Fig. 2c, Extended Data Figs. 1i, 2f). These experiments
showed that randomization of subregions of the DPRyielded nucleotide
preferences similar to those obtained by randomization of the entire
DPR.

Third, we tested whether transcription of the HARPE promoter librar-
ies in cells would yield results similar to those seen in vitro (Fig. 2d,
Extended DataFig. 2g). To this end, we carried out HARPE by transfec-
tionof the promoter librariesinto HeLa cells and observed nucleotide
preferencesinthe DPR that were nearly identical to those seeninvitro.
Furthermore, we found a strong resemblance between HARPE data
generated in vitro and in cells with the DPR sequence in the human
IRF1and TATA-box-containing SCP1core promoter cassettes, as well as
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Fig.2|HARPEyields consistent data under different conditions. The top
HOMER motifs obtained from the 0.1% most active sequences are shown.

a, HARPE of the DPR with two different promoter cassettes: SCP1lacking a
TATA box (SCP1m) and the humanIRF1 core promoter (in vitro transcription).
b, HARPE of the DPR with a TATA-less promoter (SCP1m) and a TATA-box-
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500,000 core promoter variantsis shown. c, Adistinct DPRsequence
motifcanbeseeninthenucleotide frequencies of the 0.1% most transcribed
DPRsequences (top) as well asin the web logo for the top HOMER motif that is
identified with these sequences (bottom). All panels show arepresentative
experiment, n=2biologicallyindependent samples.

withthe MTE and DPE sequences (Extended Data Fig. 2h-j). Therefore,
HARPE appears to be a robust method that provides consistent data
under a variety of different conditions.

HARPE analysis of the upstream TATA box

Toenable the use of HARPE for the analysis of upstream promoter ele-
ments, we developed amodified version thatincludes linkage of each
ofthe upstream randomized motifs witha corresponding downstream
barcode (Extended Data Fig. 2k-p). We performed this analysis with
randomized sequencesintheregion of the TATAbox. We tested along
TATA region (=32 to —21 nt relative to the +1 nt TSS) and a short TATA
region (=30 to -23 nt) (Extended Data Figs. 1a, 2k-p). The long-TATA
analysisyielded an A/T-rich stretch that resembled that seenin natural
human promoters. The short-TATA construct contained a TA dinucleo-
tide at positions =32 and —31 that served to fix the phasing of the TATA
sequence. Hence, with the short TATA construct, we observed amore
distinct TATA-box-like sequencein asingle register. Thus, HARPE canbe
used to analyse upstream as well as downstream promoter sequences.

Machine learning analysis of the HARPE data

HARPE analysis of the DPR yielded hundreds of thousands of sequence
variants (Supplementary Table 1), each of which was associated with
aspecific transcription strength, and the data were therefore well
suited for machine learning analysis. There are many different meth-
ods forsupervised learning, and we found SVR¥*to be an effective and
straightforward approach for the analysis of the HARPE data.
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containing promoter (SCP1) invitro.c, HARPE of the DPR (+17 to +35 nt),

DPE (+23 to +34 nt), and MTE (+18 to +29 nt) motifs with the SCP1m promoter
invitro.d, HARPE of the DPRin the SCP1m promoter transcribed invitroorin
cells. All panels show arepresentative experiment, n=2biologically
independentsamples.



In the SVR analysis of the DPR, we started with 468,069 sequence
variants, each of which had aknown transcriptional strength (Fig. 3a).
We set aside 7,500 sequences that represented the full range of
observed transcription strengths (test sequences) for later testing of
the SVR. Next, we trained the SVR with200,000 sequences (Extended
Data Fig. 3a) and performed grid search and cross validation to iden-
tify optimal hyperparameter values and to establish the stability of
the model (Extended Data Fig. 3b-d). The resulting SVR model that
was generated from the biochemical (in vitro transcription) data was
termed SVRb.

The SVRb model was then able to provide a numerical value for
the predicted transcription strength of any DNA sequence. First, we
found an excellent correlation (p = 0.90) between the predicted SVRb
scores and the observed transcription strengths of independent test
sequences (Fig. 3b, Extended Data Fig. 3e). Second, we generated and
analysed a separate high-quality, low-complexity HARPE dataset of
DPR variants (Extended Data Fig. 3f-i), and saw an excellent correla-
tion (p = 0.96) between the predicted SVRb scores and the observed
transcription strengths (Fig. 3c). Third, we individually transcribed 16
promoters with a range of SVRb scores (Extended Data Fig. 4). These
experiments revealed an excellent correlation (p=0.89-0.95) between
the predicted SVRb scores and the transcriptional activities of the
individual sequences tested in vitro and in cells (Fig. 3d, Extended
DataFig.4). Itis also important to note that sequence variants with an
SVRb score of two or more typically have at least sixfold-higher activity
thaninactive sequences (comparison of median valuesinthe two groups;
Extended DataFig.5a-c). Thus, an SVRb score of two or moreis likely to
reflect an active DPR. Last, performance assessment of SVRb revealed
thatitreliably predictsactive DPR sequences (Extended DataFig. 5d-r).

The datathusindicate that SVRb provides an accurate model for the
DPR. Furthermore, we observed that SVRb, which was created with the
SCP1m promoter cassette, correlated well with an SVRIRF1 model that
was generated with HARPE data for the DPR with the human IRF1 pro-
moter cassette (p=0.87) (Extended DataFig. 6a,b). We also saw agood
correlationbetween SVRDb (for the DPRina TATA-less background) and
SVRscpl1, which was generated with HARPE data for the DPR with the
SCP1 (TATA-containing) promoter cassette (p = 0.80) (Extended Data
Fig. 6¢c-e). Hence, the combination of HARPE and SVR analysis yields
similar SVR models with different promoter backgrounds.

SVR models versus consensus sequences

To test the utility of an SVR model relative to a consensus sequence, we
compared DPR sequences that were obtained by a standard consen-
sus approach to the scores predicted by SVRb. First, we identified the
DPE-like RGWYGT consensus sequence (from +28 to +33 nt) in the top
0.1% most active HARPE variants (Fig. 1c, Extended DataFig. 6f). We then
examined the transcription strengths of the variants that contained a
perfect match to the consensus, and saw a wide range that varied from
highly active toinactive (Extended Data Fig. 6g). These findingsindicate
that a perfect match to the RGWYGT consensus does not accurately
predict the strength of the DPR. By contrast, we compared the SVRb
scorestothe observed transcription strengths of the same variants and
saw an excellent correlation (p = 0.95) (Extended Data Fig. 6h). Thus,
an SVR model is more effective than a standard consensus approach
for predicting the activity of a sequence motif.

We also compared SVRb scores to the HOMER motif scores, which
are based on the position-weight matrix (PWM) associated with the
top HOMER consensus sequence (Extended Data Fig. 6i). These results
showed that the comprehensive computational SVR model (p = 0.90)
moreaccurately describes the DPR than the traditional consensus-based
method (p = 0.51). The effectiveness of the SVR approach may be due,
at least in part, to the training of the SVR with the full range of DPR
sequences (that is, strong, intermediate, and weak), whichisin contrast to
theuse of only strong variantsinthe generation of aconsensus sequence.
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Fig.3|Machinelearninganalysis ofthe HARPE datayields an SVR model for
the DPR. a, Summary of the SVR workflow. The HARPE dataset comprises
about 500,000 DPRsequence variants, each withitsassociated transcription
strength. Asubset of these data (200,000 variants) was used to generate an
SVRmodel for the DPR. The resulting SVR model was termed SVRb because it
was trained with biochemical data. The SVR model provides a numerical score
forthe predicted transcriptionstrength of any test sequence.b-d, Totest the
effectiveness of SVRb, the experimentally observed transcription strengths of
sequence variants were compared with their predicted SVRbscores. b, Analysis
of 7,500 independent test sequencesinthe HARPE dataset that were not used
inthetraining of SVRb. Thelight grey shading (SVRb score >2) indicates
predicted DPRactivity (representative experiment, n=2biologically
independent samples). c, Analysis of anindependently generated HARPE
dataset of alow-complexity DPRlibrary (8,431 sequence variants) with
high-confidence transcription strengths (representative experiment,n=2
biologicallyindependentsamples). Forb, ¢, PCC, Pearson’s correlation
coefficient with two-tailed P<2.2x107; p, Spearman’s rank correlation
coefficient with two-tailed P<2.2x107. d, Analysis of 16 DPR sequence
variants (notinthe training set) that were each tested individually by in vitro
transcription and primer extension methodology (representative experiment,
n=4biologicallyindependent samples). PCC, Pearson’s correlation coefficient
withtwo-tailed P=3.4 x107; p, Spearman’s rank correlation coefficient with
two-tailed P<2.2x107°. For gel source data, see Supplementary Fig. 1.

Unlike a consensus-based model, the SVRb model can accurately
incorporate the influence of neighbouring sequences on DPR activity
(Extended DataFig. 6j, k, Supplementary Discussion2). We also found
that SVR models can detect the function of an important sequence
motif, such as a DPE-like sequence or a TATA motif, that is located at
different positions within a larger region of interest (Extended Data
Fig.7a-i, Supplementary Discussion 3).In addition, SVRb uses informa-
tion from abroader region of the DPR than a consensus-based model
(Extended Data Fig. 7j, k, Supplementary Discussion 4). These find-
ings thus indicate that SVR models are more effective at predicting
transcription activity than consensus-based models.

SVR models from cell-based data

Totest the versatility of SVRin the description of core promoter motifs,
we compared SVRmodels created with HARPE data generated in vitro
andin cells. With the DPR, we made SVRc (SVR of the DPR with cell-based
data; the performance assessment of SVRc is in Extended Data
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Fig.4|The DPRin humanpromoters.a, The SVRmodel from HARPE datain
cells (SVRc) is similar to SVRb (biochemical). The SVRb and SVRc DPR scores of
7,500 test sequences (Fig.3b) are compared. PCC, Pearson’s correlation
coefficientwith two-tailed P<2.2x107¢; p, Spearman’s rank correlation
coefficient with two-tailed P<2.2x107". The light grey shading (SVRband SVRc
scores >2)indicates predicted DPR activity. b, Cumulative frequency of SVRc
DPRscoresin natural human promoters. Approximately 30% of 11,932 human
promoters*®,17% of100,000 random sequences (61% average G/C content, as in
human core promoters), and 2.6% of 10,000 inactive sequences (randomly
selected fromthe 50% least active sequencesinthe HARPE assay) have an SVRc
scoreof atleast 2 (greenline), which corresponds to anactive DPR (Extended
DataFig. 5b). ¢, Mutational analysis reveals DPR activity in different human
promoters (for genes shown on x-axis) with SVRc DPR scores >2.5.In the mutant
promoters, the wild-type DPRwas substituted witha DNA sequence thathasan
SVRc DPRscore of 0.3 (Extended Data Fig. 4a). The promoter sequences are
shownin Extended Data Fig. 8h. Promoter activity was measured by transient
transfectionin cells followed by primer extension analysis of the TSSs (data
shownasmeanzs.d.,n=3or4biologicallyindependent samples, indicated by
pointsrepresentingindependent samples). All P<0.05 (two-tailed paired
Student’st-test). For gel source data, see Supplementary Fig.1.d, The SVRc DPR
score correlates inversely with the presence of TATA-like sequences inhuman
promotersinHeLa cells. The frequency of occurrence of Inr-like sequences,
TATA-like sequences'?, and TATA-box motifs (SVRTATA > 1) (Extended Data
Fig.5c) inhuman promoters that were binned according to their SVRc DPR
scores (Extended Data Fig. 9a). Bins with fewer than100 promoters are
indicated withopencircles and are connected by dashed lines (representative
experiment, n=2biologicallyindependent samples).

Fig. 5i-m), which correlated well (p=0.71) with transcription strengths
in cells and was reproducible (p = 0.85) (Extended Data Fig. 71, m).
Moreover, SVRc correlated well (p = 0.77) with SVRb in predicting the
transcription strengths of DPR sequences (Fig. 4a).

With the TATAbox, we used HARPE datageneratedinvitroandin cells
(Extended DataFigs. 2k-p, 8a,b) to create SVR models (with the long TATA
sequence) termed SVRTATA (in vitro) and SVRTATA (in cells) (Extended
DataFig.7d-f; performance assessment of SVRTATA (invitro) isshownin
Extended Data Fig. 5n-r). SVRTATA (in vitro) was found to correlate well
(p=0.86) with transcription strengths as well as with SVRTATA (in cells)
(p=0.80) (Extended DataFig. 7d, e). These results indicate that the use
of HARPE in conjunction with SVR analysis is an effective method for
the analysis of core promoter motifs. Furthermore, the extensive cor-
relation between theinvitroand cell-based data (Figs. 2d, 4a, Extended
Data Figs. 2g-j, 7d, 8a, b) provides comprehensive evidence that the
mechanisms of transcriptioninitiationinvitro are similar to thosein cells.

The DPRis widely used in human promoters

To assess the role of the DPR in humans, we examined the relation
betweenthe HARPE-based DPR data and the corresponding sequencesin
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natural human core promoters. First, we found that the relative nucleo-
tide preferencesin focused human core promoters'? are similar to those
in the most active sequences in the HARPE assay in vitro and in cells
(Extended DataFig.8c-e). Itis thereforelikely that datafrom the HARPE
assay reflect the properties of the DPR in natural human promoters.

By using the SVR models, we were able to estimate the occurrence of
core promoter motifs in natural human focused promoters. With SVR
models for the DPR, we found that about 25-34% of human promoters
indifferent celllines (HeLa, MCF7 and GM12878) are predicted to have
anactive DPR (Fig.4b, Extended DataFig. 8f, g, Supplementary Discus-
sion 5). Similarly, with the SVRTATA models, we determined that about
15-23% of human promoters contain an active TATA box (Extended
Data Fig. 7g-i, Supplementary Discussion 5). Thus, the DPR appears
to be awidely used core promoter element. Moreover, the estimated
occurrence of the DPR is comparable to that of the TATA box.

Notably, in sharp contrast to the DPR, a correctly positioned match
to the RGWYGT DPE-like sequence™ (Fig. 1c) was found in only about
0.4-0.5% of human focused promoters (Supplementary Discussion 5).
Therefore, in humans, a consensus DPE-like sequence is rare, as previ-
ously noted' 3, but the SVR-based DPRis relatively common. These find-
ings further highlight the utility of machine learning relative to consensus
approaches for the identification of core promoter sequence motifs.

Wealsotested the activities of individual DPR-like sequences in natu-
ralhuman promoters. To thisend, weidentified eight human promot-
ers with an SVRc score of at least 2.5 and determined the activities of
wild-type and mutant versions of the core promoters in cells (Fig. 4c,
Extended Data Fig. 8h) and in vitro (Extended Data Fig. 8h, i). In all of
the promoters that were tested, mutation of the DPR region resulted
in a substantial decrease in transcriptional activity. These findings
show that functionally active DPR motifs can be identified in natural
promoters by using the SVR models.

Duality between the DPR and TATA box

Toinvestigate the relation between the DPR, the TATAbox, and the Inr,
we examined the co-occurrence of these motifs in human promoters
(Fig.4d, Extended DataFig.9, Supplementary Discussion 6). We typically
observedanincreaseinthe occurrence of the Inr and Inr-like sequences
withanincreaseinthe SVRscores for the DPR. This effect is consistent
with the cooperative function of the DPE and Inr motifsin Drosophila®.
By contrast, the TATA motifis enriched in promoters lackingaDPRand
depleted in promoters with high DPR scores. Similarly, but to a lesser
extent, strong DPR motifs are more abundant in TATA-less promoters
thanin TATA-containing promoters (Extended Data Fig.10). These find-
ings suggest that some human core promoters depend predominantly
onthe DPR, whereas others depend mostly onthe TATA box. This duality
between the human DPR and TATA box suggests that they might have
different biological functions and is consistent with the mutually exclu-
sive properties of the DPE and TATA box in Drosophila*® 2. Hence, the
TATA-DPRduality is likely to reflect different mechanisms of transcrip-
tionand potentially different modes of regulation of TATA-dependent
versus DPR-dependent promoters in humans.

Here, we have used machine learning to decipher a promoter
motif that could not be identified by the analysis of overrepresented
sequences (Supplementary Discussion 7). Beyond the study of core
promoters, this work describes a strategy for the machine learning
analysis of functionally important DNA sequence motifs. In the future,
itseems likely that machine learning models will continue to supersede
consensus sequencesin the characterization of DNA sequence motif's.
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Methods

HARPE screening vector and promoter inserts
The HARPE screening vector (Extended Data Fig. 1b) was created by
modification of the SuRE plasmid? (a gift fromJ. van Arensbergen
and B. van Steensel, Netherlands Cancer Institute). New features of
the HARPE vector are as follows. First, to increase transcription levels,
two GC-boxes (GGGGCGGGGC; binding sites for transcription factor
Spl) are located at positions —80 and -51 (the numbers indicate the
positions of the upstream G of each GC-box) relative to the A, in the
initiator (Inr) sequence of the core promoter thatisto beinserted into
the vector.Second, a TATA-like sequence (TTAACTATAA) upstream of
the GC-boxes was mutated to CTGACTGGAC. Third, aKpnlrestriction
siteis downstream of the -51 GC-box. Fourth, the Kpnlsite is followed
by a spacer sequence and an Aatll restriction site for insertion of core
promoter sequences between the Kpnl and Aatll sites. Fifth, down-
stream of the Aatll site, thereis an RNA polymerase Il (Pol III) terminator
sequence(TTTTTTT)upstreamofthetranscribed sequence thatis com-
plementary to the reverse transcription primer. The Pol lll terminator
minimizes any potential background signal from Pol Il transcription.
For HARPE screening of randomized upstream sequences such as the
TATAbox, we used aslightly different screening vector inwhich the Kpnl
siteis upstreamof position -51. In this case, the downstream GC-box is
included in the promoter insert rather thanin the vector.
Randomized promoter inserts were generated by 5’ phosphoryla-
tion (T4 polynucleotide kinase; New England Biolabs) and annealing
of partially complementary oligonucleotides (Extended Data Fig. 1c).
The double-stranded DNA products were designed with 3’-overhangs
forinsertion between the Kpnland Aatll sites of the HARPE vector. The
SCP1m and human IRF1 core promoter sequences that were used are
showninSupplementary Table 2. In the analysis of the DPE region, the
SCP1m region between +18 and +22 (CGAGC) was mutated to ATCCA
(mutant MTE?). In the analysis of the TATA region, the SCP1m region
between +28 and +34 (AGACGTG) was mutated to CTCATGT (mutant
DPE®). Inthe IRF1sequence, we introduced an A,;; to T substitution to
eliminate a partial Pol Il box A-like sequence.

HARPE library generation

The methodology for the preparation of the HARPE library was adapted
from the SURE procedure?. Annealed and phosphorylated promoter
inserts were ligated into Kpnl- and Aatll-digested HARPE vector by
using the TAKARA DNA Ligation Kit, Version1(Takara Bio). The result-
ing DNA was electroporated into DH5G CloneCatcher Gold (Genlantis)
bacteria as recommended by the manufacturer, and the number of
transformants was assessed by plating. Typically, acomplexity of about
1,000,000 t0 80,000,000 transformants was achieved. Next, a second-
ary downscaling step was performed to decrease the complexity of the
library to about 100,000 or about 500,000 for shorter (8 to 12 bp) or
longer (19 bp) randomized regions, respectively. Isolation of the DNA
yielded the final HARPE DNA libraries, which were then transcribed in
HeLa cells or in vitro.

Transcription of HARPE librariesin cells

Hela cells (kind gift from the laboratory of A. Rao, LaJollaInstitute for
Immunology) were maintained at 37 °C under 5% CO,in DMEM (Gibco)
supplemented with 10% FBS (ATCC), 50 U/ml penicillin (Thermo Fisher
Scientific), and 50 pg/ml streptomycin (Thermo Fisher Scientific). HeLa
cellswerenotauthenticated but were tested and found to be negative
for mycoplasma contamination. Transfections were performed with
Lipofectamine 3000 (Thermo Fisher Scientific) as recommended by
the manufacturer. Typically, two 10-cm culture dishes were used per
sample. During collection, one-third of the cell pellet was reserved for
plasmid DNA extraction, whereas the rest of the cells were used for RNA
extraction. RNA processing was then performed as described below. All
HARPE experiments in cells were performed independently two times

to ensure reproducibility of the data. Replicates originated from the
same HARPE DNA libraries that underwent independent transfection
and downstream processing.

Transcription of HARPE librariesin vitro

For each sample library, the products from 12 standard in vitro tran-
scriptionreactions were combined. Standard reactions were performed
as follows. DNA template (500 ng) was incubated with HeLa nuclear
extract® for preinitiation complex assembly at 30 °C for1hin 46 pl
transcription buffer 20 mMHEPES-K* (pH 7.6), 50 mM KCI, 6 mM MgCl,,
1.25% (w/v) polyvinylalcohol, 1.25% (w/v) polyethylene glycol, 0.5 mM
DTT,3mMATP,0.02mMEDTA, and 2% (v/v) glycerol).rNTPs (4 pl; 0.4 mM
final concentration of eachrNTP) were added toinitiate transcription.
(Whereindicated, sarkosyl was added to 0.2% (w/v) final concentration
at20safter theaddition of INTPs.) The reaction wasincubated at30 °C
for 20 min and terminated by the addition of 150 pl Stop Mix (20 mM
EDTA, 200 mM NaCl, 1% (w/v) SDS, 0.3 mg/ml glycogen). Proteinase K
(5ul;2.5mg/ml) was added, and the mixture was incubated at 30 °C for
15min. Allin vitro transcription HARPE experiments were performed
independently atleast two times to ensure reproducibility of the data.
Replicates originated from the same HARPE DNA libraries that under-
went independent transcription and downstream processing.

RNA extraction and processing after transcription of HARPE
libraries

RNA transcripts from cells or frominvitro transcription reactions were
extracted with Trizol or Trizol LS (Thermo Fisher Scientific), respec-
tively. Total RNA (40 pg for cell transfection experiments or the entire
yield forin vitro experiments) was processed as follows. Contaminating
plasmid DNA was removed with the TURBO DNA-free Kit—rigorous
DNase treatment protocol (Thermo Fisher Scientific) as recommended
by the manufacturer. The nucleic acids were precipitated with etha-
nol, and reverse transcription was performed with SuperScript I
Reverse Transcriptase (Thermo Fisher Scientific) with the RT primer
(5’-GTGACTGGAGTTCAGACGTGT; Supplementary Table 2) as recom-
mended by the manufacturer. The reaction products were thentreated
with30 URNaseH (New England Biolabs) for 20 min at 37 °C. The nucleic
acids were extracted with phenol-chloroform-isoamyl alcohol and
precipitated with ethanol. The resulting cDNAs were then size-selected
ona 6% polyacrylamide-8M urea gel using radiolabelled size markers
(Supplementary Table 2) that enable the purification of cDNAs cor-
responding to transcription that initiates in the region from -5 to +6
relativeto the A,;in the Inr sequence.

Size-selected cDNAs were used as templates to generate DNA ampli-
cons for lllumina sequencing using custom forward oligonucleotides
containing the lllumina P5 and Readl-primer sequences preceding
the sequence correspondingto nucleotides +1to +16 of the promoter
analysed (Supplementary Table 2). Reverse primers were selected from
the NEBNext Multiplex Oligos for Illumina kits (NEB). NGS PCR ampli-
cons were then size-selected on native 6% polyacrylamide gels before
lllumina sequencing.

Processing of plasmid DNA for Illumina sequencing

For in vitro experiments, the starting material used was the HARPE
DNA libraries. For cell transfection experiments, post-transfection
plasmid DNA extraction was performed as described®. In brief, cells
were treated with trypsin, washed with PBS, and then incubated in 500
plnuclear extraction buffer (10 mM NaCl, 2 mM MgCl,, 10 mM Tris-HCI
(pH7.8),5mMDTT, 0.5%NP40) onice for 5min. Nuclei were pelleted at
7,000g and washed twice with1 mlnuclear extraction buffer. DNA was
then extracted with ZymoPURE Plasmid Miniprep Kit (Zymo Research).
Plasmid DNA samples were used as a template for the generation of
DNA amplicons for llluminasequencing. The forward oligonucleotides
contain the lllumina P5 and Readl-primer sequences followed by a
promoter-specific sequence (Supplementary Table 2) that comprises



nucleotides +1 through +16 (relative to the +1 TSS) for accurate DNA
count assessment. Reverse primers were selected from the NEBNext
Multiplex Oligos for llluminakits (New England Biolabs), which match
the Illumina Read2-primer sequence present on the HARPE plasmid.
NGS PCR amplicons were then size-selected on native 6% polyacryla-
mide gels before lllumina sequencing.

Illuminasequencing

llluminasequencing of NGS PCR amplicons was carried outonaHiSeq
4000 or Novaseq 6000 at the IGM Genomics Center, University of
California, San Diego, LaJolla, CA (Moores Cancer Center, supported
by NIH grant P30 CA023100 and NIH SIG grant S10 0D026929).

Transcription of individual test sequences and candidate
human promoters

The plasmids used for testing individual clones were constructed
with the QS5 Site-Directed Mutagenesis Kit (New England Biolabs) as
recommended by the manufacturer. These constructs include core
promoter sequences® from —36 to +50 nt relative to the +1 TSS of the
specified genes.

For testing transcription activity in vitro, nucleic acids resulting from
single standard reactions were isolated by phenol-chloroform-isoamyl
alcohol extraction and ethanol precipitation, and subjected to primer
extension analysis with 5’-**P-labelled RT primer. For testing transcrip-
tionactivityin cells, HeLa cells were transfected, and RNA was extracted
with Trizol (Thermo Fisher Scientific). Total RNA (15 pg) was subjected
to primer extension analysis with 5’-*P-labelled RT primer.

Primer extension products were resolved on 6% polyacrylamide-8M
urea gels and quantified by using a Typhoon imager (GE Health Sci-
ences) and the associated Amersham Typhoon control software v1.1.
Quantification of radiolabelled samples was measured with Fiji v1.52i.
Allexperiments for individual clones were performed independently
atleast three times to ensure reproducibility of the data.

NGS data processing

Single-read sequences (SR75) were screened according to the following
criteria:a perfect match tothe 10 nt directly upstream of the randomized
region followed by the exact nucleotide count within the randomized
regionand a perfect match to the10 nt directly downstream of the ran-
domized region. (For the analysis of the TATA box (long version), the
SR75 sequencing reads only allowed for 8 nt following the barcode;
thus, the criteriathat we employed were as follows: perfect match tothe
12 nt directly upstream of the barcode; exact size of randomized bar-
code; and perfect match to the 8 nt directly downstream of the barcode.)
Allreads containing amatch to the selection pattern were deemedusable
and trimmed for sequences outside the randomized region. When pre-
sent, highly abundant readsin the randomized box that correspond to
the original promoter sequence or to invariant sequences from other
constructs were discarded, as they are likely to have originated from
inaccurate indexing of other multiplexed samples. Read counts for each
variant were then computed and yielded a plasmid DNA dataset (DNA
dataset) and a cDNA dataset (RNA dataset) for each sample.

For each DNA dataset, we used only sequences with a minimum
read count of 10 and a minimum relative count of 0.75 reads per mil-
lion (RPM) so that low-confidence variants would not be included in
the analysis. RNA dataset sequences were then matched to the corre-
sponding DNA dataset, which was used as areference. For each HARPE
experiment, transcription strength was then defined as RNA tag count
(inRPMs) divided by DNA tag count (in RPMs). Total read counts, num-
ber of variants, coverage values, and required DNA read counts are in
Supplementary Table1.

HARPE targeting the TATA box
HARPE libraries for the analysis of the TATA-box region were prepared
using the same methodology as for the other HARPE libraries, except

that a second randomized ‘barcode’ box was added between +53 and
+63 nt (short TATA version) or +53 and +67 nt (long TATA version). The
SCP1m region between +28 and +34 nt (AGACGTG) was also mutated
to CTCATGT (mutant DPE*®). Conversion tables from barcode to
TATA-box variant were built by paired-end sequencing of amplicons
from the starting plasmid libraries. Sequencing reads were screened
asdescribed above and clusters for whichbothread1and read 2 passed
the screening criteria were used to compute read counts. A minimum
read count threshold was set so that >98% of barcodes were associated
with a single TATA-box variant. Pairs that did not reach the threshold
and the remaining 2% of unassigned barcodes were discarded. DNA
datasets and RNA datasets for all TATA-box HARPE experiments were
matched to their corresponding barcode-to-TATA conversion tables.
All non-matching barcodes were not included. TATA variants associ-
ated with multiple barcodes were combined, and their transcription
strengths were computed as the average transcription strength across
the multiple barcodes.

Low-complexity, high-confidence HARPE dataset
Low-complexity libraries were generated by limiting the randomization
ofthe DPR (that s, setting nucleotides +17 to +35to TCGKYYKSSYWK-
KRMRTGC, which yields a maximum complexity of 8,192) as well as
by adding a randomized 3-nt tag from +55 to +57 nt. The final library
contained about 130,000 DPR-tag pairs, which resulted in a median
value of 13 out of 64 possible 3-nt tags per DPR variant. The transcription
strength for each DPR variant was computed by determining the aver-
age of the RNA tag count/DNA tag count values for all of the DPR-tag
pairs for that variant.

Motif discovery

Motif discovery was performed using HOMERZ. findMotifs.pl was used
tosearchthe 0.1% most transcribed HARPE sequences in the region of
interest. Variants randomly selected from all tested sequences were
used as background. We looked for 19-nt motifs in the DPR datasets
and 12-nt motifs in the DPE only and MTE only datasets. Because the
TATA box is not constrained to a single position, we did not specify a
motiflength for the TATA-box datasets. The homer2 find tool was used
toretrieve the sequences matching the top motifas well astocompute
position-weight-matrix-based HOMER motif scores. These sequences
were then used to generate the sequence logo using WebLogo 3%,

Data processing, statistics and graphical displays

All calculations (including Pearson’s correlation coefficients, Spear-
man’s rank correlation coefficients, P values, means, and standard
deviations) were performed in the R environment (version 3.6.1) in
Rstudio v1.1.463 with R packages ggplot2 v3.2.1, tidyr v1.0.0, dplyr
v0.8.3andrlist v0.4.6.1, or with Microsoft Excel. All replicate measure-
ments were taken from distinct samples. Adobe Illustrator CS v11.0.0
was used to build figures.

Training of SVR models

Machine learning analyses were performed using functions of the R
package e1071 (D. Meyer, E. Dimitriadou, K. Hornik, A. Weingessel and
F.Leisch (2019). e1071: Misc Functions of the Department of Statistics,
Probability Theory Group (formerly: E1071), TU Wien. R package version
1.7-2. https://CRAN.R-project.org/package=e1071). For SVR training, we
used the default radial basis function (RBF) kernel, which yielded the
bestresultsamongthose tested. Grid search was performed for hyper-
parameters C (cost) and gamma, and cross validation was done by using
two independent sets of sequences that were not used for the training
(Extended Data Fig. 3b-d). Nucleotide variables for HARPE variants
were computed as four categories (A, C, G and T), known as factors in
R.Tobuild the SVR model, we used the nucleotide variables as the input
features and transcription strength as the output variable. For SVRb
(orSVRc), wesetaside 7,500 (or 6,500) test sequences (with the full range
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of transcription strengths) and trained the SVR with 200,000 of the
remaining sequences (Extended Data Fig. 3a). For SVRTATA, we set aside
5,000 test sequences (with the full range of transcription strengths)
and trained the SVR with all remaining (232,713) sequence variants.

Use of the SVR models to predict transcription strength

The SVR models described in this study can be used to predict tran-
scription strength with R by using the predict() functionincluded in
CRAN package e1071. Models are imported with readRDS(). Query
sequence data must be formatted as follows. The variable names are
V1to V12 for SVRTATA (corresponding to positions -32to-21) and V1to
V19 for SVRc and SVRb (corresponding to positions from +17 to +35).
Query sequences are split with one nucleotide per column and one
sequence per row. Each column must have atleast one A, one C,one G
and one T to ensure that all variables are read as four categories (A, C,
G, T).Predictionusingan SVR model and aquery sequence will return
anoutput ‘SVR score’ that is related to the transcription strength and
setonanarbitrary scale.

To streamline use of the models, we also provide an R script named
SVRpredict.R (requires R with CRAN packages e1071 and docopt).
SVRpredict.Rinputsamodelfile as well as asequencefile (12- or19-letter
words/sequences, one sequence per line), and outputs a new file with
each sequence and its associated predicted transcription strengthin
anadded column (SVR_score).

Position index

To assess the effect of each sequence position on the SVR score, we
used the positionindex (Extended Data Fig. 7j, k), which is the maximal
SVRscoreincrease that canbe attained by asingle nucleotide substitu-
tion at each position of the DPR. Because the positional contribution
is affected by the sequence context (that is, the nucleotides at other
positions within the DPR), the average positional contributionin 200
DPR contexts (that is, sequences in 200 different natural human pro-
moters) was used to determine the positionindex.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The HARPE data are available from Gene Expression Omnibus
(GEO; accession number, GSE139635). We obtained 5’-GRO-seq files
(GSE63872% and GSE90035™) and GRO-cap files (GSM1480321)* from
the Gene Expression Omnibus website (https:/www.ncbi.nlm.nih.gov/
geo/).Source data are provided with this paper.

Code availability

All computational analyses were performed by using R version 3.6.1
and previously described packages, as noted in the Methods.
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Extended DataFig.1|Design andinitial characterization ofthe HARPE
assay. a, RNA polymerasell core promoter elements that were examined in this
study. This diagram shows the positions of the TATA box, initiator (Inr), motif
tenelement (MTE), downstream core promoter element (DPE), and
downstream core promoter region (DPR) relative to the A+1 nucleotidein the
Inr consensus sequence. TheInrand MTE function together with a strict
spacingrequirement between the two motifs. The Inr and DPE similarly act
togetherwithastrict spacing requirement between the motifs. The Figure is
drawnroughly toscale. Thesequences that wererandomized in the HARPE
experimentsarealsoindicated.b, ¢, Preparation of the HARPE library.

b, HARPE constructs have two GC-boxes (Spl binding sites) upstream of the
core promoter. The core promotersusedin this study (SCPImand IRF1) are
TATA-less (MTATA = mutant TATA box), initiator (Inr)-containing promoters.
AnRNA polymerase Il (Pol I1I) terminator prevents transcription by Pol III.
Theopenreading frame of green fluorescent protein (ORF) and the
polyadenylation signal (PAS) promote the synthesis of mature and stable
transcripts. For the study of the DPR, the randomized regionis from +17 to +35
relative tothe +1 TSS. ¢, The fragments containingrandomized elements are
produced by annealing oligonucleotides that give protruding ends matching
theKpnland Aatllsticky ends on the pre-digested plasmid. A high-complexity

library of ~-IM to 80M variants is typically obtained after bacterial
transformation. If required, the level of complexity is decreased to -100k to
~500k variants with a subset of the transformants. d, Nucleotide preferences
canbeobservedinthe mostactive DPRsequences. The nucleotide frequencies
ateach position of the DPRin the top 50% to the top 0.1% of the most
transcribed sequences are indicated. All sequences (100%) are included as a
reference. e, f, DPR motifs identified by HOMER. e, HOMER motifs found
inthe top 0.1% of HARPE DPR variants. f, Position-weight matrix for the top
HOMER motif. P-values associated with hypergeometric tests (one tailed, no
adjustment). All panels show arepresentative experiment (n=2biologically
independentsamples).g-i, HARPE is highly reproducible. g, Most variants are
presentand detectablein biological replicates. The intersection comprises
variants detected inbothbiological replicates (exact sequence match).

PCC, Pearson’s correlation coefficient with two-tailed P-value <2.2x107.

h, Reproducibility of the DNA and RNA tag counts, and the resulting
transcription strength value, for variants detected in both biological
replicates. PCC, Pearson’s correlation coefficient with two-tailed P-value
<2.2x107".i,Reproducibility of the MTE, DPE, IRF1, and SCP1 (with TATA box)
datasets, for variants detected in both biological replicates. PCC, Pearson’s
correlation coefficient with two-tailed P-value <2.2 x107.
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Extended DataFig. 2| Further characterization of the HARPE assay and
modification ofthe HARPE assay to include the analysis of the upstream
TATAbox element. a-d, Relative promoter strengthsin HARPE experiments
performedintheabsence versusthe presence of sarkosyl. Invitro transcription
reactions were performedinthe absence or presence of 0.2% (w/v) sarkosyl
(added immediately after transcriptioninitiation).a, HARPE datasets with
reactions performedin the presence of sarkosyl are reproducible. PCC,
Pearson’s correlation coefficient with two-tailed P-value <2.2 x107%. b, Relative
promoter strength does not appear to be affected by the addition of sarkosyl.
Comparison of HARPE data fromreactions carried outin the absence (Control)
or the presence of sarkosyl. PCC, Pearson’s correlation coefficient with two-
tailed P-value <2.2x107*. ¢, The top 0.1% most highly transcribed promoter
variants show similar nucleotide preferencesin the absence (Control) or the
presence of sarkosyl (representative experiment, n=2biologically
independentsamples).d, Theindividual analysis of 16 independent promoter
variants shows that the relative promoter strengths are approximately the
same inthe absence (Control) or the presence of sarkosyl. PCC, Pearson’s
correlation coefficient with two-tailed P-value=7.1x107" (replicate 1) or
1.7x10™" (replicate 2). For gel source data, see Supplementary Fig. 1. e-g, HARPE
yields consistent data under different conditions. The nucleotide frequencies
ofthetop 0.1% mostactive sequences are shown. e, HARPE analysis (in vitro) of
the DPRwith three different promoter cassettes: SCP1lacking a TATAbox
(SCP1m), the human IRF1core promoter (IRF1),and SCP1containinga TATA box
(SCP1).f, HARPE of the DPR (+17 to +35), DPE (+23 to +34), and MTE (+18 to +29)
motifs with the SCP1Im promoterinvitro. g, HARPE of the DPRin the SCP1m
promoter transcribed invitroorincells. All panels show arepresentative
experiment, n=2biologicallyindependent samples. h-j, HARPE data
generatedin cellsare similar to the correspondingin vitrodata. h, The
nucleotide frequencies of the top 0.1% most active DPR sequences obtained in
cellsare consistent with their in vitro counterparts. These HARPE experiments
were performed with the human IRF1core promoter.i, The nucleotide
frequencies of the top 0.1% most active MTE and DPE sequences obtained in
cellsare consistent with their in vitro counterparts. These experiments

examined either the MTE region or the DPE regionincellsorinvitro.j, The
nucleotide frequencies of the top 0.1% most active DPR sequences obtained in
cellsare consistent with their in vitro counterparts. These HARPE experiments
were performed with the TATA-box-containing SCP1core promoter. All panels
show arepresentative experiment (n=2biologicallyindependent samples).
k-p, HARPE canbe used to analyse regions upstream of the TSS. k, Design of a
HARPE experiment targeting the upstream TATA-box region. Sequencing of
the DNA constructs provides a correspondence between each TATA-box
variantand adownstreambarcode. Analysis of the barcode sequencein each
transcript thusidentifiesits associated TATA-box variant sequence.l, HARPE
was performed witharandomized region from -32to-21 (long TATA) relative
tothe+1TSS. Thereproducibility of twoindependent experimentsis shown.
PCC, Pearson’s correlation coefficient with two-tailed P-value <2.2 x 107 rho,
Spearman’srank correlation coefficient with two-tailed P-value <2.2 107,

m, HARPE was carried with arandomized region from -30 to -23 (short TATA)
withanupstream TA dinucleotide at positions -32 and -31. The upstream
TAsequencedirects the formation of the TATAboxinasingle phase. The
reproducibility of two independent experimentsis also shown.PCC, Pearson’s
correlation coefficient with two-tailed P-value <2.2 x107*; rho, Spearman’s
rank correlation coefficient with two-tailed P-value <2.2x107¢.n, The
nucleotide frequencies and top 8-nt and 12-nt HOMER motif's for the top 0.1%
most transcribed variants are shown for HARPE data with the long TATA (=32 to
-21) randomized sequence. The upstream T of the 8-nt TATA box motif was
foundtobelocated at position -32,-31, or -30 (representative experiment,
n=2biologicallyindependent samples). 0, The nucleotide frequencies and top
8-nt HOMER motif for the top 0.1% most transcribed variants are shown for
HARPE datawith the short TATA (-30 to -23) randomized sequence. In the
short TATA analysis, the upstream T of the TATA box is fixed at position-32, and
thus, adistinct TATA-box sequence can be seenin the HOMER analysis
(representative experiment, n=2biologicallyindependent samples). p, The
nucleotide frequencies in natural human focused promoters'?are similar to
thoseinthelong TATA dataset (n), particularly with the Aand T nucleotides.
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Extended DataFig. 3 | Initial characterization and optimization of the SVR
models and the creation ofalow complexity HARPE library for further SVR
analysis of the DPR. a, Selection of sequences for training of the SVR. Different
numbers of training sequences were selected either randomly (blue line) or by
using acombination of the most transcribed (Best) variants and Non-Best
variants (thatis, those variants that are notin the Best category) atal:1ratio of
Best:Non-Best (orange line). The resulting SVR models were used to predict the
transcriptional activity of the Test Sequencesin Fig. 3b, and the correlations
betweenthe predicted versus observed transcriptional activities are shownon
theY axis. Inour studies, we used the SVR model (Selected variants) that was
built on the training set that consists of the 100,000 most transcribed (Best)
variants and randomly selected 100,000 Non-Best variants (representative
experimentn=2biologicallyindependent samples). The modelsin this figure
were built by using default parameters for SVR training. b-d, Grid search cross
validation for the SVR models. Grid search results with different values for the
costof misclassification (cost) and individual training example influence
(gamma) for (b) SVRb, (c) SVRc, and (d) SVRTATA. Shown are Spearman’s rank
correlation coefficient (rho) between the prediction of eachmodel and the
observedtranscriptionstrength with two independent datasets (validation
and testsets, which are separate halves of the test sequences described in
Fig.3b) that were notusedin thetraining of the models. SVR models were
trained as described inMethods. Undefined (UD) correlationis observed

when the prediction of amodelis constant regardless of the sequence.

The hyperparameter values that were selected in this study are as follows: SVRb
(c=10andgamma=0.1); SVRc (c=1,gamma=0.02); and SVRTATA (c=100,
gamma=0.1).e, Concordancebetween the predicted and observed activities
of DPRsequence variants, asshownwithalogarithmicscale. Analysis of 7500
independent test sequencesinthe HARPE dataset that were not used in the
training of SVRb. This figure presents the datashownin Fig. 3bwithalogscale
forthex-andy-axes. PCC, Pearson’s correlation coefficient with two-tailed
P-value <2.2x107'%; rho, Spearman’s rank correlation coefficient with two-
tailed P-value <2.2 x107".f-i, Design and use of alow complexity HARPE library
that provides high-quality dataon 8,431 unique DPR variants. f, Design of alow
complexity library with multiple DNA sequence tags for each DPR variant.
Arestricted library was built with 8,431 unique DPR variants. Each variant was
associated with about15downstream DNA sequence tags that enable multiple
measurements of transcription strength for the same variant within the same
experiment. g, Torestrict the complexity of thelibrary, the randomized region
was shortened to13 nucleotides, and each position contained one of only two
different bases. h, The number of tags per variant. The median valueis13
(representative experiment, n=2biologicallyindependent samples).i, The
observed transcription strength for each of the DPR variants. There are
multiple different sequence tags for each DPR variant. The plot shows the
average (black) + standard deviation (designated in grey) for each of the
variants (representative experiment, n=2biologicallyindependent samples).
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Extended DataFig. 4 |Individual assessment of the transcription activity
ofl6independent variants that are not presentin the SVR training set.

a, Thel6 variants, whichinclude the original SCPIm sequence, representawide
range of SVRscores. Nucleotides that differ from the SCPIm sequence are
indicatedinredtype.b, The16 promoter sequences wereinserted into
plasmids and subjected toinvitro transcription and primer extension analysis
(n=4biologicallyindependentsamples). The plots show the predicted SVRb
scoresand the observed transcription strengths. Replicatelis showninFig.3d.

SVRb Score (Predicted) SVRb Score (Predicted)

PCC, Pearson’s correlation coefficient with two-tailed P-values <1.7 x10°%; rho,
Spearman’s rank correlation coefficient with two-tailed P-value <2.2 x 107, For
gelsourcedata, see Supplementary Fig.1.c, The 16 promoters were subjected
to transient transfection and primer extension analysis (n =4 biologically
independent samples). The plots show the predicted SVRbscores and the
observed transcription strengths. PCC, Pearson’s correlation coefficient with
two-tailed P-value <3.9 x107%; rho, Spearman’s rank correlation coefficient with
two-tailed P-value <2.2 x107'%. For gel source data, see Supplementary Fig. 1.
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Box plots of fold increase in transcription strength
relative to the median inactive sequence
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Extended DataFig. 5| Use ofthe SVRmodels toidentify active sequence
elements and performance assessment of the SVRmodels.a-c, The
relationship between SVR scores and transcription strength. Box-plot
diagrams are shown for (a) SVRb, (b) SVRc, and (c) SVRTATA with all of their
corresponding HARPE sequence variants that are placed in bins of the
indicated SVRscore ranges. Sequence variants with SVRbscore >2, SVRc
score>2,and SVRTATAscore >1are typically atleast about 6 times more active
thananinactive sequence (light blue shaded regions), and are thus designated
as“active”. Thethick horizontallines are the medians, and the lower and upper
hinges are the first and third quartiles, respectively. Each upper (or lower)
whisker extends from the upper (or lower) hinge to the largest (or lowest) value
no further than1.5*IQR from the hinge. Databeyond the end of the whiskers
(outlying points) are omitted from the box plot. Sequence variants with
transcription strength =0 were removed to allow log-scale display of the
diagrams. The horizontal dashed grey lines denote the transcription strengths
ofthemedianinactive sequences. d-h, Performance assessment of SVRb.

All panels show arepresentative experiment (n=2biologically independent
samples).d, Selection of HARPE variants used in performance assessment. The
top 10% sequence variants were designated as active/positive for transcription,
and anequal (randomly selected) number of the bottom 50% of sequence
variants were designated asinactive/negative for transcription. These
sequences were thenusedinthe performance assessment. Intermediate
variants that were between the top and bottom groups were notincluded.

The transcriptionstrengths of all selected sequences are shown. e, Receiver
operating characteristic (ROC) curve.f, Precision-recall (PR) curve.

g, Performance measuresrelative to the minimum SVRb score required for a
positive prediction. Performance was computed by counting true positives
(TP), true negatives (TN), false positives (FP), and false negatives (FN). Accuracy
[(TP+TN)/ (TP+FP+TN+FN)] reflects how often SVRb predictions are correct.
Precision[TP /(TP +FP)]is the proportion of positive predictions thatare
correct. Sensitivity or recall or true positive rate [TP /(TP +FN)] is the
proportion oftranscriptionally active variants that are correctly predicted as
positives. h, False positive and false negative rates. The false positive rate
[FP/(FP+TN)listhe probability for aninactive sequence tobeincorrectly
predicted as positive. The false negative rate [FN/ (FN + TP)] = (1 - Sensitivity) is
the probability for an active sequence tobeincorrectly predicted as negative.
Performance values are shown for selected minimum SVRbscores (1.5and 2).
All panels show arepresentative experiment (n=2biologically independent
samples).i-m, Performance assessment of SVRc.1i, Selection of HARPE variants
usedinperformanceassessment. The top 10% sequence variants were
designated as active/positive for transcription, and an equal (randomly

selected) number of the bottom 50% of sequence variants were designated as
inactive/negative for transcription. These sequences were then used in the
performance assessment. Intermediate variants that were between the top and
bottom groups were notincluded. The transcription strengths of all selected
sequencesare shown. j, Receiver operating characteristic (ROC) curve.

k, Precision-recall (PR) curve.l, Performance measures relative to the minimum
SVRcscorerequired for a positive prediction. Performance was computed by
counting true positives (TP), true negatives (TN), false positives (FP), and false
negatives (FN). Accuracy [(TP+TN)/ (TP+FP+TN+FN)] reflects how often SVRc
predictions are correct. Precision [TP/(TP +FP)]is the proportion of positive
predictions thatare correct. Sensitivity [TP/(TP+FN)] is the proportion of
transcriptionally active variants that are correctly predicted as positives.

m, False positive and false negative rates. The false positive rate [FP / (FP+ TN)]
isthe probability for aninactive sequence tobeincorrectly predicted as
positive. The false negative rate [FN/ (FN + TP)] = (1 - Sensitivity) isthe
probability foranactive sequence tobeincorrectly predicted as negative.
Performance values are shown for selected minimum SVRc scores (1.5and 2).
All panels show arepresentative experiment (n=2biologically independent
samples). n-r, Performance assessment of SVRTATA. n, Selection of HARPE
variants used in performance assessment. The top 10% sequence variants were
designated as active/positive for transcription, and an equal (randomly
selected) number of the bottom 50% of sequence variants were designated as
inactive/negative for transcription. These sequences were then used inthe
performance assessment. Intermediate variants that were between the top and
bottom groups were notincluded. The transcription strengths of all selected
sequences are shown. One outlier variant with an exceptionally high
transcription level was omittedin the graph, but wasincludedinthe
performance analysis. 0, Receiver operating characteristic (ROC) curve.

p, Precision-recall (PR) curve. q, Performance measuresrelative to the
minimum SVRTATA score required for a positive prediction. Performance was
computed by counting true positives (TP), true negatives (TN), false positives
(FP), and false negatives (FN). Accuracy [(TP+TN) / (TP+FP+TN+FN)] reflects
how often SVRTATA predictions are correct. Precision[TP /(TP +FP)]is the
proportion of positive predictions that are correct. Sensitivity [TP/ (TP +FN)]
isthe proportion of transcriptionally active variants that are correctly predicted
as positives.r, False positive and false negative rates. The false positive rate
[FP/(FP+TN)]is the probability for aninactive sequence tobeincorrectly
predicted as positive. The false negative rate [FN/ (FN + TP)] = (1 - Sensitivity) is
the probability for anactive sequencetobeincorrectly predicted as negative.
Performance values are shown for minimum SVRTATA scores =1.0. All panels
show arepresentative experiment (n=2biologicallyindependent samples).
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Extended DataFig. 6 | Further analysis of the SVRmodels and their relation
toconsensus sequence-based approaches. a-e, SVRmodelsbased on HARPE
datawith different promoter backgrounds are consistent. SVR models were
tested with the 7500 DPR sequence variants used in Fig. 3b. a, SVRIRFI models
trained with HARPE data for the DPR with the IRF1 promoter cassette
(promoter background) arereproducible. b, SVRb based on HARPE data for the
DPRwith the SCP1m promoter cassette (promoter background) is similar to the
SVRIRFI model trained with HARPE data for the DPR in the IRF1 background.

¢, SVRscrl models trained with HARPE data for the DPR with the SCP1 (TATA-
containing) promoter cassette (promoter background) are reproducible.

d, SVRb for the DPRin the TATA-less SCP1m promoter cassette (promoter
background) is similar to the SVRscpl model for the DPR in the TATA-containing
SCP1promoter cassette. e, SVRb and SVRscprl exhibit similar DNA sequence
preferences. This figure shows the web logos for the top HOMER motif's
identified withthe top 0.1% DPR sequences (in 500,000 random sequences),
asassessed with either SVRb or SVRscPl. f-h, SVR analysisincorporates
information thatis notencapsulatedinaconsensus of enriched sequencesin
the mostactive variants. f, Web logo for the top HOMER motif identified with
the 0.1% most transcribed DPRsequences. This panelis adapted fromFig. 1c
and shows the DPE-like RGWYGT consensus of enriched sequences from +28 to
+33.1In contrast, the SVR modelis generated fromstrong, intermediate, and
weak variants of the entire DPRregion. g, HARPE variants with a perfect match
tothe RGWYGT consensus exhibit transcription strengths that range from
highly activetoinactive. h, SVRbaccurately predicts the transcription
strengths of different HARPE variants with a perfect match tothe RGWYGT
consensus. PCC, Pearson’s correlation coefficient with two-tailed P-value
<2.2x107%;rho, Spearman’s rank correlation coefficient with two-tailed
P-value<2.2x107.i,An SVR-based approach provides amore accurate
prediction of DPRactivity than aconsensus sequence-based method.

The plotsshow the correlation between the observed transcription strength
(invitro) and the predicted scores of the DPR, as assessed with either SYRb
(upper; adapted from Fig. 3b) or aconsensus sequence/position-weight matrix-
based method (HOMER; lower). The HOMER consensus/position-weight
matrix (Fig.1c, Extended DataFig.1e, f) is based on the top 0.1% most
transcribed DPRsequences. The DPR variants are the 7500 Test Sequences
showninFig. 3. The coloured density scale isidentical for both plots
(representative experiment, n=2biologicallyindependent samples). PCC,
Pearson’s correlation coefficient with two-tailed P-value <2.2 x107; rho,
Spearman’s rank correlation coefficient with two-tailed P-value <2.2 x107%.
j.k,SVRbscores areinfluenced by DNA sequence context (that s, flanking
nucleotides), whereas PWM-based HOMER scores treat individual nucleotide
positionsindependently. j, Box-plot diagrams of the changes in the HOMER
motifscores (top) and the SVRbscores (bottom) due to an A-to-G substitution
ateachof theindicated positions. The values were generated with 200
different DPR sequencesin randomly-selected natural human promoters. The
thick horizontallines are the medians, and the lower and upper hinges are the
firstand third quartiles, respectively. Each upper (or lower) whisker extends
fromthe upper (or lower) hinge to the largest (or lowest) value no further than
1.5*IQR from the hinge. Databeyond the end of the whiskers (outlying points)
areomitted from the box plot. A representative experimentisshown (n=2
biologicallyindependentsamples). k, The influence of sequence context is
accurately captured by the SVR model. Shown are the changesin SVRb score
andtranscriptionstrength for 4,081 DPR variants when Ais mutated to G at
positions +30 (left) or +32 (right). The transcription data of the sequence
variants were from the Low Complexity Library (Fig.3c). PCC, Pearson’s
correlation coefficient with two-tailed P-value <2.2 x10™%; rho, Spearman’s
rank correlation coefficient with two-tailed P-value <2.2 x107%,
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Extended DataFig.7|Characterization of the properties of the SVRmodels
and thegeneration of SVRtatafor the TATAbox and SVRc for the DPR with
cell-based data.a-c, SVRmodels capture the preferred distances between the
TSSand the DPR. a, The most significantly enriched 8-nt HOMER motif foundin
thetop 0.1% of HARPE DPR variants (top) and its associated position-weight
matrix (bottom). P-value associated with hypergeometric tests (one tailed).
This 8-nt DPE-like motif closely resembles the Drosophila DPE consensus
sequence*™. Importantly, the DPE-like sequenceis shorter thanthe DPRregion
andistherefore notatafixed position. b, Positional preference analysis of the
8-ntmotifinthe top 0.1% HARPE DPR variants shows a preferred major position
(74%) as well as aminor position (17%) thatis 1 nt upstream of the major
position.c, SVRbaccurately predicts the transcription strength of sequence
variants in all positions. This figure shows box-plot diagrams of the
transcription strength for all variants within the HARPE dataset that contain
the 8-nt motifateach position. The quality of the predictionat each positionis
indicated by Spearman’s rank correlation coefficient (rho) between the
observed transcriptionstrengthand SVRb score, HOMER motif score with the
19-nt DPR motif (shownin Extended DataFig. 1e, f), or HOMER motif score with
the 8-nt DPR motif (shownin a). The thick horizontal lines are the medians, and
thelowerand upper hinges are the first and third quartiles, respectively. Each
upper (or lower) whisker extends from the upper (or lower) hinge to the largest
(or lowest) value no further than1.5*IQR from the hinge. Databeyond the end
ofthe whiskers (outlying points) are omitted from the box plot. All panels show
arepresentative experiment (n=2biologicallyindependent samples).
d-i,Machinelearning analysis of the HARPE TATA-box datayields an SVRTATA
model for the TATA box. The HARPE data for the long TATA-box region (=32 to
-21; Extended Data Figs. 1a, 2k-p, 8a, b) were subjected to SVR analysis. The
resulting SVR models (derived from data generated in vitro or in cells) were
termed SVRTATA. d, The SVRTATA model from HARPE datain cells is similar to
that from HARPE datain vitro. The SVRTATA (in vitro) and SVRTATA (in cells)
scores are compared by using 5000 independent test sequences that were not
usedinthe training of the SVR.PCC, Pearson’s correlation coefficient with two-
tailed P-value <2.2 x107%; rho, Spearman’s rank correlation coefficient with
two-tailed P-value <2.2 x107%. ¢, Comparison of SVRTATAscores and the
observed transcriptionstrengths of 5000 independent test sequences. These
resultsare based oninvitrodata. PCC, Pearson’s correlation coefficient with
two-tailed P-value <2.2 x107%; rho, Spearman’s rank correlation coefficient
with two-tailed P-value <2.2 x107%.f, Comparison of HOMER motif scores and
the observed transcription strengths of the same 5000 test sequences used in
e.The position-weight matrices of the top 12-nt (left) or 8-nt (right) HOMER

motifs (Extended Data Fig. 2n) were used to determine HOMER motif scores.
PCC, Pearson’s correlation coefficient with two-tailed P-value <2.2 x10™; rho,
Spearman’s rank correlation coefficient with two-tailed P-value <2.2 x107%.

g, Cumulative frequency of SVRTATA scores of natural human promotersin
HeLa cells. Approximately 23% o0f 11,932 human promoters and 4% of 100,000
random sequences (61% average G/C content, asin human core promoters)
have an SVRTATA (invitro) score of at least 1 (marked with a greenline), which
corresponds to anactive TATAbox (Extended Data Fig. 5c). h, Cumulative
frequency of SVRTATA scores of natural human promotersin MCF7 cells.
Focused promotersidentified in ref.’? were used. Approximately 18% of 7,678
MCF7 promoters and 4% of 100,000 random sequences (61% average G/C
content, asinhuman core promoters) have an SVRTATA (in vitro) score of at
least1(marked with agreenline), which correspondsto anactive TATA box.

i, Cumulative frequency of SVRTATA scores of naturalhuman promotersin
GM12878 cells. Focused promoters were identified as described in ref.? by
using GRO-cap datain human GM12878 cells fromref.*’. Approximately 15% of
30,643 GM12878 promoters and 4% 0f100,000 random sequences (61%
average G/C content, asin human core promoters) have an SVRTATA (in vitro)
scoreof atleast1(marked withagreenline), which correspondstoanactive
TATA box. All panels show arepresentative experiment (n=2biologically
independent samples).j, k, Most positions within the DPR have amoderate
impactuponthe overall SVRscore. The influence of each positioninthe DPRon
themodel predictionscoreis shown by the value of the Position Index. The
PositionIndex at position X is the average of the maximal magnitude of
variationin (j) the SVR score or (k) the HOMER motif scorewithA,C,Gor T at
position X with200 different DPRsequences that were randomly selected from
natural human promoters. As areference, the Web Logo for the top HOMER
motifidentified with the 0.1% most transcribed DPR sequencesis also shown.
1, m, SVRcmodel of the DPRwith HARPE datageneratedin cells.l, HARPE
libraries were transfected in cells, and normalized RNA tags were obtained. The
SVRc (SVR from cell-based data) scores derived from these data correlate with
measured transcription strengthsin cells (with data thatareindependent of
the SVRctraining data) (representative experiment, n=2biologically
independent samples). PCC, Pearson’s correlation coefficient with two-tailed
P-value <2.2x107'%; rho, Spearman’s rank correlation coefficient with two-
tailed P-value <2.2x107".m, The SVRc models obtained from cells are
reproducible. PCC, Pearson’s correlation coefficient with two-tailed P-value
<2.2x107%; rho, Spearman’s rank correlation coefficient with two-tailed
P-value<2.2x107.
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DPR mutation: TATAGCCTAGGCTCCTTGC



Extended DataFig. 8| Analysis ofthe HARPE TATA dataas well asthe DPRin
natural human promoters. a, b, The nucleotide preferences of the top 0.1%
most active TATA-box sequencesin cells are similar to those of theirin vitro
counterparts. a, Long randomized TATA-box region (-32 to -21relative to the +1
TSS). b, Short randomized TATA-box region (-30 to-23 relative to the +1 TSS). All
panelsshow arepresentative experiment (n=2biologicallyindependent
samples). ¢, Distinct nucleotide preferences can be seen at the DPRin focused
human promoters, which were identified as described in ref.'? by using 5’GRO-
seqdatainHeLacells®.d, The top -2.5% (11,932) most active DPR sequencesin
cells,as assessed by HARPE, have nucleotide preferences that are similar to
those seeninnaturalhuman core promotersinHeLacells (representative
experiment, n=2biologicallyindependent samples). e-g, Relationship
between natural human promoter sequencesand HARPE datainvitro.e, The
top-2.5% (11,932) most active DPR sequences invitro, as assessed by HARPE,
have nucleotide preferences that are similar to those seenin natural human
corepromotersinHeLa cells. f, Cumulative frequency of SYRb DPR scores of
natural human promoters. Approximately 26% of 11,932 human promoters
(HeLacells),12% 0f100,000 random sequences (61% average G/C content, asin
human core promoters), and 0.4% of 10,000 inactive sequences (randomly
selected fromthe 50% least active sequences inthe HARPE assay; not used
inthe training of the SVR) have an SVRb score of at least 2 (marked with a
greenline), which corresponds toanactive DPR (Extended Data Fig. 5a).

g, Cumulative frequency of SVRcand SVRb DPR scores of natural human
promotersin MCF7 and GM12878 cells. Approximately 34% of 7,678 MCF7
promoters, 34% of30,643 GM12878 promoters,17% 0f100,000 random

sequences (61% average G/C content, asin human core promoters), and 2.6% of
10,000 inactive sequences (randomly selected from the 50% least active
sequencesinthe HARPE assay; notusedin the training of the SVR) have an SVRc
score of atleast 2 (marked with agreenline), which correspondstoanactive
DPR (Extended DataFig. 5b). Approximately 26% of 7,678 MCF7 promoters,

25% 0f30,643 GM12878 promoters,12% of100,000 random sequences (61%
average G/C content, asin human core promoters), and 0.4% of 10,000 inactive
sequences (randomly selected from the 50% least active sequencesin the
HARPE assay; not used in the training of the SVR) have an SVRbscore of at least 2
(marked withagreenline), which corresponds to anactive DPR (Extended Data
Fig.5a). All panels show arepresentative experiment (n=2biologically
independentsamples). h, i, Analysis of the DPRin natural human promoters.

h, Sequences of natural human promoters that contain DPR motifs with an
SVRbscore>6and anSVRcscore>2.5. The mutant DPR sequence has an SVRb
score=0.3andanSVRcscore=0.3.i, Mutational analysis reveals DPR activity in
different human promoters with SVRb DPR scores >6.In each of the mutant
promoters, the wild-type DPR was substituted with a DNA sequence thathas an
SVRb DPRscore of 0.3 (dataare depicted as the mean with error bars denoting
standard deviation,n=3 or 4 biologically independent samples, asindicated by
the pointsrepresenting independent samples on the graph). The sequences of
the tested promoters are showninf. Promoter activity was measured by in vitro
transcription followed by primer extension analysis of the TSSs. All P-values
<0.01(Student’s t-test, two-tailed, paired). For gel source data, see
SupplementaryFig.1.
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Extended DataFig.9|See next page for caption.




Extended DataFig.9|Analysis ofthe DPRand its relationship to the Inr

and TATAboxinactive human promotersindifferent human cell lines.
a-eAnalysis ofthe DPRand its relationship to the Inrand TATAboxin active
human promotersinHelLacells.a, Distribution of focused human promoters
derived fromHeLa cellsinincreasing SVRc DPR score bins. Bins 9 and 10 have
lessthan100 promoters. b, The frequencies of occurrence of the Inr and Inr-like
sequencesin different bins of promoters withincreasing SVRc DPRscores. The
Inr-like sequenceis as defined previously™. ¢, The frequencies of occurrence of
the TATAbox and TATA-like sequences decrease asthe SVRc DPR score
increases.d, Distribution of focused human promotersinincreasing SVRb DPR
score bins. Promoters with SVRb scores between 4.24 and 17 were combined
togetherinbin1l.e, The frequencies of occurrence of Inr-like sequences, TATA-
like sequences, and TATA-box motifs (as assessed with SVRTATA>1; Extended
DataFig. 5c) indifferent bins of promoters with increasing SVRb DPRscores.
Thelnr-like and TATA-like sequences are as defined previously. Inband ¢, bins
withlessthan100 promoters are indicated with open circles and are connected

by dashedlines.Ine,bin1lisshowninblackcircles connected by dashed
blacklines. All panels show arepresentative experiment (n=2biologically
independentsamples).f, g, Analysis of the DPR and its relationship to the
Inrand TATA box inactive human promotersin MCF7 and GM12878 cells.

f, Distribution of focused human promotersinincreasing SVRc DPR score bins.
Foreachcellline, bin10 hasless than100 promoters. MCF7 focused promoters
are described inref.'2. GM12878 focused promoters were identified as
described inref.>by using GRO-cap datain human GM12878 cells fromref.¥.
g, Thefrequencies of occurrence of Inr-like sequences, TATA-like sequences,
and TATA-box motifs (as assessed with SVRTATA > 1; Extended Data Fig. 5¢) in
different bins of promoters withincreasing SVRc DPR scores. The Inr-like and
TATA-like sequences are as defined previously'?. Bins with less than 100
promotersare indicated with open circles and are connected by dashed lines.
All panels show arepresentative experiment (n=2biologically independent
samples).
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Extended DataFig.10|Distribution of SVRDPRscores for human
promotersinrelationto their SVRtatascores. Human promoters were
dividedinto four groups accordingto their SVRTATA score. For each TATA box
category, the distribution of SVRDPR scoresis shown for each of five classes of
promoters (no DPR, weak DPR, intermediate DPR, good DPR, and strong DPR).
a,Human focused promoters obtained from HeLa cells'>** analysed with
SVRTATA and SVRc. b, Human focused promoters obtained from HeLa cells

analysed with SVRTATA and SVRb. ¢, Human focused promoters obtained from
MCF?7 cells'?analysed with SVRTATA and SVRc. d, Human focused promoters
obtained from GM12878 cells* analysed with SVRTATA and SVRc. Focused
promoters were identified as described in ref.'? by using GRO-cap datain
human GM12878 cells fromref.*. All panels show arepresentative experiment
(n=2biologicallyindependent samples).
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E] The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
E] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E] The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

D A description of all covariates tested
D A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

E] A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

E] For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

D For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

D For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Data from radiolabeled samples were collected with a GE Amersham Typhoon 5 and the Amersham™ Typhoon™ control software v1.1.
Illumina sequencing was conducted on a HiSeq 4000 or a Novseq 6000.

Data analysis Quantification of radiolabeled samples was measured with Fiji v1.52i. All other analyses were performed on R v3.6.1 through Rstudio
v1.1.463 with packages ggplot2 v3.2.1, tidyr v1.0.0, €1071 v1.7-2 and rlist v0.4.6.1. Adobe lIllustrator CS v11.0.0 for building figures.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data supporting the findings of this study are available within the paper and its supplementary information files. The HARPE data are publicly available at the
Gene Expression Omnibus (GEO; accession number, GSE139635). The 5'-GRO-seq files (GSE63872) and (GSE90035) and the GRO-cap files (GSM1480321) were
obtained from the Gene Expression Omnibus website.
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Data exclusions  Accurate NGS reads were selected based on the criteria described in the methods section. No other data were excluded from the analysis.
For experiments testing individual variants/promoters, one out of 31 promoter pairs (WT vs mutant) tested was an outlier (Dixon's Q-test,
two-tailed, 96% confidence; criterion not pre-established) and removed from the analysis. Including this data point in the analysis would not
change the conclusions of the experiment.

Replication For experiments testing individual variants/promoters, three or more biological replicates were performed. All attempts at replication were
successful. For HARPE experiments and experiments involving Sarkosyl, two biological replicates were performed. All HARPE experiments
were successful.

Randomization  Randomization was not relevant for this study as it did not involve allocation into experimental groups.

Blinding Blinding was not relevant for this study as it did not involve allocation into experimental groups.
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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.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Hela cells were a gift from Anjana Rao (La Jolla Institute for Immunology), originally obtained from the ATCC.
Authentication Cell lines were not authenticated.
Mycoplasma contamination Hela cells were negative for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)




	Identification of the human DPR core promoter element using machine learning

	HARPE analysis of the downstream promoter

	HARPE is a robust and versatile method

	HARPE analysis of the upstream TATA box

	Machine learning analysis of the HARPE data

	SVR models versus consensus sequences

	SVR models from cell-based data

	The DPR is widely used in human promoters

	Duality between the DPR and TATA box

	Online content

	Fig. 1 HARPE comprehensively assesses the transcriptional effect of many different DNA sequences in a specific region of the promoter.
	Fig. 2 HARPE yields consistent data under different conditions.
	Fig. 3 Machine learning analysis of the HARPE data yields an SVR model for the DPR.
	Fig. 4 The DPR in human promoters.
	Extended Data Fig. 1 Design and initial characterization of the HARPE assay.
	﻿Extended Data Fig. 2 Further characterization of the HARPE assay and modification of the HARPE assay to include the analysis of the upstream TATA box element.
	Extended Data Fig. 3 Initial characterization and optimization of the SVR models and the creation of a low complexity HARPE library for further SVR analysis of the DPR.
	Extended Data Fig. 4 Individual assessment of the transcription activity of 16 independent variants that are not present in the SVR training set.
	﻿Extended Data Fig. 5 Use of the SVR models to identify active sequence elements and performance assessment of the SVR models.
	Extended Data Fig. 6 Further analysis of the SVR models and their relation to consensus sequence-based approaches.
	Extended Data Fig. 7 Characterization of the properties of the SVR models and the generation of SVRtata for the TATA box and SVRc for the DPR with cell-based data.
	﻿Extended Data Fig. 8 Analysis of the HARPE TATA data as well as the DPR in natural human promoters.
	Extended Data Fig. 9 Analysis of the DPR and its relationship to the Inr and TATA box in active human promoters in different human cell lines.
	Extended Data Fig. 10 Distribution of SVR DPR scores for human promoters in relation to their SVRtata scores.




