
















Our findings also have evolutionary implications. Much at-
tention has been given to the fact that enhancers and lincRNAs
have rapid sequence turnover (Hon et al. 2017). Our findings are
consistent with this notion. We find that tissue-specific TSSs,
such as those of lincRNAs and eRNAs, have less complexmotif pro-
files. Thus, they may be more likely to appear and disappear
throughout evolutionary time. In fact, DNA regions with few over-
lapping motifs are more poorly conserved than DNA regions with
many overlapping motifs (Fig. 2F). Conversely, highly transcribed
genes have developed more complex TF binding patterns, which
may have evolved to produce stable antisense transcripts because
they provide a fitness advantage. Indeed, if we compare human
and mouse orthologous genes that have gained a stable antisense
transcript in either one of the lineages, they show an overall in-
crease in expression (Supplemental Fig. S24). Thus, bidirectional
transcription may not only allow for de novo gene origination
but could also be an evolutionary mechanism to increase expres-
sion of the gene in the sense direction. This may also help explain
why divergent mRNA–lncRNA pairs occur so frequently in the hu-
man genome (Sigova et al. 2013). Overall, this study sheds light on
the important roles that core promoters play in complicated as-
pects of gene regulation, including divergent transcription and tis-
sue specificity, across both coding and noncoding genes.

Methods

TSS biotype classification

mRNA and lncRNA TSSs were classified based on GENCODE
v19 (Harrow et al. 2012) gene annotations. All TSSs from genes
annotated as lncRNAs were classified as intergenic lncRNA
(lincRNA) TSSs if they did not overlap any annotated protein-

coding genes or as divergent lncRNA
TSSs if the annotated TSS had an anti-
sense FANTOM5 TSS within 1000 bp.
Similarly, mRNA TSSs were classified as
divergent mRNA TSSs if the annotated
TSS had an antisense FANTOM5 TSS
within 1000 bp. eRNA TSSs were also de-
fined by FANTOM5 (Andersson et al.
2014) and had two TSSs each—a sense
TSS and an antisense TSS—due to their
inherent definition of being bidirection-
ally transcribed.

MPRA TSS selection

To select promoters to include in the
MPRA, we used the FANTOM5 robust
TSS set (The FANTOM Consortium and
the RIKEN PMI and CLST [DGT] 2014).
These TSSs are expressed robustly in
CAGE-seq data (more than 10 CAGE
reads in one sample and >10 tpm CAGE
expression in at least one sample). Addi-
tionally, we only considered FANTOM5
TSSs that were within 50 bp of their cog-
nate annotated GENCODE v19 tran-
script TSSs. eRNA TSSs were selected
from the enhancer TSS set defined in
the same FANTOM5 release (Andersson
et al. 2014). Next, we selected TSSs based
on their CAGE expression profiles. Spe-
cifically, we required the TSSs to either

(1) be expressed >0.5 tpm across all replicates of at least one of
the tested cell lines (HeLa, HepG2, or K562); or (2) have an average
expression >0.5 tpm across all FANTOM5 samples (suggesting they
had high baseline expression). Finally, we excluded any lncRNA
TSSs arising from transcripts with high coding potential (phy-
loCSF >0) (Lin et al. 2011) or that overlapped a protein-coding
gene in the sense direction.

Because the MPRA was lncRNA-focused, all lncRNA TSSs
(lincRNAs and divergent lncRNA TSS) that filled the aforemen-
tioned criteria were included for testing in the MPRA. To control
for the fact that there were more mRNA and eRNA TSSs than
lncRNAs, we selected both expression-matched mRNA and eRNA
TSSs (average expression across all FANTOM5 samples matching
that of lncRNA TSSs) as well as randomly selected mRNA and
eRNATSSs for further analysis.We also included all protein-coding
TSSs that were in close proximity to the selected lncRNA TSSs
(<160 bp) in antisense and some of the most highly expressed
eRNAs. Additional TSSs were included if they contained at least
one SNP in LD with a GWAS hit in their core promoters (for addi-
tional details, see Supplemental Table S6). Overall, we ended up
with 2078 TSSs for testing in MPRA (Fig. 1A; Supplemental Table
S1). More details are available in Supplemental Methods (MPRA
TSS Selection section).

MPRA pool design

Two 120,000 oligonucleotide (oligo) pools of 170 bp with 11-bp
barcodes were designed. The first pool included core promoter se-
quences across biotypes and common SNPs falling in these regions
(Supplemental Methods; Supplemental Tables S1, S2). The second
pool included single-nucleotide deletions across the core pro-
moters of 21 lncRNAs, five enhancers, and five mRNAs with
two consecutive reference tiles each (Supplemental Methods;

Figure 5. In this model, overlapping TF motifs are associated with high expression and low specificity.
Schematic showing biotypes that are highly and ubiquitously expressed (left; thick arrow) have more
overlapping TF binding sites (gray shaded boxes) and thus more TFs can bind both within a specific
cell type or across cell types. Biotypes that are lowly and specifically expressed (right; thin arrow or crossed
arrow) have fewer overlapping motifs and thus only a few TFs (one in the example) can bind. TFA is pre-
sent in cell types 1 and 2, whereas TFB and TFC are only present in cell type 1 and cell type 2, respectively.
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Supplemental Tables S3, S4). Random and scrambled sequences
were included in both pools as negative controls. More details
are available in Supplemental Methods (MPRA Oligo Pool Design
section).

MPRA cloning and transfection

Oligo poolswere synthesized by Twist Biosciences and then cloned
into plasmids to generate a library of constructs in which the
regulatory sequence is upstream of a reporter gene (here, GFP)
that is upstream of a unique barcode (Supplemental Methods).
Constructs were transfected into live cells, and barcode expression
was assayed by high-throughput RNA sequencing. A minimum of
four and a maximum of 12 replicates were performed per condi-
tion (cell type and presence/absence of a minimal promoter) add-
ing up to 32 total experiments (Supplemental Fig. S3). Results are
based on theminimal promoter setup given the high similarity be-
tween replicates with and without the minimal promoter and the
fact that more replicates were performed for this setup. More de-
tails are available in Supplemental Methods (MPRA Cloning,
Transfection, and Sequencing section).

MPRA data analysis

All Python scripts and notebooks used to perform the MPRA
analyses are available at https://github.com/kmattioli/2018__
lncRNA_promoter_MPRA and provided as Supplemental Code.

Exact matches to known barcodes and six upstream constant
nucleotides were mapped after quality-filtering the sequencing
reads. Barcodes were filtered to those with five or more counts
(in both DNA and RNA). Barcode activities were calculated as the
log-transformed proportion of RNA barcodes to the proportion
of DNA barcodes (after normalizing for sequencing depth) and
were quantile-normalized across replicates. Element activities
were calculated as the median activity value across all cognate
barcodes, requiring three or more barcodes. Significantly active
tiles were defined as those with barcode activities that were signifi-
cantly higher than random negative control sequences according
to a two-sided Wilcoxon test in ≥75% of replicates (Supplemental
Methods). Becausewe hadmanymore replicates in HepG2 than in
other cell types and to ensure we had similar power when compar-
ing across cell types (i.e., Fig. 1F), HepG2 replicates were down-
sampled 100 times and sequences were considered significant if
they were significant by the rules above in ≥75% of samples.
More details are available in Supplemental Methods (MPRA Anal-
ysis section).

Core promoter element analysis

The core promoter was defined as 80 bp upstream to 34 bp down-
stream from the TSS. CpG content was calculated by counting the
number of “CG” dinucleotides in this region. Inr motifs were de-
fined to be matches to the motif BBCABW (B=C/G/T, W=A/T)
(Kugel and Goodrich 2017) within 5 bp of the TSS. TATA motifs
were defined to bematches to themotifs TATAAA or TATATAwith-
in 55–15 bp upstream of the TSS. Position weight matrices for TF
bindingmotifs were obtained from the JASPAR database (core, ver-
tebrates, 2016 release) (Mathelier et al. 2014).

MPRA activity and tissue-specificity predictions

An ANOVA analysis was used to evaluate what properties contrib-
ute to MPRA activity and specificity. Specificity across the MPRA
activity values for HepG2, K562, and HeLa was calculated using
the τ metric as follows (Kryuchkova-Mostacci and Robinson-

Rechavi 2017):

t =
∑n

i=1 (1− x̂i )
n− 1

; x̂i = xi
max
1≤i≤n

(xi)
,

where xi is the median activity of a TSS in cell type i; and n is the
number of cell types. Briefly, τ calculates the average difference be-
tween the activity of a TSS in a given cell type and the TSS’ maxi-
mal expression across all cell types. Thus, “ubiquitous” TSSs will
have τ values close to zero while “tissue-specific” TSSs will have
τ values close to one.

To perform the ANOVA analysis, the variance in activity/spe-
cificity that is explained by the general sequence features (listed in
Supplemental Fig. S6A) was calculated. The variance explained by
each parameter was calculated on its own and the optimal subset
of parameters was computed. Because the parameters were highly
correlated, the optimal subset consisted of only seven of 14 param-
eters yet explained 41% of the total variance (Supplemental Fig.
S6A).

MPRA activity � CpG content+max(coverage)+ # bp covered

+ CG content+CG content2 + total # motifs

+ total # motifs2

Motifs were then added into the model one by one.

MPRA activity � CpG content+max(coverage)+ # bp covered

+ CG content+CG content2 + total # motifs

+ total # motifs2 +motif is present

Of the 382 motifs tested, 17 were found to explain a signifi-
cant fraction of the variance (listed in Supplemental Fig. S6B).
Combining the seven sequence features and the significant motifs
in a model explained a total of 49% of the variance in MPRA
activity.

This analysis was performed in R (version 3) using the leaps
and tidyverse packages (R Core Team 2018).

ChIP-seq analysis and TF motif mapping

ChIP-seq files were downloaded from the Cistrome Data Browser
(www.cistrome.org) (Mei et al. 2017) for 771 human TFs
(Supplemental Table S7)—218 of which overlapped with the set
of 519 JASPAR motifs. BEDTools (Quinlan and Hall 2010) was
used to merge peaks for a given TF and then intersect the merged
ChIP peaks with our set of promoters. Since Cistrome peaks were
in hg38 and our promoters were in hg19, we first used liftOver
(Hinrichs et al. 2006) to convert our promoters to hg38 coordi-
nates. Motifs were mapped in sequences using FIMO (version
4.11.2) (Grant et al. 2011) with a P-value threshold of 1 ×10−5.
Motifs were assigned to ChIP-seq peaks if there was a FIMO motif
mapped within 250 bp of the ChIP-seq peak.

Ubiquitous and tissue-specific TSS categorization

In order to categorize TSSs based on their expression profiles, we
used the FANTOM5 CAGE-seq expression data for both TSSs and
enhancers. We removed any FANTOM5 samples corresponding
to experimental time courses or fractionated cells and then
grouped the remaining samples by tissue or cell type (Supplemen-
tal Table S8). We then defined the following expression profiles:
ubiquitously expressed (>0 CAGE tpm in >90% of these grouped
samples), tissue specifically expressed (>0 CAGE tpm in <10% of
these grouped samples), or dynamically expressed (a subset of
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tissue-specific genes, where in at least one of the grouped samples
the TSS is expressed at >50 CAGE tpm).

MPRA deletion analysis and functional TF motif mapping

Deletion effect sizes were defined as the log2 fold change between
the mean activity of the deletion sequence across replicates and
the mean activity of the reference sequence across replicates, re-
sulting in a value per nucleotide. Peaks were defined as any stretch
of≥5 nt with effect sizes of≥−1.5 × the average standard deviation
of the deletion effect sizes in that tile. Mapped motifs were said to
be “functional” if ≥1 nt in the motif intersected a peak.

SNP and haplotype analysis

Regulatory SNPs were defined as those whose barcode activities
were significantly different and consistent in direction between
reference and alternative tiles using a two-sided Wilcoxon test in
≥75%of replicates (SupplementalMethods). Again,when compar-
ing among cell types (i.e., Fig. 4C), HepG2 replicates were down-
sampled 100 times as previously mentioned in the “MPRA data
analysis” section.

To determine additive haplotypes, first the expected additive
haplotype effect size was found by summing the median log2 fold
changes (alternative/reference activities) for each individual SNP
in a haplotype. This effect was bootstrapped (n=1000) to deter-
mine a 90% confidence interval, and a haplotype was considered
additive if the actual median log2 fold change of the haplotype
fell within this 90% confidence interval.

The GWAS catalog was downloaded from https://www.ebi.ac
.uk/gwas/downloads. Raggr was used to calculate whether any of
the MPRA-tested SNPs were in linkage disequilibrium (r2 < 0.6)
with any of the GWAS tag SNPs at http://raggr.usc.edu/.

Data access

The MPRA sequencing data from this study have been submitted
to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE117594. All
scripts required to reproduce this work are available as Supplemen-
tal Code as well as on GitHub at https://github.com/kmattioli/
2018__lncRNA_promoter_MPRA.
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