N

N

Evidence of transcription at polyT short tandem repeats
Chloé Bessiere, Manu Saraswat, Mathys Grapotte, Christophe Menichelli,
Jordan A. Ramilowski, Jessica Severin, Yoshihide Hayashizaki, Masayoshi

Itoh, Akira Hasegawa, Harukazu Suzuki, et al.

» To cite this version:

Chloé Bessiere, Manu Saraswat, Mathys Grapotte, Christophe Menichelli, Jordan A. Ramilowski, et
al.. Evidence of transcription at polyT short tandem repeats. 2021. hal-02404809

HAL Id: hal-02404809
https://hal.science/hal-02404809

Preprint submitted on 26 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-02404809
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

bioRxiv preprint doi: https://doi.org/10.1101/634261; this version posted October 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Bessiere et al.

RESEARCH

Evidence of transcription at polyT short tandem
repeats

Chloé Bessierel:2t, Manu Saraswat! 2T, Mathys Grapottel'Q, Christophe Menichelli3, Jordan A.
Ramilowski*, Jessica Severin®, Yoshihide Hayashizaki5, Masayoshi ltoh®, Akira Hasegawa6, Harukazu

Suzuki’, FANTOM consortium, Piero Carninci®, Michiel J.L. de Hoon?#, Wyeth W. Wasserman?,
Laurent Bréhélin3 and Charles-Henri Lecellier!2*

*Correspondence:

brehelin@lirmm.fr & Abstract
charles.lecellier@igmm.cnrs.fr . . .

Unstitut de Biologie Background: Using the Cap Analysis of Gene Expression technology, the
EOmP“tat‘O""e”ev Montpellier, FANTOMS consortium provided one of the most comprehensive maps of

rance . . . . . - 0
2|nstitut de Génétique Moléculaire Transcription St;f\rt Sites (TSSs)' in several species. Strikingly, ~ 7'2A> of th'em
de Montpellier, University of could not be assigned to a specific gene and initiate at unconventional regions,
Montpellier, CNRS, Montpellier, outside promoters or enhancers.
France
Full list of author information is Results: Here, we probe these unassigned TSSs and show that, in all species
available at the end of the article studied, a significant fraction of CAGE peaks initiate at short tandem repeats

Tequal contributor

(STRs) corresponding to homopolymers of thymidines (T). Additional analyses
confirm that these CAGEs are truly associated with transcriptionally active
chromatin marks. Furthermore, we train a sequence-based deep learning model
able to predict CAGE signal at T STRs with high accuracy (~ 81%). Extracting
features learned by this model reveals that transcription at T STRs is mostly
directed by STR length but also instructions lying in the downstream sequence.
Excitingly, our model also predicts that genetic variants linked to human diseases
affect this STR-associated transcription.

Conclusions: Together, our results extend the repertoire of non-coding
transcription associated with DNA tandem repeats and complexify STR
polymorphism. We also provide a new metric that can be considered in future
studies of STR-related complex traits.

Keywords: short tandem repeat; microsatellite; non-coding transcription; deep
learning

Background

RNA polymerase II (RNAP-II) transcribes many loci outside annotated protein-
coding gene (PCG) promoters [1, 2] to generate a diversity of RNAs, including for
instance enhancer RNAs [3] and long non-coding RNAs [4]. In fact, > 70% of all
nucleotides are thought to be transcribed at some point [1, 5, 6]. Non-coding tran-
scription is far from being fully understood [7] and some authors suggest that many
of these transcripts, often faintly expressed, can simply be 'noise’ or ’junk’ [8]. On
the other hand, many non annotated RNAP-II transcribed regions correspond to
open chromatin [1] and cis-regulatory modules (CRMs) bound by transcription fac-
tors (TFs) [9]. Besides, genome-wide association studies showed that trait-associated
loci, including those linked to human diseases, can be found outside canonical gene
regions [10-12]. Together, these findings suggest that the non-coding regions of the
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human genome harbor a plethora of potentially transcribed functional elements,
which can drastically impact genome regulations and functions [12, 13]. Notably,
short tandem repeats (STRs), repeated DNA motifs of 2 to 6 bp, constitute one
of the most polymorphic and abundant repetitive elements [14]. STR polymor-
phism, which corresponds to variation in number of repeated DNA motif (i.e. STR
length), is due to their susceptibility to slippage events during DNA replication.
STRs have been shown to widely impact gene expression and to contribute to ex-
pression variation [15, 16]. At the molecular level, they can affect transcription
by inducing inhibitory DNA structures [17] and/or by modulating the binding of
transcription factors [18, 19]. Using the Cap Analysis of Gene Expression (CAGE)
technology [20, 21], the FANTOMS5 consortium provided one of the most compre-
hensive maps of TSSs in several species [2]. Integrating multiple collections of tran-
script models with FANTOM CAGE datasets, Hon et al. built an atlas of 27,919
human IncRNAs, among them 19,175 potentially functional RNAs, and provided
a new annotation of the human genome (FANTOMS5 CAGE Associated Transcrip-
tome, FANTOM CAT) [4]. Despite this annotation, many CAGE peaks remain
unassigned to a specific gene and/or initiate at unconventional regions, outside
promoters or enhancers, providing an unprecedented mean to further characterize
non-coding transcription within the genome ’dark matter’ [13] and to decode part
of the transcriptional noise.

Here, we probed CAGE data collected by the FANTOMS consortium [2] and
specifically looked for repeating DNA motifs around CAGE peak summits. In all
species studied, we showed that a fraction of CAGE peaks (between 2.22% in rat
and 6.45% in macaque) initiate at repeats of thymidines (Ts) i.e. STRs of Ts (or T
STRs). Biochemical and genetic evidence demonstrate that many of these CAGEs
do not correspond to technical artifacts, as previously suspected [22], but rather
exhibit genuine features of T'SSs. Our results not only extend the repertoire of
non-coding transcription but also complexify T STR polymorphism, with T STR
having the same length but different transcription rate and, conversely, T STR with
different lengths having similar transcription rate. We further learned a sequence-
based Convolutional Neural Network (CNN) able to predict this transcription with
high accuracy (~ 81% in human). Extracting the features learned by this model
reveals that this transcription is triggered by the length of T STRs but also by
instructions lying in the downstream sequence. Using our CNN model, we finally
showed that many genetic variants linked to human diseases potentially affect this
STR-associated transcription, thereby advancing our capacity to interpret several
regulatory variants [15].

Results

A significant fraction of CAGE peaks initiates at T homopolymers in various species.
Using the motif enrichment tool HOMER [23], we looked at repeating DNA motifs
in 21bp-long sequences centered around the FANTOM5 CAGE peak summits. As
shown in Figure 1, the first motif identified in both human and mouse is the canon-
ical initiator element INR [24, 25], demonstrating the relevance of our strategy to
unveil specific sequence-level and TSS-associated features. A second motif corre-
sponding to T homopolymer is identified (Figure 1A and B). This motif is present
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in 61,907 human and 8,274 mouse CAGE peaks (Figure 1A and C). Because ho-
mopolymers of Ts represent the most abundant class of STRs [14, 26], we hereafter
called these CAGEs, T STR CAGEs. In human, the median size of CAGE-associated
T STRs is 17 bp with a minimum of 9 bp and a maximum size of 64 bp. Similar
results are obtained in mouse (median = 21 bp, minimum = 8 bp and maximum =
58 bp). Looking directly at the number of STRs of > 9 Ts in the human genome,
we found that 63,974 T STRs out of 1,337,561 exhibit a CAGE peak located at
their 3’end + 2bp. Thus, the vast majority of T STR CAGEs are identified by
motif enrichment and not all T STRs are associated with CAGE peaks. In mouse,
only 8,825 T' STRs out of 834,954 are associated with a CAGE peak but, compared
to human CAGE data, mouse data are small-scaled in terms of number of reads
mapped and diversity in CAGE libraries [2]. We further looked at CAGE peaks in
dog, chicken, macaque and rat (Supplementary Figure S1) and T homopolymer is
invariably detected by HOMER (sometimes even before INR motif).

The position of the CAGE summit at -2 is presumably artificially introduced by
the hybridization step on the flow cell (Supplementary Figure S2A) : sequencing
of any CAGE tags initiating within T homopolymers will preferentially start just
after polyT track. The motif enrichment is therefore more indicative of transcrip-
tion initiation at T STRs than of the existence of a true motif located precisely
2bp after T STRs. In line with this, ENCODE CAGE data, which were generated
using Illumina technology, confirmed several FANTOM CAGE peaks (generated by
HeliscopeCAGE) but were not exactly aligned on that of FANTOM (Supplemen-
tary Figure S2B). Note that the FANTOM CAT annotation was actually shown
to be more accurate in 5’ end transcript definitions compared to other catalog [4].
Moreover, a small fraction of Start-seq [27] and DECAP-seq [28] T'SSs can also
initiate in sequences with a preference for T and this clearly does not represent a
genuine motif (Supplementary Figure S3A and B). A similar observation was made
with TSS-seq data collected in Arabidopsis thaliana [29] (Supplementary Figure S4,
motif #2).

Provided that Heliscope sequencing used by FANTOMS5 can be internally primed
at polyT track (Supplementary Figure S2), we can legitimately question the rele-
vance of T STR CAGEs [22]. Several features are indeed in agreement with the
idea that T STR CAGEs could for instance arise from internal priming within in-
trons of messenger RNAs (Supplementary Figures S5 to S9 and Supplementary
Tables S1 and S2). However, this artefact scenario could not explain all T STR
CAGEs as 8,926 (out of 63,974, > 14%) are ’intergenic’, i.e. not located in the
same orientation as one of the 53,220 genes of the FANTOM CAT annotation, one
of the largest gene annotations so far. No major sequence difference distinguishes
intergenic from intragenic T STR, CAGEs (Supplementary Figure S10). Besides, we
observed some concordance between several technologies, which do not use oligo dT
priming (Supplementary Figures S2B, S3, S4 and S9). Together these observations
raise the possibility that a fraction of T STR CAGEs represent genuine T'SSs. The
corresponding RNAs appear rather stable [30] according to the CAGE exosome
sensitivity score previously computed by FANTOM [4] (median sensitivity score =
0.08, Supplementary Figure S6B), suggesting that they do not correspond to cryp-
tic transcription [7]. To clarify the existence of these TSSs, we further investigated
whether T STR CAGEs exhibit canonical TSS features.
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Several T STR CAGE tags are truly capped.

We used a strategy described by de Rie et al. [31], which compares CAGE sequenc-
ing data obtained by Illumina (ENCODE) vs. Heliscope (FANTOM) technologies.
Briefly, the 7-methylguanosine cap at the 5" end of CAGE tags produced by RNA
polymerase II can be recognized as a guanine nucleotide during reverse transcrip-
tion. This artificially introduces mismatched Gs at Illumina tag 5’ end, which is not
detected with Heliscope [31]. Although such G bias is not clearly observed when
considering the whole CAGE peak, it is readily detectable when considering the 3’
end of T STRs (position -2 from FANTOM CAGE summit) using Illumina EN-
CODE CAGE data produced in Hela-S3 nuclei (Figure 2A). This bias is observed
in other cell types and is comparable to that observed with CAGE tags assigned
to gene TSSs (Figure 2B and Supplementary Figure S11). The G bias is even more
pronounced in intergenic than intragenic T STR CAGEs, suggesting that reads cor-
responding to host gene mRNA can mask transcription at STRs (Figure 2B and
Supplementary Figure S11). Conversely, most CAGE tag 5’ ends perfectly match
the sequences of pre-miRNA 3’end, as previously reported [31], or that of 61,907
randomly chosen genomic positions (Figure 2B and Supplementary Figure S11).
Mismatched Gs at the 3’ end of all T STRs located within the same genes as T
STR CAGEs are also detected (Figure 2B and Supplementary Figure S11), though
the abundance of tags is higher at T STR CAGEs (Figure 2B), suggesting the po-
tential existence of false negatives (see below). Overall, these analyses show that T
STR CAGEs are truly capped as opposed to post-transcriptional cleavage products
of pri-mRNAs [31] or to random genomic positions.

Many T STR CAGEs are associated with transcription-related epigenetic marks.
We then determined whether T STR CAGEs are associated with epigenetics marks
related to transcription at the chromatin level. Using ENCODE DHS Master list,
we confirmed that ~ 11% of T STR CAGEs (7,028 out of 63,974) lie in DHSs,
while this is true for only ~ 6% of T STRs without CAGE peaks (76,616 out of
1,273,587, Fisher’s exact test p-value < 2.2e-16). This difference was also found with
another compendium of DHSs (https://www.meuleman.org/project/dhsindex/:
7,028 out of 63,974 T STRs with CAGE peaks were found in DHSs while only
76,616 out of 1,273,587 T STRs without CAGE peaks, Fisher’s exact test p-value
< 2.2e-16) as well as with ATAC-seq data [32] (12% of T STR CAGEs (7,697 out
of 63,974) but only 6.6% of T STRs without CAGE peaks (84,459 out of 1,273,587)
were found in pan-cancer open regions, Fisher’s exact test p-value < 2.2e-16).
Since most T STR, CAGEs are intronic, the differences observed may merely be
due to the transcriptional state of the host gene and/or the genomic environment.
We then investigated transcription at T STRs at the gene level and library-wise in
order to preclude the effect of global chromatin/gene environment. We created two
sets of ’expressed’ and 'non-expressed’ T STR CAGEs: T STR CAGEs are consid-
ered as ’expressed’ if (i) associated with a detectable CAGE signal in the sample con-
sidered (TPM > 0) and (ii) located in a gene containing at least one 'non-expressed’
T STR CAGEs. Conversely, non-expressed’ T STR CAGEs are (i) not detected in
the sample considered but detected in other samples and (ii) located in a gene con-
taining at least one ’expressed’ T STR CAGEs. Using these two sets of T STR
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CAGEs makes the analyses independent of host gene expression because the same
genes are considered in both cases. Genome segmentation provided by combined
ChromHMM and Segway [33, 34] shows that ’expressed’ T STR CAGEs are sys-
tematically more enriched in regions corresponding to predicted transcribed regions
than non expressed’ T STR CAGEs (Figure 3A, Fisher’s exact test p-value < 2.2e-
16 in HeLa-S3 (CNhs12325) and in GM12878 (CNhs12331), p-value = 2.053e-13
in K562 (CNhs12334)). The ChromHMM /Segway segmentations integrate several
ChIP-seq data corresponding to RNA polymerase 11, 8 chromatin marks (H3K4mel,
H3K4me2, H3K4me3, H3K27ac, H3K9ac, H3K36me3, H4K20mel, H3K27me3) and
the CTCF transcription factor. Using the same comparison, transcription at T STRs
was also confirmed with GRO-seq data (Figure 3B and Supplementary Figures S12
and S13).

We then looked at epigenetics marks individually and used data collected by
the Roadmap Epigenome consortium in H1 embryonic stem cells to compare the
epigenetics status of ’expressed’ vs. non-expressed’ T STR, CAGEs. In three repli-
cates of untreated H1 cells CAGE libraries, H3K36me3 and H3K4me3 peaks are
invariably enriched in ’expressed” T STR CAGEs (Figure 3C and Supplementary
Figure S14). Similar profiles are obtained with ENCODE ChIP-seq data, although
less pronounced in GM12878 (Supplementary Figure S15). H3K4me3 levels at T
STR CAGE:s are low (Supplementary Figures S14 and S15), as observed with IncR-
NAs [35]. H3K36me3 is a histone modification mark enriched in the gene body
region and associated with transcription elongation [35]. H3K4me3 is a mark clas-
sically associated with active or poised transcription start sites [35]. Hence, ’ex-
pressed’ T STR CAGEs are more associated with H3K4me3/H3K36me3 domains
than 'non-expressed’ ones. Interestingly, this type of 'K4-K36’ domains have been
previously used to characterize IncRNAs [36]. Figure 3C also shows an enrichment in
H3K4me?2 (see also Supplementary Figure S14 and S15), which was previously asso-
ciated with intragenic cis-regulatory [37] and TF binding [38] regions. We concluded
that, overall, detection of CAGEs at T STRs is associated with transcription-related
chromatin marks.

Several T STR CAGEs correspond to annotated transcript and enhancer TSSs.

We found that 11,180 T STRs (end+2bp) were associated with a 'robust’ CAGE
peak i.e. peaks confirmed by external data of ESTs and associated with H3K4me3
marks and DNase hypersensitivity sites (DHSs) [2], representing > 17% of all T STR,
CAGEs , and thereby confirming the results shown in Figure 3. We then assessed the
presence of T STR transcription among annotated TSSs. Motif enrichment around
FANTOM CAT TSSs [4] shows that ~ 1.5% of them initiate downstream T STRs
(Figure 4A). Looking directly at TSS coordinates of FANTOM CAT robust tran-
scripts [4], we noticed that 6,734 TSSs, corresponding to 10,606 robust transcripts
(out of 525,237, ~ 2%), initiate 2bp after a T STR, with a clear enrichment in
IncRNA _intergenic, IncRNA _sense_intronic or sense_overlap_ RNA (hypergeometric
test p-values < 2.2e-16 for the 3 RNA classes). A list of these T'SSs is provided in
Supplementary Table S3A. Similar results were obtained for 5,889 stringent tran-
scripts (total n = 402,813) [4]. Importantly, transcript models in FANTOM CAT
combine various independent sources (GENCODE release 19, Human BodyMap
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2.0, miTranscriptome, ENCODE and an RNA-seq assembly from 70 FANTOMS5
samples) and FANTOM CAT TSSs were validated with Roadmap Epigenome DHS
and RAMPAGE data sets [4]. As expected, these T'SSs only moderately contribute
to gene expression (Supplementary Figure S16). No specific Open Reading Frame
could be detected 2kb downstream T STR CAGEs (Supplementary Figure S17).

The T homopolymer is also observed for ~ 4% of FANTOM enhancer TSSs [3]
(Figure 4B), though no enrichment in enhancer epigenetic marks are predicted by
chromHMM /Segway (Figure 3A). Looking directly at genomic coordinates, 4,976
enhancers (out of 65,423, ~ 7.6%) are defined with at least one T STR CAGE (Sup-
plementary Table S3B) and 173 enhancers are defined by two T STR CAGEs [3].
Enhancer TSSs are therefore more often associated with T STRs than transcript
TSSs (~ 7.6% and ~ 2% respectively, Fisher’s exact test p-value < 2.2e-16). Sim-
ilar results were obtained with mouse enhancers (Supplementary Figure S18) with
1,171 enhancers (out of 44,459, ~ 2.6%) involving at least one T STR CAGE. These
results strengthen the idea that a number of T STR CAGEs correspond to genuine
TSSs.

T STR CAGEs interact with gene TSSs.

We used ENCODE Chromatin Interaction Analysis by Paired-End Tag Sequenc-
ing (ChIA-PET) directed against RNAP-II in K562 cell line [39] to better char-
acterize the genetic elements interacting with T STR CAGEs. As in Figure 3, we
used the sets of ’expressed’ and 'non-expressed’ T STR CAGEs in K562 cells. The
‘expressed” T STR CAGEs are slightly enriched in ChIA-PET data compared to
'non-expressed’ T STR CAGEs (Figure 5A), confirming the results depicted in Fig-
ure 3. Using combined chromHMM /Segway, we observed that regions interacting
with 'non-expressed’” T STR CAGEs are enriched in 'Predicted Repressed or Low
Activity’ regions (Figure 5B and Supplementary Figure S19). On the other hand,
regions interacting with ’expressed’ T STR CAGEs are enriched in 'Predicted pro-
moter region including TSS’ regions (Figure 5B and Supplementary Figure S19). We
further used the FANTOMS5 CAGE TSS classification [2] and showed that CAGEs
interacting with ’expressed’ T STR CAGEs preferentially interact with ’strict’ and
'weak’ TSSs, compared to 'non-expressed’ T STR, CAGEs (Figure 5C and Sup-
plementary Figure S20). Note that ChIA-PET data contain too many intragenic
interactions to clearly conclude that these T'SSs correspond to host gene TSSs.

Transcription at T STRs can be predicted by a sequence-based deep learning model.

We decided to probe transcription at T STRs using a machine learning approach.
Specifically, we used a regression strategy to predict the mean raw tag count of
each T STR (> 9 Ts) across all FANTOM libraries (Supplementary Figure S21).
We first studied the link between tag count and STR length and observed that T
STRs with the same length can exhibit different tag counts and, conversely, T STRs
with different length can harbour similar tag count (Supplementary Figure S22A).
Plotting the densities of mean raw tag counts at T STRs associated or not with
CAGE peaks indicates the existence of T STRs not associated with CAGE peaks but
associated with CAGE tags nonetheless (Supplementary Figure S23). We computed
G bias, as in Figure 2, at T STRs not associated with CAGE peak but associated
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with high or low tag count (Supplementary Figure S24). As expected, T STRs
without Heliscope CAGE peak and low tag count are associated with few Illumina
CAGE reads compared to T STRs without CAGE peak but high tag count, despite
being > 4 times more numerous (Supplementary Figure S24). However, Illumina
reads detected at T STRs without CAGE peak but high tag count (> 18.45, n
= 52,999) are clearly biased towards G, in contrast to T repeats without CAGE
peak but low tag count (< 4, n = 218,074). These results support the existence of
potential false negative FANTOM CAGE peaks and likely explain results depicted
in Figure 2B and Supplementary Figures S9 and S11.

The machine learning approach considered was a deep Convolutional Neural Net-
work (CNN). Model architecture and constructions of the different sets used for
learning are shown in Supplementary Figure S25. As input, we used sequences
spanning + 50bp around the 3’ end of each T STR. Longer sequences were tested
without improving the accuracy of the model (Supplementary Figure S26). The ac-
curacy of our model, computed as Spearman correlation between the predicted and
the observed tag counts, is remarkably high (median Spearman r over 10 trainings
= 0.81, Supplementary Figure S27A) and the error low (median absolute error for
one model = 1.82, Supplementary Figure S27B). Note that we also trained CNN
model to predict transcription at T STRs in mouse (Spearman r = 0.77 and median
absolute error = 1.82) and chicken (Spearman r = 0.61 and median absolute er-
ror = 1.09) but, as previously mentioned, compared to human, mouse and chicken
CAGE data data are small-scaled in terms of number of reads mapped and di-
versity in CAGE libraries [2], making the signal less accurate than in human (see
Supplementary Figure S28 for details).

Probing sequence-level instructions for transcription at T STRs.

We further used our deep CNN model to probe the sequence-level instructions for
transcription at T STRs. We noticed that the length of the T STRs associated
with CAGE peaks is greater than that of T STRs not associated with CAGE peaks
but located within the same genes (Figure 6A). Likewise, the CAGE mean TPM
expression, computed in [2], slightly increases with T STR length (Figure 6B). We
thus used a perturbation-based approach [40] and compared CNN predictions sim-
ulating varying lengths of STRs. We chose a T STR with a low error and increased
the length of its polyT track ranging from 9 to 51. The predicted tag count in-
creases with the length of the polyT track (Figure 6C), revealing the influence of
T STR length in CNN predictions. Furthermore, we randomly modified sequences
in order to maximize their predicted tag count and to computationally generate
an optimized sequence (see methods). Pairwise comparisons of these optimized se-
quences (2,000 comparisons) reveal that the main feature common to all optimized
sequences is the length of the T repeat (Supplementary Figure S29).

It is important to note that the mean tag count used as input to learn our CNN
model is based on CAGE data previously mapped along T STRs [2](see Supplemen-
tary Figure S30 for a representative example). Consequently, this metric may be
influenced by the length of T STR itself (Supplementary Figure S22). To exclude
that the importance of T STR length captured by our CNN model is merely linked
to the tag count calculation, we built another model considering as input the mean
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tag count computed in an arbitrary window encompassing 20bp upstream and 5bp
downstream T STR ends, no matter the length of the T STR. In that case, the mean
tag count does not necessary reflect the CAGE signal mapped by FANTOM (see for
instance Supplementary Figure S30) but it is insensitive to T STR length (Supple-
mentary Figure S22B compared to Supplementary Figure S22A). This model yields
similar accuracy (Spearman r between prediction/observation = 0.83) and the in-
fluence of T STR length is also captured, although, as expected, to a lesser extend
than with the initial model (Supplementary Figure S31). Because this second model
is built on an arbitrary window instead of genomic annotation (i.e. STR), and to
stay in agreement with previous CAGE mapping [2], we decided to use the first
model, trained on CAGE tag count computed along STR length, for the rest of the
study.

We next tested whether our model learns additional features, lying downstream T
STR. The accuracy of our model increases considering increasing lengths of sequence
located downstream T STR with a plateau at 40-50 bp (Figure 6D). We further
considered 50 sequences with low error and high tag count (set 'high’) and 50 se-
quences with low error and low tag count (set "low’). For all pairs of "high’ and "low’
sequences, we sequentially replaced 5-mers from one sequence with 5-mers from the
other. We then predicted the tag count of the 2 new sequences for each 5-mer swap-
ping and assessed transcription change as the difference between tag counts before
and after 5-mer swapping. Inserting 5-mers of ’high’ sequences in ’low’ sequences
induces overall positive changes (i.e. increased transcription) (Figure 6E), while in-
serting 5-mers of low’ sequences in "high’ sequences overall decreases transcription
(Figure 6F). Besides, these 5-mer segmentation reveals that the instructions located
near the end of T STRs (i.e. close to the CAGE peak summit) are crucial (i.e. can
induce more change in the prediction) compared to the rest of the sequence (Fig-
ures 6E and F). Looking for motif enrichment, we further noticed that several motifs
are enriched in T STR, with high tag counts (top 5,000) compared to low tag counts
(bottom 5,000) (Supplementary Figure S32). However, except the T homopolymer
(Supplementary Figure S32), no single motif clearly distinguishes T STRs with high
tag count from T STRs with low tag count. Likewise, a simple CNN with only one
convolutional layer (1 layer-CNN), which is similar to finding enriched k-mers or
motifs, poorly performs (median Spearman r = 0.2). Hence, a single representation
cannot model the intricate structure of the features captured by CNN to predict
transcription at T STRs.

Alternative methods were also tested, namely LASSO [41] and Random For-
est [42], using, as predictive variables, mono-, di- and tri-nucleotides rates in the
region located upstream (-50bp) or downstream (4+50bp) T STR ends, the T STR
lengths and the first nucleotide (A,C,G or T) downstream the T STR (-1 when con-
sidering 0 as the CAGE summit). In that case, the model accuracies are 51% and
61% for LASSO and Random Forest respectively. These models are not as accurate
as CNN but they confirm that T STR length is the main feature being used from
the sequence located upstream T STR end, while other features lie downstream the
T STR (Supplementary Table S4 and Supplementary Figure S33). These analyses
confirm the existence of instructions for transcription lying downstream T STRs,
arguing against artifactual internal priming.
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Clinically relevant variants are predicted to impact transcription at T STRs.

Previous studies showed that genomic variations at T STRs can impact gene expres-
sion. For instance, the variant rs10524523, located in TOMM40 intron 6, which cor-
responds to a T STR associated with a CAGE signal in several FANTOM libraries,
is linked to the age of onset of cognitive decline, Alzheimer’s disease and sporadic in-
clusion body myositis [43-48]. The TOMM40 mRNA brain expression appears to be
linked to the length of the T STR, with the longer the variant the higher the expres-
sion [43, 44]. Conversely, the KIAA0800/ENSG00000145041 promoter is repressed
by an upstream element involving a T STR and two Alu repeats [49]. In that case,
the CAGE signal detected at this particular T STR has been annotated as one T'SS
of KIAA0800/ENSG00000145041 in FANTOM CAT (namely ENCT00000303320.1,
FTMT20900010597.1, MICT00000243080.1) [4]. More widely, the length of T STRs
have been reported to impact gene expression (called expression STR or eSTR) in
a directional and strand-specific manner [50].

We further used our model to predict the effects of genomic variations located
within sequences surrounding T STR (end of T STR + 50bp). First, we observed,
in the case of TOMMA40 intron 6 variant, that predicted transcription is positively
correlated to the length of the T STR (Figure 7A). Second, we compared the effect of
variants listed in dbSNP, the world’s largest database for nucleotide variations [51],
and variants listed in ClinVar, which pinpoints medically important variants [52].
Almost all T STRs harbor variations listed in dbSNP (962,241 out of 1,169,145),
while 2,577 T STRs are associated with variations listed in ClinVar. Strikingly,
these T' ' STRs tend to be associated with high tag counts compared to T STRs with
dbSNP variants (Figure 7B), indicative of potential clinical relevance of transcrip-
tion at T STRs. The ClinVar variants were not equally distributed around T STRs
(Figure 7C). Overall, ClinVar variants are frequently found around T STRs, with a
peak at position 0 and +1 (0 being the end of T STR), close to the CAGE summit
(42 in that case). This particular distribution was not observed when considering all
permissive CAGE peak summits (Supplementary Figure S34). The variants located
at the vicinity of T STRs are predicted by our model to induce extensive changes
in transcription, being either positive (i.e. transcription increase) or negative (i.e.
transcription decrease) when located at the vicinity of T STR, and overall negative
when located within T STR (Figure 7D). Genomic variations within a T STR will
more likely disrupt the repeat and decrease its length, thereby inducing an overall
decrease in transcription prediction. The predicted changes are not linked to the
nature of the variants (i.e. SNP or insertion/deletion) as any types of variants can
have positive and negative effects on transcription with insertions/deletions hav-
ing broader effects (Supplemental Figure S35). Variations linked to certain diseases
were enriched in the 101bp-long regions centered around T STR ends, but no clear
enrichment for a specific type of diseases was noticed (Supplementary Table S5).

Discussion

We looked at recurring DNA motifs associated with unassigned FANTOM CAGE
peaks [2] and showed that a significant portion of them initiate at T STRs in several
species. We do not exclude that some CAGE peaks initiating at T STRs are gen-
erated by internal priming during Heliscope sequencing. Yet we provide evidence


https://doi.org/10.1101/634261
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634261; this version posted October 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Bessiere et al. Page 10 of 29

that a fraction represents genuine T'SSs as (i) T STR CAGEs are truly capped and
associated with typical epigenetic marks, (ii) several of them correspond to anno-
tated long non-coding transcripts or enhancer RNAs and are confirmed by various
technologies, not requiring oligodT priming, and (iii) their expression can be pre-
dicted by a deep learning model, which uses features located downstream T repeats,
unlikely involved in internal priming. We show that GRO-seq coincides with CAGE
at T STRs (Figure 3B and Supplementary Figures S11 and S12). Li et al. sug-
gested that CAGEs detected at polyA /T repeats correspond to technical artifacts
because they are not detected by a GRO-seq method that enriches for 5’-capped
RNAs (GRO-cap) [22]. However, in comparison to CAGE, GRO-cap generates fewer
reads mapping to introns [53], making hard to confirm the existence of faintly ex-
pressed and intronic CAGEs, such as T STR CAGEs, with this technology. In fact,
non-coding transcription appear overall much less efficient than that of mRNAs [7]
(Supplementary Figure 7A). It is also worth noticing that several features insinu-
ating that T STR CAGEs are technical artifacts may constitute specific properties
of non-coding RNAs with, notably, the majority of IncRNAs being enriched in the
nucleus [54-56].

The human genome is scattered with repetitive sequences, and the vast majority
of the genomic DNA is supposed to be transcribed [1, 5, 6]. Implicitly, the human
transcriptome should contain a large portion of RNAs derived from repetitive el-
ements [57]. We provide here an example of such RNAs, which may represent the
counterparts of satellite non-coding RNAs [58]. . Homopolymers of > 10 Ts appear
at frequencies well above chance in the non-coding regions of several organisms,
suggesting selective advantages that lead to their overrepresentation [26]. Addition-
ally, using FANTOM and GENCODE genome annotations, we noticed that T STRs
are enriched in introns of coding, as opposed to non-coding, genes (Supplementary
Figures S1 and S2).

In human and mouse genomes, T  STRs can correspond to the polyA tails of
short interspersed nuclear elements (SINEs) [59]. According to RepeatMasker, only
a fraction of human T STRs associated with CAGE peaks correspond to SINEs
(~ 37% vs. ~ 50% for T repeats without CAGE peak, Supplementary Table S6). T
STR CAGEs are also detected in chicken (Supplementary Figure S1) where SINE
elements are rare [60] (note that repeats of > 9 Ts are as abundant in chicken and
human and represent 0.04% of the genome). These observations support the idea
that transcription at T STRs exists independently of SINE elements. However, we
do not exclude a possible co-evolution between T STR transcription and SINEs,
at least in human and mouse, notably because of the importance of polyA tail
length in SINE transposition in one hand [61, 62] and the influence of this length
on transcription revealed in this study in the other hand.

At this stage, whether T STR-associated non-coding RNAs or the act of tran-
scription per se is functionally important [7] remains to be clarified. This is all
the more warranted as T STR transcription is associated with clinically relevant
genomic variations (Figure 7B). This non-coding transcription, mostly sense and
intronic, may specifically regulate certain coding - as opposed to non-coding - genes
(Supplementary Figure S7, Supplementary Tables S1 and S2). In line with this idea,
we show here that T STR CAGEs preferentially interact with gene TSSs (Figure 5).


https://doi.org/10.1101/634261
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634261; this version posted October 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Bessiere et al. Page 11 of 29

T homopolymers have been shown to act as promoter elements favoring tran-
scription by depleting repressive nucleosomes [63], specifically by orientating the
displacement of nucleosomes [64]. As a consequence, T homopolymers can increase
transcription of reporter genes in similar levels to TF binding sites [65]. Besides,
eSTRs located within the gene body are more likely to have T on the template
strand and show higher gene expression with increasing repeat number [50]. This
directional and strand-specific bias [50], which cannot be explained by mere nucle-
osome depletion [63, 64], could very well be molecularly caused by transcription.
These observations, in addition to overrepresentation of long T STRs in eukary-
otic genomes [26], suggest functional role(s) for transcription at T STRs. Dedicated
experiments are now required to formally assess its overall contribution in gene

expression.

Methods

Datasets and online resources.

Publicly available data used in this study can be found at the urls provided in
Supplementary Table S7. The genome assemblies considered are human hgl9, mouse
mm9, chicken galGal5, dog canFam3, rat rn6, rhesus macaque rheMac8. Human
Introns and RepeatMasker coordinates were downloaded from UCSC table browser.

Motif analyses.

The HOMER motif analysis tool [23] was used to find 21bp long-motifs in regions
spanning 10bp around CAGE peakmax (findMotifsGenome.pl with options -len
21, -size given, -noknown and -norevopp). HOMER was further used to identify,
CAGEs harboring specific motifs (annotatePeaks.pl with option -m) in particular
T homopolymers (motif#2 in Figure 1).

Characterization of T repeats in human and mouse.

T STRs of > 9Ts were identified in the human, mouse and chicken genome using
the tool developed by Martin et al. [66]. The human, mouse and chicken coordinates
are provided as bed files available at https://gite.lirmm.fr/ibc/t-repeats.

Bioinformatics tools.

Intersections between genomic coordinates were computed with BEDTools [67].
Signal were extracted from bigwig files using bwtool (agg and exztract subcom-
mands) [68] and deepTools [69]. Statistical tests were done using R [70] (fisher.test,
wilcoz.test, cor) or Python (fisher_exact, mannwhitneyu, spearmanr from scipy.stats
(http://www.scipy.org/)). Graphs were made using ggplot2 R package [71] or
Python matpotlib library (https://matplotlib.org/api/pyplot_api.html). All scripts
are available upon request.

Evaluating mismatched G bias at Illumina 5’end CAGE reads.

Comparison between Heliscope vs. Illumina CAGE sequencing was performed as
in de Rie et al. [31]. Briefly, ENCODE CAGE data were downloaded as bam file
(Supplementary Table S7) and converted into bed file using samtools view [72] and
unix awk as follow:
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samtools view file.bam | awk ’{FS="\t"}BEGIN{OFS="\t"}{if($2=="0") print $3,$4-1,%4,
$10,$13,"+"; else if($2=="16") print $3,$4-1,$4,$10,$13,"-"}> > file.bed

The bedtools intersect [67] was further used to identify all CAGE reads mapped
at a given position (see Figure 2B and C). The unix awk command was used to

count the number and type of mismatches as follow:

intersectBed -a positions_of_interest.bed -b file.bed -wa -wb -s |
awk ’{if (substr($11,1,6)=="MD:Z:0" && $6=="+") print substr($10,1,1)}’ | grep -c "N"

with N = {A, C, G or T}, positions_of_interest.bed being for instance T STR
CAGE coordinates and file.bed being the Illumina CAGE tag coordinates.
Absence of mismatch focusing on the plus strand were counted as:

intersectBed -a positions_of_interest.bed -b file.bed -wa -wb -s |
awk ’{if (substr($11,1,6)!="MD:Z:0" && $6=="+") print $0}’ | wc -1

As a control, 61,907 random positions were generated with bedtools random (-1
1 and -n 61907). We also used the 3’ end of the pre-miRNAs, which were defined,
as in de Rie et al. [31], as the 3’ nucleotide of the mature miRNA on the 3’ arm of
the pre-miRNA (miRBase V21, see Supplementary Table S7), the expected Drosha
cleavage site being immediately downstream of this nucleotide (pre-miR end + 1
base).

Epigenetic marks at T repeats.

Average chromatin CAGE signal around T STR CAGEs (Figure S9) were computed
using the agg subcommand of the bwtool [68]. For RNAP-II ChIA-PET, interacting
regions within the same chromosome were extracted using the column name $4 of
the bed file. Roadmap and GENCODE ChIP-seq as well as GROseq data were
extracted from URLs indicated in Supplementary Table S7. To look at epigenetic
marks around T repeats into HI-hESC cell line, the coordinates of ’expressed’ and
‘non-expressed’ T repeats ends+2 bp (see results for details) were intersected with
Roadmap bedfiles using bedtools intesect [67].

intersectBed -wb -a epigenetic_mark.bed -b expressed_polyT_CAGEs.bed | sort -u | wc
-1

The fractions of intersecting T repeats within each set were compared for each
available epigenetic mark and each of the 3 HI-hESC samples using Fisher’s exact
test. The same procedure was used in other cell lines with ENCODE broadpeaks
data for the H3K4mel, H3K4me2, H3K4me3 and H3K36me3. For GRO-seq data, we
used bigwig files from the ’gro-seq.colorado’ repository (Supplementary Table S7).
In HI1-hESC cell line, we compared the fraction of intersecting ’expressed’ and 'non-
expressed’ T repeats similar to the procedure used for GENCODE and Roadmap
data. The GRO-seq signal around these two sets was also compared as the mean
signal into a 100 bp window centered on the T repeat end using deeptools multi-

BigwigSummary [69].
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multiBigwigSummary BED-file -b CellLine_Nascent_RNAseq_files_forward/*.bw
-o out.npz --BED sample_polyT.end_minus.plus50_coordinates_plusStrand.bed --
outRawCounts sample_polyT.end_minus.plus50_meanSignal_plusStrand.txt

multiBigwigSummary BED-file -b CellLine_Nascent_RNAseq_files_backward/*.bw
-o out.npz --BED sample_polyT.end_minus.plus50_coordinates_minusStrand.bed --
outRawCounts sample_polyT.end_minus.plus50_meanSignal_minusStrand.txt

We compared the fractions of T repeats with a no-null signal into both ’expressed’
and 'non-expressed’ sets using Wilcoxon test. We also calculated the sum of these
mean signals across all the samples for each T repeat with similar results.

Convolutional Neural Network.

A Zenbu [73] xml custom script was used to calculate the mean raw tag count (Q3
filter, no normalization) of each base genome-wide in 988 FANTOM libraries. We
summed these means along each T STR + 5bp. This values were used as predicted
variables in a CNN model built on sequences centered around each T repeat end (n =
1,169,236). The same procedure was repeated with mouse (397 libraries) and chicken
data (58 libraries) using the same architecture. The coordinates of the T repeats
with the mean tag count values (score column) used to train our models are provided
as bed files https://gite.lirmm.fr/ibc/t-repeats. The fasta file corresponding
to T repeats sequences with their tag count was parsed using Biopython [74] library.
To build the convolutional neural network, we used Keras [75] library in Python with
Tensorflow [76] backend. The subsequent analyses of altering length of T repeats
and swapping downstream sequence was performed by treating sequences as strings.
The complete code can be found at https://gite.lirmm.fr/ibc/t-repeats.

Feature extraction.

We looked at motif by random optimization of the CNN prediction using the fol-
lowing algorithm : first, two sequences are randomly chosen in the test set. For each
sequence, the effect of changing one nucleotide at a random position into A, T, C
or G is assessed. The nucleotide with the maximum predicted tag count is kept
and the procedure continues testing another position. This procedure is repeated
until no further increase of predicted tag count is observed over 3,500 randomly
selected positions. The two optimized sequences are then compared position-wise in
order to return 1 for each position with the same nucleotide in both sequences and 0
otherwise. This process was repeated for 2,000 pairs of random sequences. Same pro-
cedure was applied minimizing the tag count for each sequence. The sequence logos
were generated using the seglogo library https://pypi.org/project/seqlogo/.
The complete code can be found at https://gite.lirmm.fr/ibc/t-repeats.

Predicting impact of ClinVar variants

ClinVar and dbSNP vcf files were downloaded and then converted into bed files. They
were intersected with coordinates of all T repeats using bedtools intersect [67] as
follows:

bedtools intersect -a clinvar_mutation.bed -b t_repeats.bed -wa -wb >
t_repeats_clinvar.bed
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bedtools intersect -a db_snp_mutation.bed -b t_repeats.bed -wa -wb > t_repeats_dbSNP
.bed

The bed files generated above were then converted into Pandas [77] dataframe
in python and variants were introduced in T repeats sequences. The CNN model
developed previously was then used to predict the mean tag count of the mutated
sequences. The change was computed using the following formula:

-b
=% 100
b
where a is the predicted tag count after variation and b the predicted tag count
before variation. The complete code can be found at https://gite.lirmm.fr/
ibc/t-repeats.

Comparison with other models.

To compare our deep learning regression model with other parametric and non para-
metric approaches, we used linear regression with 11-norm penalty via LASSO [41]
and Random Forest [42] to predict the mean tag count signal. For both approaches,
the predictive variables are the nucleotide, dinucleotide and trinucleotide content
computed into the 50 bp downstream and 50 bp upstream the T homopolymer
end, excluding the T homopolymers. We also integrated the length of the T re-
peat and the nature of the nucleotide following the T repeat end (A, C or G at
position -1 referring to the CAGE summit at 0). LASSO inference was performed
using the function cv.glmnet from the R package glmnet and Random Forest was
performed using the randomForest R package. To compute the distribution of the
minimal depth we used the min_depth_distribution function from the R package
randomForestExplainer.
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Figures

Figure 1 Motif discovery around CAGE peakmax. HOMER [23] was used to find 21bp-long
motifs in 21bp-long sequences centered around the peak summit of FANTOMS5 CAGEs. A.
1,048,124 human permissive CAGEs were used. The top 5 is shown. 61,907 CAGEs are associated
with T homopolymers starting at -2 (0 being the peakmax). Motif enrichment is indicated by
binomial test p-value. B. Example of T homopolymer located at chr16:67905066 and associated
with a CAGE peak (p1@AB462506). Upper track shows the DNA sequence. Middle track shows
the CAGE signal averaged in 988 human FANTOM libraries. Bottom track shows the CAGE peak
calling as defined in [2]. C. Among 158,966 mouse CAGEs, 8,274 are associated with T
homopolymers. Note that another repeat of 2-5 Gs is also identified in FANTOM CAGE data with
strong similarities in both human and mouse (A and C). However, this repeat is less strict and is
not conserved in dog, chicken, macaque and rat (Supplementary Figure S1) and is absent in
Start-seq and DECAP-seq data (Supplementary Figure S3). Though this motif may represent a
biologically relevant signal in human and mouse, these features make it less relevant for our study.

Figure 2 T STR CAGEs are 5'-capped. A. G bias in ENCODE CAGE reads (nuclear fraction,
polyA-) was assessed at the indicated positions (x-axis) around T STR CAGEs (0 corresponds to
end of poly repeat + 2bp, n = 63,974). The number of intersecting reads on the positive strand is
indicated in bracket. B. Same analyses as in A but considering position -2 only and other
CAGEs/positions indicated in x-axis: CAGE peaks assigned to gene, pre-microRNA 3’ ends,
61,907 random positions, T repeat without CAGE. Note that the number of T STR CAGEs on +
strand is 33,209 and that of T STRs without CAGE 636,993 indicating that the number of reads
at T STRs with CAGE is relatively higher than that at T STRs without CAGE. Intergenic (not
located in, and in the same strand of, one of the FANTOM CAT genes) and intragenic (located
in, and in the same strand of, one of the FANTOM CAT genes) T STR CAGEs were also
distinguished. Color code as in A.

Figure 3 Several T STR CAGEs are associated with promoter-related epigenetics marks A.
Distribution of ChromHMM /Segway genome segments containing 'expressed’ or 'non-expressed’
T STR CAGEs (see text for definitions) in HeLa-S3, GM12878 and K562. 61,907 random position
were also considered for comparison. TSS, Predicted promoter region including TSS ; PF,
Predicted promoter flanking region ; E, Predicted enhancer ; WE, Predicted weak enhancer or
open chromatin cis regulatory element ; CTCF, CTCF enriched element ; T, Predicted transcribed
region ; R, Predicted Repressed or Low Activity region. Note the absence of 'Predicted promoter
flanking region’ class in K562. B. Fraction of T STR CAGEs 'expressed’ (blue) or not (red) in H1
embryonic stem cells (CNhs13964 FANTOM library) and intersecting with nascent RNAseq signal
from 26 ‘gro-seq colorado’ H1-ESC samples (considering a window of 101bp centered around T
repeat end). Boxplots show the results of the intersection for 26 samples (see Supplementary
Figures S12 and S13 for separated analyses). Fisher's exact test indicates that the fraction of T
STR CAGEs with no-null GROseq signal obtained for 'expressed’ T STR CAGEs is higher than
that obtained for 'non expressed’ T STR CAGEs (p-value < 2.2e-16). C. Intersection of
‘expressed’/'non expressed’ T STR CAGEs coordinates with that of Roadmap epigenetics data
collected in H1 embryonic stem cells. The fraction obtained for 'expressed’ and 'non expressed’ T
STR CAGEs were compared using Fisher's exact test. The color correspond to p-value < 5e-3
(green) or > 5e-3 (grey).

Figure 4 Motif discovery around FANTOM CAT transcript and enhancer TSSs. HOMER [23]
was used to find 21bp-long motifs in 21bp-long sequences centered around TSSs of FANTOM
CAT robust transcripts (A) or enhancers (B). A. 525,237 transcript starts as defined in [4] were
used. The top 5 is shown. Motif enrichment is indicated by binomial test p-value. B. 65,423
enhancers defined in [3] were used corresponding to 130,846 TSSs. Only 5 motifs were identified
by HOMER.
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Figure 5 T STR CAGEs interact with gene TSSs A. The number of T STR CAGEs associated
with a CAGE signal ('expressed’) or not ('non-expressed’) in K562 cells located (red) or not
(green) in ChIA-PET interacting regions was calculated intersecting their genomic coordinates.
Results are shown in the case of CNhs12334 CAGE and RNAP-II ENCODE K562 ChlA-PET
replicate 2 data. Other replicates are shown Supplementary Figure S19. A Fisher's exact test was
computed to assess the statistical significance of the results (p-value = 1.166e-05). Similar results
were observed with other CAGE and /or ChIA-PET replicates. B. The coordinates of the regions
interacting with 'expressed’ or 'non-expressed’ T STR CAGEs as defined by ChlA-PET were
intersected with that of the genome segments provided by combined chromHMM /Segway in
K562. Fisher's exact tests were performed to assess potential enrichments in the indicated
segments (**, < 0.001). Similar results were observed with other CAGE and /or ChIA-PET
replicates. E, 'Predicted enhancer’ ; R, 'Predicted Repressed or Low Activity region’ ; T, 'Predicted
transcribed region’ ; TSS, 'Predicted promoter region including TSS'. C. The coordinates of the
regions interacting with 'expressed’ or 'non-expressed’ T STR CAGEs were intersected with
FANTOMS5 CAGE coordinates and the number of CAGEs in each class was calculated. Fisher's
exact tests were performed to assess potential enrichments in the indicated classes (**, < 0.001).

Figure 6 Probing sequence-level instructions for transcription at T repeats A. Length of T
STRs associated (blue) or not (red) with CAGE peaks. For sake of comparison, only T STRs
without CAGE peak and located within the same genes as T STRs with CAGE peaks were
considered. B. Average CAGE TPM expression computed in [2] in five T STR length intervals as
defined by the R quantcut function. The number of CAGE peaks considered is 10,632. Y-axis was
limited to 0.5. C. A T STR whose transcription is predicted with low error was chosen and its
length was gradually increased from 9 to 51 (x-axis). The prediction was assessed at each step
(y-axis). D. Deep CNN models were trained using 50 bp upstream T STR ends and varying
lengths of sequences located downstream, ranging from 0 to 50 bp (x-axis). For each trained
model, the Spearman correlation was computed on the test set (30% of entire set of T STRs i.e.
350,770 sequences) between the prediction vector and that of observed tag counts (i.e. accuracy
of the model, x axis). E and F. 50 sequences with low error and high tag count (set 'high’) and 50
sequences with low error and low tag count (set 'low’) were chosen. For all pairs of 'high’ and
'low’ sequences, we sequentially replaced 5-mers from one sequence with 5-mer from the other
and predicted the tag count of the 2 new sequences for each 5-mer. Transcription change was
assessed as the difference between tag counts before and after 5-mer swapping. (E) shows the
results of insertions of 5-mers of 'high’ sequences in 'low’ sequences, while (F) shows the results
obtained inserting 5-mers of 'low’ sequences in "high’ sequences.

Figure 7 Evaluating the effect of genetic variants on transcription at T STRs A. Increasing the
length of the T STR located in TOMMA40 intron 6 as in Figure 6C increases the predicted
tagcount. B. Tag count distribution of all T STRs (black), T STRs with dbSNP variants (red)
and T STRs associated with ClinVar variants (green). C. Frequency of ClinVar variants around T
STR ends (position 0). The y-axis shows the fraction of all ClinVar variants located at the
position indicated on the x-axis. Low variant frequency within T STRs is presumably due to
mapping issues. D. Effect of prediction changes induced by ClinVar variants (see methods for
details). The changes are shown as percentages of the original tag count in a position-wise
manner (see 'methods’ section).
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Additional Files
Additional figures

Figure S1 Motif discovery around CAGE summit. The procedure described in Figure 1 was
repeated with CAGE peak summits collected in chicken, dog, macaque and rat.

Figure S2 Heliscope vs. lllumina CAGE sequencing. A. In the HeliScopeCAGE protocol, capped
RNA will be randomly primed and the RNA/DNA duplex will be captured on beads by the CAP
Trapper reaction. The first-strand cDNAs are then released and a poly-A tail is added to prepare
them for sequencing. The HeliScope platform primes the sequencing reactions with poly-dT
oligonucleotides grafted to the surface of its flow cells. In the HeliScope CAGE, it is intended that
the sequencing reactions will start after the poly-A tail added to the first-strand cDNA, thus
producing reads that align at the TSS. If the first-strand cDNA contains internal A-rich regions,
the priming can also happen internally and yield CAGE peaks at internal poly-T tracts. B.
Comparison of FANTOM (Heliscope) and ENCODE (lllumina) CAGE peaks. Four examples are
shown. Top, FANTOM ; middle, ENCODE ; bottom, FANTOM CAGE peaks; green: (+) strand;
purple: (-) strand.

Figure S3 Maotif discovery around Start-seq and DECAP-seq peak summits. A. The procedure
described in Figure 1 was repeated on TSSs detected by Start-seq [27] (forward data, n =
1,086,787) normalizing by total GC-content with -gc option. B. Same procedure applied on
DECAP-seq TSSs [28] (n = 106,742). GSM2422532 and GSM2422533, which are not stranded
data, were merged. In that case, the INR motif is not detected with this procedure and motif 4
(poly tract) is labelled as possible false positive. Note that the number of mouse CAGE

summits [2] located within a 10bp window around Start-seq [27] and DECAP-seq [28] TSSs is
low: ~ 34.7% of CAGE TSSs have same coordinates as Start-seq TSSs but only ~ 6.8% of CAGE
TSSs share coordinates with DECAP-seq TSSs and ~ 7.2% of Start-seq TSSs share coordinates
with DECAP-seq TSSs. However, we noticed that mouse STRs of > 9Ts associated with CAGE
peaks are more associated with Start-seq and DECAP-seq peaks than T STRs not associated with
CAGE peaks: ~ 2% of CAGE-associated T STRs are also associated with Start-seq peaks (94 out
of 4,600 T STRs considering only forward data) with only ~ 0.3% T STRs not associated with
CAGE but associated with Start-seq peaks (1256 out 413475, Fisher's exact test p-value

< 2.2e-16). Likewise, ~ 0.36% of CAGE-associated T STRs are also associated with DECAP-seq
peaks (32 out 8825) with only ~ 0.03% T STRs not associated with CAGE but associated with
DECAP-seq peaks (307 out 826129, Fisher's exact test p-value < 2.2e-16).

Figure S4 Maotif discovery around TSS-seq peak summits collected in Arabidopsis thaliana.
The procedure described in Figure 1 was repeated on TSS-seq peaks [29] normalizing by total
GC-content with -gc option.

Figure S5 Distribution of CAGE peaks at homopolymers of A/T A. 81,080 STRs from STR
reference catalog [14] are associated with a CAGE peak (considering a window of 5bp around the
STR) : 36,062 correspond to homopolymers of Ts and 33,802 to homopolymers of As. Most
CAGE peaks associated with STRs of T are on the '+’ strand (35,653 out of 36,185), while
CAGE peaks associated with homopolymers of As are on the '-" strand (33,313 out of 33,922) B.
CAGE peaks are not equally distributed around polyA/T STRs with 35,974 and 686 located
respectively downstream and upstream of polyT STRs (CAGE tags within STRs are here counted
in both cases explaining why 35,9744+-686 > 36062) and 679 and 33,723 located respectively
downstream and upstream of polyA STRs. Hence, CAGE peaks are almost exclusively located
downstream polyT STRs. Since no amplification is involved in CAGE sequencing [20], imbalance
for polyT vs. polyA supports the idea of internal priming (note that FANTOM CAT genes contain
628,762 T repeats and 499,419 A repeats).
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Figure S6 T STR CAGEs harbor specific features. A. Directionality, extracted from [4], of all
CAGEs (red) and that of 10,926 T STR CAGEs (blue) are shown as boxplots. Directionality close
to 1 indicates that sense transcription is more abundant than antisense transcription within a
region of -800bp/+200bp centered around the CAGE summit while directionality of -1 indicates
that antisense transcription is more abundant. These results argue against the presence of
divergent (i.e. upstream antisense) RNAP-II transcription associated with T STR CAGEs , as
widely observed for canonical TSSs [78] B. Exosome sensivity score were extracted from [4].
Exosome sensitivity of a CAGE cluster is measured as the relative fraction of CAGE signal
observed after exosome knockdown in Hela-S3 cells as previously described in [30]. The exosome
sensitivity of all CAGEs (red) and that of 10,926 T STR CAGEs are shown as boxplots.

Figure S7 T STR CAGEs are faintly expressed and detected in highly expressed genes. A.
Expression medians were computed for each permissive CAGE, CAGE assigned to genes and T
STR CAGEs across 1,829 libraries. The Phase 1 and 2 combined Tag Per Million (TPM)
normalized data were used (Supplementary Table S7). The y-axis was limited to 20. Overall T
STR CAGEs appear faintly expressed (median of median CAGE TPM expression in all samples =
0.3347) compared to all CAGEs detected (median = 1.117, Wilcoxon test p-value < 2.2e-16) or to
CAGEs assigned to gene TSS (median = 2.396, Wilcoxon test < 2.2e-16) B. T STR CAGEs are
preferentially detected in highly expressed genes. Distribution of median expression was computed
across 1,829 FANTOMS libraries of genes containing T repeats with (blue) or without (purple)
CAGE (Wilcoxon test p-value < 2.2e-16). The median expressions of all FANTOM CAT genes
(green) and that of PCGs (red) are shown for sake of comparison. The y-axis was limited to 40.

Figure S8 T STR CAGEs are preferentially detected in the nuclear compartment. For each
indicated library, CAGE expression (RLE normalized) was measured in nuclear and cytoplasmic
fractions. Each CAGE was then assigned to nucleus, cytoplasm or both compartments. The
number of CAGEs in each class is shown for each sample as a fraction of all detected CAGEs. The
sample Fibroblast_Skin_2 likely represents an outlier. A. 63,974 CAGEs associated with T repeats
B. 1,048,124 CAGEs detected C. 130,286 CAGEs assigned to PCGs D. 68,731 CAGEs harboring
the third motif shown in Figure 1.

Figure S9 T STR CAGEs are associated with chromatin. Distribution of chromatin-associated
RNAs extracted from K562 cells around T STRs with (green) or without (blue) CAGE peaks.
Total CAGE signal on + strand is shown. Data are from ENCODE and were generated using
Illumina technology. Chromatin-associated RNAs are detected even at T STRs without CAGE
peaks, suggesting the existence of false negatives (see Supplementary Figure S24).

Figure S10 Motif discovery around intragenic and intergenic CAGE summit. HOMER [23] was
used to find 21bp-long motifs in 21bp-long sequences centered around the summit of FANTOMS5
CAGEs located (intragenic) or not (intergenic) in FANTOM CAT genes. Intergenic CAGE
summits were used as foreground, while intragenic summits were used as background. The motif
shown is found in only 0.13% of the intergenic CAGE summits, making it hardly discriminative.

Figure S11 G bias at T STR CAGEs . G bias in ENCODE CAGE reads was assessed at -2 of
CAGE peakmax as in Figure 2 in GM12878 (A), K562 (B) and A549 (C and D).

Figure S12 Intersection with GRO-seq peaks. Intersection of 'expressed’ (CAGE+)/'non
expressed’ (CAGE-) T STR CAGEs (end + 50bp) with nascent RNAseq peaks from 3 'gro-seq
colorado’ samples (SRR*) obtained in H1 embryonic stem cells (CNhs13964, CNhs14067 and
CNhs14068 FANTOM libraries). Fisher's exact tests indicate that the fraction of T STR CAGEs
with no-null GROseq signal obtained for 'expressed’ T STR CAGEs is invariably higher than that
obtained for 'non expressed’ T STR CAGEs (p-value < 2.2e-16).
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Figure S13 Intersection with GRO-seq signal. Intersection of "expressed’ (CAGE+)/'non
expressed’ (CAGE-) T STR CAGEs (end + 50bp) with nascent RNAseq signal from 3 'gro-seq
colorado’ samples (SRR*) obtained in H1 embryonic stem cells (CNhs13964, CNhs14067 and
CNhs14068 FANTOM libraries). The sum of the mean signal for each of the 'expressed’ (CAGE+)
and 'non expressed’ (CAGE-) T STR CAGEs is represented on the y-axis. For instance, in
CNhs13964, signal was computed for 2,013 'expressed’ T STR CAGEs and 2,001 'non expressed’.
Wilcoxon test was used to asses significant difference (p-value is indicated).

Figure S14 Intersection with Roadmap epigenetics ChlP-seq data. Fraction of 'expressed’ /
'non expressed’ T STR CAGEs in H1-hESC cells intersecting with H3K4mel (top), H3K4me2
(middle), H3K4me3 (middle) and H3K36me3 (bottom) Roadmap ChlP-seq data.

Figure S15 Intersection with ENCODE epigenetics ChlP-seq data. A. Fraction of

"expressed’ /'non expressed’ T STR CAGEs within each library considered. B-E. Fraction of
"expressed’ / 'non expressed’ T STR CAGEs intersecting with H3K4mel, H3K4me3 and
H3K36me3 ENCODE ChlIP-seq data in H1-hESC (B), Hela-S3 (C), GM12878 (D) and K562 (E).
The 3 replicates of each cell line were considered in each case.

Figure S16 Usage and contribution of polyT-associated FANTOM CAT TSSs. We first assessed
the position of polyT-associated TSSs among each promoter: 937 TSSs out of 10,606 correspond
to the most upstream TSS, arguing against internal priming and artifact hypothesis in these cases.
A. We evaluate the usage of FANTOM CAT TSSs associated (red) or not (blue) with poly tract
for each gene with more than 1 TSS. For each assigned TSS, we counted the number of samples
wherein the considered TSS is expressed. We then sorted all TSSs for each gene according to this
usage value and divided the rank of each polyT-associated TSS by the length of the list of all TSS
assigned to each gene (usage ratio indicated in y-axis). TSSs associated with polyT repeats are
slightly less used than TSSs not associated with polyT repeat (Wilcoxon test p-value < 2.2e-16).
However, the median usage ratio for polyT-associated TSSs is 0.5, indicating that these TSSs are
far from being the least used TSSs. B. We further evaluated the contribution of polyT-associated
TSSs in gene expression. For each gene in each library, we divided the sum tag count (CPM RLE
normalized) of all TSS associated (red) or not (blue) with polyT tract by the sum tag counts of
all TSSs assigned to the gene considered (contribution ratio indicated in y-axis). As expected
provided faint expression of T STR CAGEs , polyT-associated FANTOM CAT TSSs contribute
only poorly to gene expression with a median contribution ratio of 0 (the median contribution of
TSSs not associated with polyT repeat logically equals 1).
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Figure S17 No specific Open Reading Frame could be detected 2kb downstream polyT
CAGEs. Stop codon distribution was assessed along 2,000 nt downstream polyT-associated CAGE
summits (n = 63,974). The x-axis represents the distance to transcript start and the y-axis
represents the frequency of the three stop codons TAA, TAG and TGA. All possible 6 frames were
considered (see y-axis labels).

Figure S18 Motif discovery around FANTOM mouse enhancer TSSs. HOMER [23] was used to
find 21bp-long motifs in 21bp-long sequences centered around TSSs of 44,459 mouse enhancers
defined in [3] and corresponding to 88,918 TSSs. Only the top 5 motifs are shown.

Figure S19 Regions interacting with T STR CAGEs . The coordinates of the regions interacting
with 'expressed’ or 'non-expressed’ T STR CAGEs in CNhs12335 (A) and CNhs12336 (B) were
intersected with that of the genome segments provided by combined chromHMM /Segway in
K562. Fisher's exact tests were performed to assess potential enrichments in the indicated
segments (**, < 0.001). E, 'Predicted enhancer’ ; R, 'Predicted Repressed or Low Activity region’
; T, 'Predicted transcribed region’ ; TSS, 'Predicted promoter region including TSS'.

Figure S20 TSSs interacting with T STR CAGEs . The coordinates of the regions interacting
with 'expressed’ or 'non-expressed’ T STR CAGEs in CNhs12335 (A) and CNhs12336 (B) were
FANTOMS5 CAGE coordinates and the number of CAGEs in each class was calculated. Fisher's
exact tests were performed to assess potential enrichments in the indicated classes (**, < 0.001 ;
*, < 0.05).

Figure S21 Example of signal used to train CNN. To compute the raw mean tag count of each
T repeat, we first calculated the mean tag count of each base genome-wide in 988 FANTOM
libraries (upper track). We then summed these values along the T repeat + 5bp (bottom track).

Figure S22 Distribution of tag counts per T repeat length. The raw mean tag counts are shown
as boxplots according to T repeat length. The length is indicated on the x-axis. The number in
bracket indicates the number of T repeats considered. Only length class of > 100 T repeats are
shown. A. The tag count is computed in a window encompassing T repeat length + 5bp. B. The
tag count computed in an arbitrary window encompassing 20bp upstream and 5 bp downstream T
repeat end. This tag count computation does not consider the whole T repeat sequences but is
not influenced by it lengths.

Figure S23 Distribution of mean tag count along T repeats. To compute the raw mean tag
count of each T repeat, we first calculated the mean tag count of each base genome-wide in 988
FANTOM libraries. We then summed these values along the T repeat + 5bp. The distribution of
these tag counts are plotted for T repeats initially defined as associated (red) or not (blue) with
CAGE peaks as defined in [2]. The overlapping area likely represents the existence of potential
false negatives i.e. T repeats not associated with CAGE peaks but associated with CAGE tags
nonetheless. The y-axis was limited to 100 for sake of clarity.
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Figure S24 G bias at T STRs without FANTOM CAGE peak. G bias in ENCODE CAGE reads
(nuclear fraction, polyA-) was assessed at -2 of CAGE peakmax as in Figure 2 in A549 (two
replicates), GM12878, HelaS3 and K562. T STRs not associated with CAGE peak but associated
with high (tag count > 18.45, n = 52,999) or low tag (tag count < 4, n = 218,074) count were
distinguished. These thresholds were defined as the median of tag count observed in T STRs with
CAGE (18.45) and the first quartile of tag count observed in the case of T STRs without CAGE

(4).

Figure S25 Deep learning to predict transcription at T STRs. A. CNN model architecture. The
number and size of the filters used for convolution is indicated ('50*5’ indicates 50 filters of size
5bp; '30*3’ indicates 30 filters of size 3bp). B. Constructions of the different sets for learning.
Only T STRs with at least 1 tag and no undetermined sequence ('N’) were considered (n =
1,169,145) because T STRs without tag may represent false negatives.

Figure S26 Finding the optimal sequence length for deep learning. The architecture depicted
Supplementary Figure S25 was used to learn features in increasing lengths of sequences centered
around T STR ends (x-axis). The accuracy of each model is shown (y-axis).

Figure S27 Predicting transcription at T STRs with CNN. A. Accuracy of the deep CNN model
was assessed as the Spearman correlation between observed and predicted tag counts of 1,169,145
considered T STRs. Learning was repeated 10 times to ensure model robustness. Results are
shown as boxplot (median = 0.81). B. Error of one model was assessed as the difference between
observed and predicted tag counts. Results are shown for 1,169,145 T repeats as boxplots
(median = 1.82).

Figure S28 Predicting transcription at T repeats. We built a model in chicken, human’s most
distant species considered in FANTOMS5 CAGE data. The prediction, though not null, is much less
accurate than in human or in mouse (Spearman r = 0.61 and median absolute error = 1.09). Only
58 libraries are available in chicken and the mean signal across these libraries may not be as robust
as in human. To confirm that the robustness of the CAGE signal is directly linked to the number
of libraries considered, we computed the mean raw tag count in only 58 randomly chosen human
libraries and learned a new model using the same architecture as in Supplementary Figure S25. In
that case, the signal appears very sparse (bottom) compared to a signal computed on 988 libraries
(top) and the model accuracy falls to 0.61. These results reveal that the CAGE signal at T STRs
is noisy when considered library-wise but becomes robust when averaged on numerous libraries.
Arrows (middle panel) represent T STRs.

Figure S29 Feature extraction. A. For each sequence, the effect of changing one nucleotide at a
random position into A, T, C or G was assessed. The nucleotide with the maximum predicted tag
count is kept and the procedure continues testing another position. This process is repeated over
3,500 randomly selected positions (x-axis) until no further increase of predicted tag count (y-axis)
is observed . B. Two sequences were randomly chosen in the test set. The two sequences
optimized as in A are then compared position-wise in order to return 1 for each position with the
same nucleotide in both sequences and 0 otherwise. This process was repeated for 2,000 pairs of
random sequences. y-axis: fraction of identical pairs ; x-axis: position (The end of T repeat is
located at position 50 ; repeat of 9 Ts is indicated by red vertical lines). C. A sequence logo was
designed from 100 optimized sequences.
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Figure S30 Example of CAGE signal at T STR. Example of CAGE peak calling from [2] (bottom
track) overlapping a 25bp-long T STR (upper track). Significant fraction of the signal is lost
when considering an arbitrary window encompassing -20bp/+5bp around T STR end, as indicated
by the dashed vertical line. Conversely, this fraction is considered by computing the tag count
along STR length.

Figure S31 Validating the importance of the T STR length. A. A 9T-long sequence, whose
transcription rate is well predicted by the model learned on the arbitrary window (-20bp/+5bp
around T repeat end), is chosen (predicted transcription = 6.9967527 / observed transcription =
7). The number of Ts is progressively increased (x-axis) and a prediction is computed for each
sequence (y-axis). This reveals that this second model is as sensitive to T repeat length as the
model learned on tag count computed along STR length. B. The procedure described in
Supplementary Figure 29 was repeated with the model learned with a tag count computed on an
arbitrary window encompassing 20bp upstream and 5bp downstream T repeat end. A sequence
logo was built on 30 optimized sequences revealing that the T repeat length is also learned as a
key feature by this second model.

Figure S32 Motif enrichment comparing T STRs with high and low tag count. A. Tag count
distribution of the top 5,000 sequences with high (blue) and low (red) tag count. B. Motif
enrichment was computed with HOMER [23] considering 101bp-long sequences centered around
T STR ends with high and low tag count (top 5,000). The topl2 motifs out of 33 are shown.

Figure S33 Predicting transcription at T STRs using Random Forest. The predictive variables
are the nucleotide, dinucleotide and trinucleotide content computed into the 50 bp downstream
the polyT end and 50 bp upstream the polyT end excluding the T STR. We also integrated the
length of the T STR and the nature of the nucleotide following the T STR end (A, C or G at
position -1 referring to the CAGE summit at 0). Variable importance was assessed computing the
minimal node depth, which reflects the predictiveness of a variable by a depth calculation relative
to the root node of a tree (smaller values correspond to more predictive variables). The
distribution of minimal depth is represented for top 10 variables according to mean minimal depth.
The mean minimal depth was calculated using only non-missing values.

Figure S34 Distribution of ClinVar variants around permissive CAGE summits. Position 0
indicates the CAGE summit.

Figure S35 ClinVar variants induce changes in transcription prediction at T STRs. Changes
were measured as the difference between models scores before and after variant insertion.
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Additional tables

Table S1 CAGE-associated T STRs are preferentially located in coding genes. The coordinates of
CAGE-associated T STRs (T STR end + 2bp, n = 63,974) and that of all repeats of more than 9 Ts
(n = 1,337,561) were intersected with the annotation provided by the FANTOMS5 CAGE Associated
Transcriptome (CAT). The total number of intersections obtained with CAGE-associated T STRs and
all T STRs is 63,480 and 699,048 respectively. The location of all T STRs are shown for comparison.
For each gene class, the number of intersections and the corresponding percentage is shown. The
median number of CAGE-associated T STRs per gene is 2. In contrast, ~ 47% of all T STRs are
located in FANTOM CAT genes with a median number of T STRs per gene of 7. 45,058 out of
63,974 CAGE-associated T STRs are located in introns (> 70%), while only 34% of all T STRs are
intronic (453,428 out of 1,337,561, Fisher's exact test p-value < 2.2e-16). Likewise, in mouse, 6,500
out of 8,825 CAGE-associated T STRs (~ 74%) but 204,328 out of 834,954 T STRs (~ 24%) are
located in introns.

Table S2 CAGE-associated T-STRs are preferentially located in coding genes. The coordinates of
T STR CAGEs (n = 63,947) and that of all repeats of more than 9 Ts (n = 1,337,561) were
intersected with the annotation provided by GENCODEv19. The total number of intersections with T
STR CAGEs and all T STRs is 49,312 and 477,492 respectively. The location of all T STRs are
shown for comparison. For each gene class, the number of intersections and the corresponding
percentage is shown.

Table S3 FANTOM transcripts and enhancers associated with T STR CAGEs. A. Start coordinates
of polyT-associated FANTOM CAT robust transcripts. The length of the associated polyT tract in
the hgl9 reference genome is indicated in column 5. B. Coordinates of FANTOM enhancer
boundaries associated with polyT tracts. The length of the associated polyT tract in the hgl9
reference genome is indicated in column 5. Data are provided in a separate excel file.

Table S4 Predicting transcription at T STRs using LASSO. The predictive variables are the
nucleotide, dinucleotide and trinucleotide content computed into the 50 bp downstream the polyT
end and 50 bp upstream the polyT end excluding the T STR. We also integrated the length of the T
STR and the nature of the nucleotide following the T STR end (A, C or G at position -1 referring to
the CAGE summit at 0). The selected top 10 variables are shown.

Table S5 Enrichment for disease-associated variant at the vicinity of human T STRs. The
coordinates of ClinVar variants were intersected with that of 101bp-long sequences centered around T
STR ends. For each disease, number of intersecting variants is indicated in column 2. For each
disease, the fraction of associated variants at T STRs was compared to that of all associated variants
using Fisher's exact test (p-value is indicated in column 3). Data are provided in a separate excel file.

Table S6 T STR CAGEs in repeat elements. The coordinates of repetitive elements, according to
RepeatMasker, were intersected with that of T STRs associated (n = 63,974) or not (n = 1,273,587)
with CAGE peaks. The total number of intersections is indicated in brackets.

Table S7 Datasets and online resources.
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