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Summary

RNA molecules can attach to chromatin. It remains difficult to know what RNAs are associated
with chromatin and where are the genomic target loci of these RNAs. Here, we present MARGI
(Mapping RNA-genome interactions), a technology to massively reveal native RNA-chromatin
interactions from unperturbed cells. The gist of this technology is to ligate chromatin associated
RNAs (caRNAs) with their target genomic sequences by proximity ligation, forming RNA-DNA
chimeric sequences, which are converted to sequencing library for paired-end sequencing. Using
MARGI, we produced RNA-genome interaction maps for human embryonic stem (ES) cells and
HEK cells. MARGI revealed hundreds of caRNAs including previously known X/S7, SNHGI,
NEATI1, MALAT1, as well as each caRNA's genomic interaction loci. Using a cross-species
experiment, we estimated that approximately 2.2% of MARGI identified interactions were false
positives. In ES and HEK cells, the RNA ends of more than 5% of MARGI read pairs were
mapped to distal or inter-chromosomal locations as compared to the locations of their
corresponding DNA ends. The majority of transcription start sites are associated with distal or
inter-chromosomal caRNAs. ChlP-seq reported H3K27ac and H3K4me3 levels are positively
while H3K9me3 is negatively correlated with MARGI reported RNA attachment levels. The
MARGI technology should facilitate revealing novel RNA functions and their genomic target
regions.

Graphical abstract

Sridhar et al. develop a technology to map global RNA-chromatin interactions in unperturbed
cells. They discover hundreds of chromatin associated RNAs. They find that the majority of
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known transcription start sites are associated with chromatin associated RNAs, suggesting that this
phenomenon is more widespread than previously thought.
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Results and Discussion

Development of the MARGI technology

We developed MARGI (Mapping RNA-genome interactions), a technology to massively
reveal RNA-chromatin interactions from unperturbed cells. MARGI simultaneously
identifies all caRNAs and the respective genomic target loci of each caRNA. This changes
the paradigm of analyzing one-RNA-at-a-time, and enables the mapping of the native RNA-
chromatin interaction network in a single experiment. The major innovation of the MARGI
technology is to ligate caRNAs with their target genomic sequences by proximity ligation,
forming RNA-DNA chimeric sequences, which are subsequently converted into a
sequencing library and subjected to paired-end sequencing. We have developed two
variations of the MARGI technology. The first, which we refer to as proximity MARGI
(pxMARGI), does not differentiate passive and direct interactions. The second, which we
refer to as direct MARGI (diMARGI), is designed to reveal protein or RNA tethered
interactions. Throughout this paper, we call pxMARGI- and diMARGI-identified caRNAs
pXRNA and diRNA, respectively.

In the MARGI procedure, chromatin is crosslinked, fragmented, and subsequently
biotinylated and stabilized on streptavidin beads (Figure 1). A specially designed linker
sequence is introduced to first ligate with the 3" end of RNA (RNA ligation) and then this
RNA ligated linker is ligated to DNA (DNA ligation). These ligation steps are controlled by
the configuration of the linker and by sequential applications of different end modifications
and ligation enzymes. Successfully ligated products, in the form of RNA — linker — DNA,
are selected and converted to cDNA. This cDNA is circularized and then cut in the middle of
the linker, producing cDNA with the configuration: left.half.Linker - DNA — RNA —
right.half.Linker, which are subjected to paired-end sequencing. The left.half.Linker and the
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right.half.Linker are the two halves of the linker separated by a restriction site in the middle.
These two halves serve to differentiate which end originated from RNA and which end was
from DNA, respectively.

The linker was designed to achieve three goals. The first is to maximize the ligation
efficiency of the linker to the RNA and to the DNA. The second is to ensure that RNA and
DNA are only ligated to the designated strand of the linker in the desired orientation. Third,
when made into sequencing library, the cDNA originated from RNA is next to SP1
sequencing primer and the DNA side is next to SP2 sequencing primer. This makes it
straightforward to associate Read 1 and Read 2 from a paired-end sequencing readout with
the RNA and the DNA side, respectively.

To optimize the ligation efficiency with RNA, the 5" end of the top strand of the linker starts
with an 5-Adenylation (5" App) followed by 10 single-stranded DNA bases (Figure 1A). In
addition, the first two single-stranded bases are random DNA bases (“NN” in the top strand,
Figure 1A), designed to equalize the ligation efficiency with all four bases at the 3" end of
the RNA. The RNA-linker ligation is catalyzed by a mutated version of T4 RNA Ligase 2
(T4 RNA Ligase 2, truncated KQ), which selectively ligates single-stranded RNA with 3
hydroxyl (3”-OH) to single-stranded RNA or DNA with 5° App without using ATP [1],
therefore minimizing spurious RNA-RNA ligation (Figure 1B). To maximize the ligation
efficiency of linker and DNA, sticky-end ligation is used where the 3’-T overhang of the
linker is joined with the 3’-A overhang produced by A-tailing of the DNA (Figure 1C).

In order to arrange the RNA side (cDNA) next to the SP1 and the DNA side next to the SP2
sequencing primers, we designed a “phasing” strategy that involves circularization and re-
linearization (Figure 1D). The center of the linker sequence is a BamHI restriction site. The
right and left flanking sequences of the linker are designed to be complementary to the SP1
and SP2 sequencing primers, respectively. After circularization and restriction enzyme
digestion, the linker is split and the two halves are rearranged to the two ends of the product
sequence, respectively. This enables the product sequences originated from the RNA and the
DNA to be sequenced as Read 1 and Read 2, respectively, from the two distinct sequencing
primers by paired-end sequencing.

To test the phasing strategy, we generated two MARGI libraries from ES cells, where the
genome was fragmented, respectively, by sonication (sonication library), and by Haelll
restriction enzyme (Haelll library), which recognizes “GGCC” sequence and leaves “CC” at
the 5" end of the cut. If the circularization strategy can phase the RNA and the DNA ends
into Read 1 and Read 2, we would expect to see the first two bases of Read 2 (DNA end) in
the Haelll library to be enriched with “CC”, the signature of Haelll cut. Indeed, Read 1
(RNA end) exhibited nearly equal frequencies of A, C, G, and T, whereas more than 97% of
the Read 2 sequences started with “CC” (Figure 2A). In contrast, both Read 1 and Read 2 in
the sonication library exhibited similar amounts of the four nucleotides in their first two
bases (Figure 2B). Hereafter, we call the two ends of a paired-end read the RNA mate and
the DNA mate, respectively.
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To assess the specificity of MARGI, we carried out two control experiments. In the first
control experiment, we generated from HEK293T cells three MARGI libraries in parallel
with identical steps, except that in Library 2 we left out the RNA-Linker ligation step (RNA
ligation -, Figure S1A) and in Library 3 we excluded the Linker-DNA ligation step (DNA
ligation -, Figure S1A). The MARGI procedure without either the RNA or the DNA ligation
step could not produce a detectable amount of DNA in the final sequencing library. In the
second control experiment, we used a mixture of Drosophila S2 cells and human HEK293T
cells to estimate the extent of unspecific ligations (cross-species control)[2, 3]. After cross-
linking and cell lysis, the lysates from the two species were mixed before any subsequent
steps. The mixture was subjected to the rest of the MARGI procedure, and resulting in a
sequenced library (Fly-Hs). A total of 7,066,395 paired-end reads were mapped to either of
the two genomes (both ends were uniquely mapped), among which 969,034 (13.71%) had
both ends mapped to the fly genome (dm6) and 5,942,976 (84.1%) had both ends mapped to
the human genome (hg38), whereas 154,385 (2.18%) had one end mapped to fly genome
and the other end mapped to human genome. This suggests that random ligations are
uncommon in the MARGI procedure.

Genome-wide analyses of short- and long-range RNA-chromatin interactions

We designed pxMARGI to reveal caRNA in spatial proximity of any genomic region. This
was achieved by a combination of formaldehyde crosslinking [4] and complete genome
fragmentation achieved by overnight Haelll digestion to ensure all genomic regions
including heterochromatin were fragmented (Figure S1B-C) before the subsequent DNA
ligation step. We generated two pxMARGI libraries from human HEK (HEK293T,
biological replicates, Samples 1-2 in Table S1) and two pxMARGI libraries from H9 human
ES cells (biological replicates, Samples 4-5, Table S1). Sequencing and mapping these
libraries yielded approximately 105 million and 65 million non-redundant and mappable
read pairs (both ends are uniquely mapped) for HEK and H9 cells, respectively. We
separated the mapped read pairs into three categories, namely proximal (mapped within
2,000 bp on the same chromosome), distal (mapped to the same chromosome with a distance
larger than 2,000 bp), and inter-chromosomal. The two cell types yielded similar
distributions of the three types of read pairs, where approximately 80% were proximal, less
than 4% were distal, and 15 — 20 % were inter-chromosomal, suggesting a non-trivial
amount of long-range interactions (Table S1).

To prioritize potentially “direct” interactions, we developed diMARGI. In this procedure,
after crosslinking with formaldehyde and DSG [5], the chromatin was fragmented by
sonication, and only the soluble fraction was passed onto the subsequent ligation steps. Non-
crosslinked RNA was removed prior to the ligation steps by protein denaturation with
stringent washing and binding buffers [6]. We generated one diMARGI library from HEK
and one library from ES cells. Compared to pxMARGI libraries, the proximal read pairs
increased to 94% and 95% in HEK and human ES cells, respectively, distal pairs dropped to
1% in both cell types, inter-chromosomal pairs dropped to 5% and 4%, respectively (Table
S1). In the rest of this paper, all the analyses are based on long-range (distal and inter-
chromosomal) interactions.
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Identification of chromatin-associated pseudogene RNAs, antisense RNAs, and lincRNAs

To identify the caRNAS, we calculated RPKM for every gene based on the RNA-end (Read
1) from mapped distal and inter-chromosomal read pairs, and tested whether the RPKM
equals 0. This led to identification of 2,864 and 1,933 non-coding pxRNAs and 747 and 467
non-coding diRNAs, from HEK and ES cells, respectively (FDR < 0.0001) (Figure 2C-J).
The largest components of non-coding pxRNAs were pseudogene, antisense, and lincRNA,
which was the same for both cell types (Figure 2G-H), whereas the largest component of
diRNAs in both cell types was snoRNA (Figure 21-J), consistent with its role in maintaining
accessible structures of euchromatin [7] and attachment to nascent target transcripts [8, 9]
(reviewed by [10]).

The pair of MARGI technologies provided an opportunity to evaluate the chances for each
caRNA to interact passively or in the “direct model”, and whether the model of interaction is
cell type specific. We compared pxMARGI and diMARGI data of previously known
caRNAs including MALAT1, NEAT1, SNHGI1, and X/ST[11, 12]. All these lincRNAs were
identified as pxRNAs in both HEK and ES cells (Figure 2C-D). MALAT1, SNHG1, NEAT1
became even more significant in diMARGI, and MALATI and SNHGI rose into the few
most significant diRNAs in both cell types (blue and red circles in Figure 2E-F, Figure 3A-
B). The identification of X/ST as pxRNA is consistent with the reported X/ST activity in H9
ES cells [13]. Interestingly, X/ST did not exhibit diRNA activity in H9 ES cells (Figure 2F),
but it was one of the most significant diRNA in HEK cells (black circle in Figure 2E, Figure
3C). This may suggest an underappreciated difference between the modes of X/S7-X
chromosome interactions in H9 ES cells and differentiated cells.

Overview of pxRNA and diRNA associated genomic regions

We compared the genomic regions identified by pxMARGI and diMARGI. We called peaks
from the DNA ends of distal and inter-chromosomal read pairs using MACS v1.4.2 [14],
which we call pxPeaks and diPeaks. As anticipated, pxPeaks were greater in numbers than
diPeaks (Figure S2A), and larger in sizes (Figure 3A), whereas the size distributions were
similar between the two cell types for either pxPeaks or diPeaks (Figure 4A). HEK cells
yielded 120,872 pxPeaks, which was more than twice of that from ES cells (57,154). In
comparison, the amount of diPeaks from HEK (7,212) remains larger than that from ES
(5,247), but the difference was not as great as that in pxPeaks. This is reminiscent of the idea
that pxRNA may be trapped in closed chromatin, because stem cell differentiation is usually
coupled with chromatin condensation [15, 16].

The majority of known promoters is associated with pxRNA and diRNA

We asked whether pxPeaks were correlated to any known genomic features. We analyzed the
overlaps with known genomic features including promoters, 5 UTR, 3" UTR, exons,
introns, downstream sequence (3 kb), and intergenic sequence, accounting for overlaps to
multiple genomic features by the recently developed “Upset” tool [17]. In HEK cells,
approximately 37% of pxPeaks overlapped with intergenic regions and 17% overlapped with
promoters (Figure 4B, Figure S3A). Adjusting for the sizes of these genomic features,
pxPeaks were enriched in promoters (Odds ratio = 1.7, p-value < 2x10716, Chi-squared test)
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(Figure S2B). ES cells exhibited very similar proportions, and an enrichment in promoters
(p-value < 2x10716) (Figure 3B, Figure S2B).

This observation led us to directly assess the degree of association between promoters and
pxRNA. We plotted the density of pxRNA across the 20,000 bp flanking regions of every
transcription start site (Figure 4C). Out of 34,475 human genes (GRCh38) with non-
redundant transcription start sites, 23,838 (69.1%) exhibited increased pxRNA intensities at
their transcription start sites in HEK cells. Even more transcription start sites (25,392,
73.7%) exhibited increased pxRNA intensity in ES cells (Figure 4C).

The overlaps of diPeaks to promoters increased to 61% (4,391) in HEK and 63% (3,306) in
ES cells (Figure 4B), and the odds ratios for these overlaps increased to 16.8 (HEK, p-value
< 2x10716, Chi-squared test) and 17.7 (ES, p-value < 2x10716, Chi-squared test) (Figure S2B,
Figure S3B). Similar to pxRNA, diRNA intensities increased in promoters, but became more
concentrated; forming sharp peaks centered at transcription start sites (Figure 4D). A total of
18,135 transcription start sites in HEK and 6,551 transcription start sites in ES exhibited
clear increases of diRNA attachments.

Correlations of caRNA intensity and histone modification levels

We asked whether caRNA intensity is correlated with ChIP-seq defined histone modification
levels. To this end, we calculated RAL (RNA attachment level) for each genomic segment as
the average read count of the DNA-end of distal and inter-chromosomal read pairs. Proximal
read pairs were excluded from RAL calculation. Across all transcription start sites, RAL
exhibited positive correlations with H3K4me3, H3K27ac, and negative correlation with
H3K9me3 (Figure 4C-D). These correlations were preserved in the datasets generated by
pXxMARGI and diMARGI.

We proceeded to analyze the entire genome by scanning the genome with 1,000 bp
windows. diRNA RAL exhibited positive correlations with H3K4me3 and H3K27ac, and a
negative correlation with H3K9me3 (Figure 4E). In comparison, pxRNA RAL did not
exhibit clear genome-wide correlations to H3K4me3 and H3K27ac (Figure 4E), possibly
attributable to lack of H3K4me3 and H3K27ac in condensed chromatin. Interestingly,
pXRNA RAL retained genome-wide anti-correlation with H3K9me3 (pxMARGI, Figure
4E). Moreover, H3K9me3 was depleted in nearly all diPeaks and all pxPeaks (Figure 4F),
suggesting a competition between RNA attachment and H3K9me3 events in closed
chromatin.

H9 ES cells may represent an incomplete state of X chromosome inactivation

XIST exhibited pxRNA activity but not diRNA activity in H9 cells (Figure 2D,F), which led
to a possibility that H9 ES cells represent an incomplete state of X chromosome inactivation
(XCI). More specifically, H9 and HEK share X/ST involvement in heterochromatin, but
XISTalso attaches to less compact parts of the X chromosome through protein bridges
specifically in HEK cells. If this was the case, we would anticipate to see differences in
diRNA activities on X/ST associated lincRNAs 75/X[18, 19] and F7.X[20] between HEK
and H9 cells. The two lincRNAs exhibited similar degrees of pxRNA activities between
HEK and H9 (Figure S4A-B), consistent with the observed X/S7 pxRNA activities and
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reported XCI in H9 cells [13]. However, 7S/X and FT.X exhibited much reduced diRNA
activities in H9 as compared to HEK (Figure S4C-D), consistent with the minimal diRNA
activity of X/STin H9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
MARGI globally profiles native RNA-chromatin interactions.
Two variations of MARGI interrogate proximity-based and direct interactions.
The majority of transcription start sites are associated with interacting RNAs.

RNA attachment is positively correlated with active histone marks in
promoters.
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Figure 1. Schema for the MARGI technology
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DNA
== RNA
— CDNA

¢ Biotin
== Linker
i Streptavidin
#& Protein
gearce BamHl site

(A) Linker sequence. The linker is composed of double-stranded DNA in the center and
single-stranded DNA on the two ends. The top strand of the linker is 11 bases longer than
the bottom strand, leaving 10 bases of single-stranded DNA at the 5" end and 1 base of
single-stranded DNA at the 3" end. The 5" end of the top strand is adenylated (5" App) and
the 5" end of the bottom strand is phosphorylated (Phos). N: random base. Letters in blue:
BamHiI restriction site. (B) RNA-Linker ligation. RNA with 3’-OH was produced by T4
PNK treatment. (C) Linker-DNA ligation. A single base “A” tail (in red) is added to the 3’
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end of DNA, which enables a sticky-end ligation to the linker. (D) Circularization and re-
linearization. After BamH1 digestion, the linker sequence is split and re-allocated to the two
ends, which were by design complementary to the library construction primers. (E) Another
perspective of the ligation and reverse transcription steps as shown in A-D. See also Figure
S1.

Curr Biol. Author manuscript; available in PMC 2018 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sridhar et al.

Page 12
A HaellIl library B Sonication library
£ 8- g =
o] Read 1 T 8 Read 2 3 Read 1 2 Read 2
put C
€g L 8
2 A
Se G ¢ g- " " )
) - = - XA
u ¥ 4
2q goe@ 5 . s u‘“f*‘\‘, /
° ° o °
LI I B B e | [Raaannnas L LRI e e e [ e s e e e e
13579 3034 6064 9094 1 4 7 2024 5054 8084 13579 3034 6064 9094 13579 3034 6064 9094
Position [base] Position [base] Position [base] Position [base]
pxRNA diRNA
[ 1 I |
HEK ES HEK ES
C  Xist D xist E xist Xist
_ - Maatt Malati Malat1 ° Malatt
7% Snhgt : g ‘s hg1 8
; nhg ‘o Snhgt §_i nhg o, ® | Snhg1
- ' o - e
E o ® =8 3 o
z - ‘
« %
L P—— w 3 e ‘ "
0 ' 1,000 ' 100,000 10 1,000 100,000 10 ' 1,000 100,000 10 1,000 100,000
Gene length [base] Gene length [base] Gene length [base] Gene length [base]
pXRNA diRNA
[ 1 [ 1
G HEK H ES I HEK ES
Pseudogene P [ 1 snoRNA [T snoRNA
Antisense Antisense snRNA ] miRNA
LincRNA — ] LineRNA [ ] miscRNA [ Antisense
miRNA miRNA Antisense snRNA
misc_RNA Proc_transc [ | mRNA [ ] misc_RNA
snRNA misc_.RNA ] Pseudogene [ ] LincRNA
Proc_transc ] snRNA  [J LincRNA  [] Proc_transc [
snoRNA  [] snoRNA  [| Proc_transc  [] Pseudogene []
T T T T T T 1 T T T
50 100 200 500 10 20 100 200 500 10 20 50 100 200 10 0 100

Number of genes

50
Number of genes

Figure 2. MARGI identified caRNAs
(A-B) Composition of the four nucleotide bases on every position of paired-end reads in a

Haelll library (A) and in a sonication library (B). Arrow: increased proportions of Cytosine
(C) in the first two positions, which is specific to Read 2 (DNA end) of the Haelll library.
(C-F) Scatter plots of lincRNAs with MARGI RNA-end read counts per gene (y axis)
plotted against gene length (x axis). (G-J) Numbers of non-coding pxRNAs (G-H) and
diRNAs (I-J) categorized by RNA type. Proc_transcripts: processed transcripts, misc_ RNA:
miscellaneous other RNA. See also Figure S4.
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Figure 3. Genome view of mapped MARGI read pairs
The mapped MARGI reads are plotted with Genome Interaction Visualizer (GIVe, http://

give.genemo.org/?hg38), where the reference genome is plotted horizontally, twice (top and
bottom bars). The top and the bottom bars can be zoomed in or out independent of each
other. The mapped RNA ends are shown on the top bar (genome), and the DNA ends are
shown on the bottom bar (genome). Each MARGI read pair is represented as a line linking
the locations of RNA end (top) and the DNA end (bottom). The HEK diMARGI data at are
shown with MALATI locus (top) versus the entire Chromosome 11 (bottom) (A), the
SNHGI locus versus the entire Chromosome 11 (B), and the X/ST locus versus the entire
Chromosome X (C). Red arrows point to known caRNAs.
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Figure 4. caRNA associated genomic regions
(A) Size distributions of pxPeaks (red) and diPeaks (blue) from HEK (solid) and ES cells

(dashed curve). (B) Proportions of pxPeaks and diPeaks in promoters, UTRs, exons, introns,
downstream regions, and distal intergenic regions. (C-D) RNA attachment levels (RAL)
(white) in 20,000 bp flanking regions of all (34,475) non-redundant TSSs (GRCh38), as
derived from pxMARGI (C), diMARGI (D) in descending orders. Shown in parallel are
H3K4me3 (red), H3K27ac (orange), H3K9me3 (green), and H3K27me3 (blue, ES only, no
available data in HEK) intensities, and gene expression levels. Yellow curve: smoothed

Curr Biol. Author manuscript; available in PMC 2018 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sridhar et al.

Page 15

average of gene expression levels. TSS: transcription start site. (E) Scatter plots of 1,000 bp
genomic windows with histone modification levels (y axis) versus RALSs (x axis). Each data
point represents the average of 100 windows. (F) RAL were plotted for all identified
pxPeaks and diPeaks and their 20,000 flanking regions (white). Shown in parallel are
H3K9me3 levels on the same regions (green). See also Figures S2, S3.
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