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Abstract
Long noncoding RNA molecules (lncRNAs) are estimated to account for the
majority of eukaryotic genomic transcripts, and have been associated with multiple
diseases in humans. However, our understanding of their structure-function relationships
is scarce, with structural evidence coming mostly from indirect biochemical approaches or
computational predictions. Here we describe direct visualization of the lncRNA HOTAIR
(HOx Transcript AntIsense RNA) using atomic force microscopy (AFM) in nucleus-like
conditions at 37 degrees. Our observations reveal that HOTAIR has a discernible, although
flexible, shape. Fast AFM scanning enabled the quantification of the motion of HOTAIR,
and provided visual evidence of physical interactions with genomic DNA segments. Our
report provides a biologically-plausible description of the anatomy and intrinsic properties
of HOTAIR, and presents a framework for studying the structural biology of lncRNAs.
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Introduction
Long Non Coding RNA (lncRNA) molecules are defined as RNA transcripts longer than
200 nucleotides, that lack an evident ORF and are transcribed by RNA polymerase II. These
large transcripts are often also polyadenylated and spliced. Thousands of lncRNAs are annotated
to date, but only a few have been studied and defined as functional. Functional lncRNAs are
involved in almost every stage of gene expression1–4 and have been implicated in a variety of
diseases such as cancer and neurodegenerative disorders.
Despite their abundance and emerging importance, our knowledge concerning lncRNA
structure is poor. Existing information on the structure of large RNA molecules in general is
scarce, with less than 7% of all RNA structures in the Protein Data Bank being in the size range
between 200 and 5,000 nucleotides, most of these being ribosomal RNA subunits5 studied by Xray crystallography. The structure of MALAT1 has been resolved by crystallography6, but
available information on other lncRNA structures derives mostly from indirect methods. For
example, the structure of SRA7 and HOTAIR8 were depicted through biochemical methods.
Another direction taken to further study lncRNAs such as XIST9 and GAS510 was domain
analysis. On the other hand, it has recently been suggested, using a statistical approach, that
lncRNAs may not have a structure at all11. This discrepancy may result from lack of solid
structural information, and its resolution could shed light on the biology of this important class of
molecules.
In this work we aimed to obtain such information using one of the most studied lncRNAs,
HOTAIR, as a test case. HOTAIR has been shown to bind PRC2 and LSD112 to drive chromatin
modification at specific genomic sites13, thus playing a key role in genome silencing. HOTAIR
DNA binding sites are focal, specific and numerous, implying HOTAIR as a silencing selector
element pinpointing genomic locations to modification13. HOTAIR was shown to be required for
the epithelial-to-mesenchymal transition14,15, thereby defined as an oncogene and a negative
prognostic marker in various cancers16–18.
Our central tool in this study was atomic force microscopy (AFM). AFM has been used
to study nucleic acid structures in both fluid and air19, including the genomic RNA of human
immunodeficiency virus (HIV)-120. While AFM is limited in resolution compared with X-ray
crystallography or NMR, it enables direct visualization by physically probing native, large
molecules under biological conditions. AFM also allows statistical analysis of structurallydiverse molecules, as previously suggested to be the case for lncRNAs21.
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Results
HOTAIR has a distinct anatomy
We first generated HOTAIR molecules by in-vitro transcription (IVT), using multiple
templates and multiple IVT systems in order to avoid method-biased observations. The resulting
transcripts were analyzed by gel electrophoresis and RNA-seq and found to be intact and to fully
map to the HOTAIR gene sequence in a human reference genome (Supplementary notes 1 &
2). HOTAIR molecules were then scanned by AFM in fluid, under conditions that mimic the
chemical environment of the nucleus as reliably as possible22,23,24 and at 37 °C (Supplementary
note 3).
AFM scanning demonstrated that under these conditions, HOTAIR molecules assume a
distinct anatomy (Fig. 1A,B), based on a 4-limbed body which ends in a branched U-shaped
motif, which we termed the U-module. Visualization of HOTAIR by Cryo-EM showed the same
anatomy and flexibility observed in AFM (Fig. 1C, Supplementary note 4). This anatomy was
reproduced in 7 independent synthesis and scanning repeats. In contrast, a random RNA
transcript formed by scrambling HOTAIR sequence formed indistinct shapes and aggregates,
with some even not folding (Supplementary note 5). The archetypal HOTAIR anatomy could
be reliably assigned to approximately 66% of the observed objects that were intact based on size,
with excluded ones being either clear but eccentric or too vague to be reliably assigned. The
presence of eccentric forms could reflect that not all HOTAIR products fold properly in the
nucleus and are subsequently dysfunctional, however the folding of HOTAIR in the nucleus
could be facilitated by yet unidentified cellular factors. In addition to the whole molecule, the
functional HOTAIR modules suggested in previous studies12,13,25,26 were also scanned, showing
distinct structures (Supplementary note 6, Movie S1-S3).
Our HOTAIR model divides the molecule into 9 structural segments, which we name as
follows: neck (N), torso (T), pelvis (P), leg long (LL), leg short (LS), hand long (HL), hand short
(HS), U-module long (UL), U-module short (US) (Fig. 1D). Total length of all segments across
multiple samples was constrained to 252±9.4 nm, but the observed variance within segments was
5% to 50% of the mean segment length (shorter segments exhibited higher variance) (Fig. 1E).
The high degree of flexibility in our proposed model of HOTAIR may seem contradictory to the
conventional meaning of a molecule having a structure, however this notion is contained within a
set of objects that are well-defined anatomically but are globally flexible. A useful analogy is
shown here by human dancers frozen in various configurations (Fig. 1F), who also combine
these two properties.
Dimensions of HOTAIR
The molecular dimensions of HOTAIR were measured by an algorithm that combined the
absolute size calculated by the AFM with a dsDNA molecule as an internal size reference. We
chose to use a dsDNA molecule termed HOTAIR-binding DNA 1 (HBD1)18, which we
synthesized for this study (Supplementary note 7). HBD1 is a 433 bp molecule existing
preferentially at the B-DNA geometry (helical rise of 3.5 per base with 10.5 bp/turn, yielding
a longitudinal density of 3 bp/nm) under the study conditions, thus mapping to 144 nm in length.
In contrast, HOTAIR, a 2,15827 nt RNA molecule which is mostly dsRNA, preferentially exists
at the A-DNA geometry (helical rise of 2.6 per base with 11 bp/turn, yielding a longitudinal
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density of 4.23 bp/nm). Our measurements (Supplementary note 8) showed a mean length of
142 nm for HBD1, and 252 nm for HOTAIR, the latter translating to 1,066 base pairs of dsRNA,
which theoretically unfold to 2,132 nt of ssRNA. Taken together, this calculation represents a
~1.5% error in molecular measurements by AFM under the study conditions.
Interaction between HOTAIR and DNA
It is critical to note that our aim in this study was to report intrinsic properties of
HOTAIR, particularly its ability to interact with genomic DNA, dissociated from the suggested
role of auxiliary proteins in this function, which is still unclear. For example, a recent study
reported that genome targeting by HOTAIR is independent of at least one specific protein it
interacts with, EZH2, although it did not rule out other proteins such as those that are part of the
complex LSD113. With that in mind, our aim here was first to describe the structural ‘baseline’ of
HOTAIR, on top of which future investigations of the functional complexes it forms inside the
cell could be carried out.
To this end, two dsDNA sequences from a previous study13 were used, one that was
found to highly associate with HOTAIR and one that was found not to, termed HOTAIR-binding
DNA 1 (HBD1) and HBD4, respectively (Supplementary note 7). HBD1 and HBD4 were
allowed to interact with HOTAIR for short times, up to 30 min at various HOTAIR:HBD ratios,
and fast AFM scanning was used to count temporally- and positionally-defined interactions
(remaining bound at the same position along several scan frames). AFM scans demonstrated
clear physical interaction between HOTAIR and DNA (Fig. 2A-C, Movies S4-S6). Several
interesting features of these interactions were observed. First, assignments based on plausible
configurations combined with length measurements revealed that HOTAIR:DNA interactions
appear to be mediated by the U-module (Fig. 2D-E). In some cases a second interaction is seen
mediated by an H segment (Fig. 2A,C). Second, the 1200 nt domain of HOTAIR, previously
shown to associate with DNA26, exhibited this ability under the study conditions, suggesting that
the U-module maps to this specific domain (Fig. 2F, Movie S7). Third, the occupancy of HBD1
by HOTAIR was ratio-dependent (Fig. 2G), suggesting a real biological phenomenon. Finally,
the occupancy of HBD1 by HOTAIR was 3.2-fold higher than that of HBD4 (46 occupied out of
60 total HBD1 molecules counted vs. 16 occupied out of 66 total HBD4 counted) (Fig. 2H).
Interestingly, HBD1 occupancy by the 1200 nt domain was 18 out of 32 total HBD1 counted,
suggesting that an additional domain, such as an H segment as observed here, contributes to the
higher binding of the whole molecule. The HOTAIR:HBD interactions observed by AFM were
corroborated by flow cytometry, showing that HBD1, but not HBD4, binds HOTAIR (Fig. S6).
Evidence for a triplex helix mediating HOTAIR:DNA interaction
HOTAIR:DNA interactions have been proposed to be mediated through a triple helix
structure13. A more recent study26 showed by electrophoretic mobility shift assay that HOTAIR
segments may form RNA–DNA–DNA triplexes, however in a non-biological system (e.g.
boiling to 60 °C and cooling). Hoping to shed light on this mechanism, we initially used the
Triplexator28 package to perform sequence-based predictions of potential sites for triplex
formation between HOTAIR and HBD1. Triplexator retrieved 3 potential triplex scenarios, all
within the HBD1-binding, 1200 nt domain of HOTAIR. Out of these, 2 were biologicallyprobable, i.e. sequences with sufficient guanine residues to support Hoogsteen and reverseHoogsteen base pairing, and antiparallel configuration. Examination of the highest-scoring
5
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combination of oligonucleotides by circular dichroism (CD) spectroscopy showed evidence of a
formed triplex involving ssRNA and dsDNA, namely a negative peak at 210 nm and a shifted
positive peak at 280 nm (Fig. 2I, Supplementary note 9).
Motion of HOTAIR using fast-scan AFM
Our observations of HOTAIR revealed a highly flexible molecule, which exhibited a
striking diversity of configurations, albeit converging to the same anatomy. A central question is
thus whether the known mechanics of RNA allows for such flexibility. Previous works have
reported that the flexibility of dsRNA is lower than that of dsDNA, and measurements by
orthogonal techniques have yielded persistence length values around 62 nm29,30, which is longer
than the observed discrete segments of HOTAIR. However, these estimations may not properly
reflect the behavior of biological RNA molecules. Computational predictions, as well as recent
experimental works that include biochemical methods and direct imaging8,20, show that these
molecules are rich in unpaired loops of varying sizes, which can be thought of as mechanical
joints that allow for the observed flexibility. In order to quantitate this freedom of motion within
our experimental system, we measured the range of movement of a single RNA joint in the
AFM. We scanned 12-nt RNA joints connected at the edges of DNA origami rectangles used as
AFM imaging guides. Segments connected by these joints were able to pivot up to
approximately ±100° in the study conditions (Supplementary note 10). Given the fact that,
based on biochemical analysis as well as computational predictions applied locally
(Supplementary note 11), HOTAIR is rich in such joints, its actual flexibility is likely
significantly larger than that predicted for an idealized dsRNA shaft.
We utilized the fast scanning capability of our AFM system in order to quantitate the
dynamics of minimally-constrained HOTAIR molecules under biological conditions. The mica
surface was covered with poly-L-ornithine in order to pin down, as quickly as possible, the
DNA-RNA complexes that formed during the short incubation time. Once the complex is
captured by the mica, DNA is no longer moving, whereas RNA appears as softer, smaller, shows
a complex 3D structure with multiple non-binding points allowing it to move more freely and
adopt a range of possible configurations. Our initial observations revealed a very diverse range
of HOTAIR morphologies (Fig. 3A), and further investigation into the dynamics of these
molecules demonstrated that this diversity most likely derives from movement, and not
degradation or misfolding (Movies S8-S10). All limbs of HOTAIR are capable of pivoting
around joints, extending, or retracting (Fig. 3B. Movie S8), including the U-module, which
exhibited pincer-like motion and at least one clear joint in segment UL (Fig. 3C). These
movements occupied a radius of up to 20 nm from body (Fig. 3D-E).
Visualizing RNA:DNA structures by AFM
Our AFM scans enabled direct observations of structural configurations of DNA and
RNA under the study conditions, as well as the identification of differences between their
material properties using phase imaging. In this imaging mode, the phase difference between the
cantilever and the drive signal is measured, a measurement sensitive to the stiffness or softness
of the sample, providing an additional layer of information in samples where height may be
equal throughout, but that are made of various materials. Phase imaging of our samples was able
to discriminate between DNA and RNA based on the fact that the DNA is more rigid than RNA
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(Fig. 4A-B). For this reason, we frequently used phase imaging in complex samples to be able to
reliably determine molecular identity of sample objects.
Multiple scans have repeatedly shown the right-handed, double helical structure of DNA
under the study conditions in exquisite detail (Fig. 4C-E). Our measurements yielded a dsDNA
helical twist angle of 31.89° relative to helix plane, which is within the observed range31 of
27.7°-42.0° (Fig. 4F). Measured mean helical pitch was 3.76 nm, within 3 of the accepted
value of 3.4 nm for B-DNA (Fig. 4G,H). Measurements of dsRNA (Fig. 4I-J) yielded a helical
twist angle of 18.86° relative to helix plane, within the observed range of 16.1°-44.1°, and a
helical pitch of 2.89 nm, with the accepted value being 2.82 nm for A-DNA (Fig. 4K-L).
Interestingly, dsRNA exhibited a lower profile than dsDNA due to its relative softness.
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Discussion
LncRNA molecules are emerging as abundant and important players at multiple levels of
regulation over gene expression. Our ability to study structure-function relationships in this new
group of molecules would be critical to our understanding of their biology, their roles in health
and disease, and the potential ways to correct their malfunction.
Our conclusions regarding structure-function relationship of HOTAIR need to be taken
carefully for several reasons. First, our model does not take into account HOTAIR-protein
interactions, which may be indispensable to its cellular state and functionality. Such interactions
have been previously described, for example with the proteins PRC2 and LSD112, which are
involved in specific chromatin modifications. While our observations indicate that HOTAIR has
an inherent structure, this structure could be very well modulated in the cell by such interactions.
Future studies could build on the approach we describe here, and incorporate these proteins in
the study systems.
Second, we chose to visualize HOTAIR in conditions that mimic, to the best of our
knowledge and ability, the chemical conditions inside the nucleus. Particularly, divalent and
monovalent ions are expected to play important roles for lncRNA molecules, i.e. stabilizing
long-range interactions. Our study conditions included, for example, a low magnesium
concentration; a higher magnesium concentration could theoretically produce different anatomies
and configurations than the ones observed here.
Third, because of the observed flexibility of HOTAIR, the molecule orientates freely and
displays variable anatomy. This phenotype highlighted the need to rely on multiple parameters,
such as measured lengths and position of modules relative to each other, while eliminating
shapes that cannot be assigned beyond a reasonable likelihood. Despite that, image-based
assignment of molecular identities is an inherent limitation of molecular imaging in AFM, and
our conclusions in this report should be taken with this limitation in mind. Better assignment
could be achieved by adding information to the system, for example, by chemical modification
of the molecule under observation. A simple way to do that is by hybridizing a nanoparticlelabeled DNA or RNA probe to a specific part of the molecule; the nanoparticle could be
relatively easily identified in the AFM, indicating with high probability the identity of the part it
binds to. However, such methods constantly face the risk of the modification perturbing the
native conformation of the molecule, in a molecular analog of Heisenberg’s uncertainty
principle. In this study we chose to do careful assignment as natively as possible. Further studies
using additional methods could further improve our understanding of the complex structure and
behavior of molecules such as HOTAIR.
With that said, our observations of HOTAIR produce a biologically-plausible model of
its anatomy, quantitate its motility, and confirms it can intrinsically target genomic DNA.
Moreover, our findings demonstrates that structural study of lncRNAs can be done using AFM
as a tool of choice, owing to its ability to enable direct, high-resolution, and dynamic
visualization of nucleic acids in a liquid, cell-like environment, and at physiological temperature.
Although it was introduced more than three decades ago32, AFM is still not a mainstream
technique in molecular, cellular, and structural biology. Our findings make a convincing case in
favor of adding this versatile tool to X-ray crystallography, NMR, and cryo-EM, in order to
enable new forms of understanding of the behaviors of biological molecules.
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Methods summary
In-vitro transcription (IVT) and RNA-seq. LZRS-HOTAIR and pCDNA3-HOTAIR were
a kind gift from Prof. Howard Chang. pJ-HOTAIR was purchased from DNA2.0. IVT templates
were either plasmids linearized with EcoRI restriction enzyme (NEB), or PCR amplicons. IVT
was carried out using two separate kits (from New England Biolabs and Megascript). IVT was
carried out for 3 h at 37 °C and followed by DNA template digestion (using DNase included in
the kits). Samples were analyzed by gel electrophoresis using formamide as denaturing agent to
verify purity from prematurely-terminated transcripts. Purity was confirmed by HPLC using an
Agilent 1100 series instrument. RNA was purified using MegaClear kit. RNA-seq was
performed at the Nancy and Stephen Grand Israel National Center for Personalized Medicine (GINCPM) at the Weizmann Institute of Science. Library preparation was done using in-house
protocols.
AFM and Cryo-EM. Samples were analysed using a NanoWizard® ULTRA Speed AFM
(JPK Instruments, Germany) mounted on an inverted optical microscope (Nikon Eclipse
TE2000-U or Zeiss AxioObserver.A1), or equipped with a JPK TopViewOptics™. Samples
were imaged in buffer at ambient temperature in amplitude-modulation or phase-modulation AC
mode. Fast-scanning high-resonant ultra-short cantilevers (USC-F0.3-k0.3, NanoWorld,
Switzerland) with a nominal resonance frequency of 300 kHz in air, spring constant of 0.3 N/m,
reflective chromium/gold-coated silicon chip, and high-density carbon tips with a radius of
curvature of 10 nm were used. Prior to deposition on substrate, RNA and HBDs molecules were
incubated in filtered nuclear-like buffer (NLB; 5 mM NaCl, 140 mM K+, 0.5 mM Mg+2, 10-4 mM
Ca+2, pH=7.2) for 30 min at 37 °C. For cryo-EM, HOTAIR-bearing grids were plunge-frozen in
liquid ethane cooled by liquid nitrogen, using a Leica EM-GP plunger (4 s blotting time, 80%
humidity), and imaged at liquid nitrogen temperature on an FEI Tecnai TF20 electron
microscope operated at 200 kV with a Gatan side entry 626 cryo-holder. Images were recorded
on a K2 Summit direct detector (Gatan) mounted at the end of a GIF Quantum energy filter
(Gatan). Images were collected in counting mode, at a calibrated magnification of 16,218
yielding a pixel size of 3.083 Å.
Additional detailed methods can be found in the supplementary notes.
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Figure 1

Figure 1. Visualization and modeling of the shape and motion of HOTAIR by AFM. A, field
imaged at lower magnification showing free HOTAIR molecules, squares mark objects reliably
assigned as properly folded HOTAIR. Large mass in the center of the field is an aggregate of
dsDNA and HOTAIR RNA (bar = 500 nm). B, representative higher magnification images of
HOTAIR molecules showing their distinct anatomy (bar = 50 nm). C, representative cryo-EM
images of HOTAIR (bar = 50 nm). D, proposed molecular model of HOTAIR, divided into 9
structural segments (UL, U long; US, U short; N, neck; HS, hand short; HL, hand long; T, torso;
P, pelvis; LS, leg short; LL, leg long). E, structural flexibility of HOTAIR expressed as variation
in segment lengths. F, the human figures frozen in various configurations are analogous to the
concept of HOTAIR as a molecule with a distinct anatomy but also high flexibility.
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Figure 2

Figure 2. Characterization of the physical interaction between HOTAIR and dsDNA. A-C, fast
scanning AFM images of HOTAIR interacting with HOTAIR-binding DNA 1 (HBD1). White
arrowheads point at sites of interaction. B, center panel is at pre-interaction, right panel is atinteraction. C, time series showing a live interaction. HOT, HOTAIR. HBD, HOTAIR-binding
DNA 1. Reliably-assigned HOTAIR segments are denoted by their abbreviation. HOT(ag) shows
HOTAIR molecules in aggregate. D, 3D surface plot of HOTAIR:HBD1 interaction, white
arrowhead points at interaction site. The light/dark stripe pattern on HBD and HOTAIR is the
actual major/minor grooves (respectively) that build the double helical structure of dsDNA and
dsRNA (bar = 20 nm). Image processing details can be found in Supplementary note 3. E, raw
specimen used for D, HOTAIR and HBD1 currently at interaction. White arrowhead points to
the interaction site (left bar = 35 nm; center and right bars = 15 nm). F, binding of the 1200 nt
domain of HOTAIR to HBD1 (bar = 70 nm). G, occupancy of HBD1 by various
HOTAIR:HBD1 ratios shows ratio dependence (n from 2 to 10 = 73, 240, 60, and 18). H,
occupancy of HBD1 vs. HBD4 by HOTAIR at a 5:1 ratio (n = 60 vs. 66). I, circular dichroism
spectrum of HOTAIR:HBD1, showing evidence of a physical triplex between ssRNA and
dsDNA (negative peak at 210 nm, shifted positive peak at 280 nm).
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Figure 3

Figure 3. Quantitating the flexibility of HOTAIR. A, a range of HOTAIR morphologies,
segment names are abbreviated. Left panel shows HOTAIR interacting with HBD1 through the
U-module (left panel bar = 50 nm; other panels bar = 20 nm). B, fast AFM scan of HOTAIR,
tracking the movement of segments HS (blue arrowheads) and LS (white arrowheads; bar = 20
nm). C, fast AFM scan of HOTAIR focusing on movements of the U-module, exhibiting pincerlike opening/closure and a joint in segment UL (bar = 25 nm). D, Quantitative analysis of the
displacement (nm) of HL/HS movements. Numbers were corrected to account for center-mass
drift. E, Quantitative analysis of U-module behavior (0 nm represents closed state, other numbers
represent varying levels of opening).
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Figure 4

Figure 4. High-resolution imaging of DNA and RNA by AFM. A-B, HOTAIR molecules
interacting with HBD1, imaged by height (A) and phase (B), the latter showing differences
between HBD1 and HOTAIR molecules based on the higher rigidity of DNA compared with the
softer RNA. Bottom panels are magnifications of white squares in A and B (bar = 50 nm) C-D,
segment from a HOTAIR:HBD1 sample focusing on the dsDNA structure, D is a magnification
of white square in C, showing the right-handed double helix (bar in C = 20 nm. Bar in D = 10
nm). E, 3D surface plot of D (bar = 10 nm). F, helical twist angle measurement, yielding 31.89°
relative to helix plane. G, plot profile along the axis showing the major grooves (black
arrowheads) and helical pitch (double-sided arrow) of 3.76 nm. H, plot profile orthogonal to the
axis. Black arrowhead pointing at oblique segment of a major groove. I, segment of a
HOTAIR:HBD1 sample showing dsDNA, dsRNA, and ssRNA together in a single frame (bar =
10 nm). J, 3D surface plot of I, emphasizing the different structures in the sample (bar = 10 nm).
K, plot profile along the axis showing the major grooves (black arrowheads) and helical pitch
(double-sided arrow) of 2.89 nm. L, plot profile orthogonal to the axis. Black arrowhead pointing
at oblique segment of a major groove. Note the lower profile of dsRNA compared with dsDNA
(H) due to RNA being softer than DNA.
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Supplementary Material
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Supplementary note 1: In-vitro transcription

>HOTAIR
GACUCGCCUGUGCUCUGGAGCUUGAUCCGAAAGCUUCCACAGUGAGGACUGCUCCGUGGGGGUAA
GAGAGCACCAGGCACUGAGGCCUGGGAGUUCCACAGACCAACACCCCUGCUCCUGGCGGCUCCCACCCGG
GGCUUAGACCCUCAGGUCCCUAAUAUCCCGGAGGUGCUCUCAAUCAGAAAGGUCCUGCUCCGCUUCGCAG
UGGAAUGGAACGGAUUUAGAAGCCUGCAGUAGGGGAGUGGGGAGUGGAGAGAGGGAGCCCAGAGUUACAG
ACGGCGGCGAGAGGAAGGAGGGGCGUCUUUAUUUUUUUAAGGCCCCAAAGAGUCUGAUGUUUACAAGACC
AGAAAUGCCACGGCCGCGUCCUGGCAGAGAAAAGGCUGAAAUGGAGGACCGGCGCCUUCCUUAUAAGUAU
GCACAUUGGCGAGAGAAUUAAGUGCUGCAACCUAAACCAGCAAUUACACCCAAGCUCGUUGGGGCCUAAG
CCAGUACCGACCUGGUAGAAAAAGCAACCACGAAGCUAGAGAGAGAGCCAGAGGAGGGAAGAGAGCGCCA
GACGAAGGUGAAAGCGAACCACGCAGAGAAAUGCAGGCAAGGGAGCAAGGCGGCAGUUCCCGGAACAAAC
GUGGCAGAGGGCAAGACGGGCACUCACAGACAGAGGUUUAUGUAUUUUUAUUUUUUAAAAUCUGAUUUGG
UGUUCCAUGAGGAAAAGGGAAAAUCUAGGGAACGGGAGUACAGAGAGAAUAAUCCGGGUCCUAGCUCGCC
ACAUGAACGCCCAGAGAACGCUGGAAAAACCUGAGCGGGUGCCGGGGCAGCACCCGGCUCGGGUCAGCCA
CUGCCCCACACCGGGCCCACCAAGCCCCGCCCCUCGCGGCCACCGGGGCUUCCUUGCUCUUCUUAUCAUC
UCCAUCUUUAUGAUGAGGCUUGUUAACAAGACCAGAGAGCUGGCCAAGCACCUCUAUCUCAGCCGCGCCC
GCUCAGCCGAGCAGCGGUCGGUGGGGGGACUGGGAGGCGCUAAUUAAUUGAUUCCUUUGGACUGUAAAAU
AUGGCGGCGUCUACACGGAACCCAUGGACUCAUAAACAAUAUAUCUGUUGGGCGUGAGUGCACUGUCUCU
CAAAUAAUUUUUCCAUAGGCAAAUGUCAGAGGGUUCUGGAUUUUUAGUUGCUAAGGAAAGAUCCAAAUGG
GACCAAUUUUAGGAGGCCCAAACAGAGUCCGUUCAGUGUCAGAAAAUGCUUCCCCAAAGGGUUGGCAGUG
UGUUUUGUUGGAAAAAAGCUUGGGUUAUAGGAAAGCCUUUCCCUGCUACUUGUGUAGACCCAGCCCAAUU
UAAGAAUUACAAGGAAGCGAAGGGGUUGUGUAGGCCGGAAGCCUCUCUGUCCCGGCUGGAUGCAGGGGAC
UUGAGCUGCUCCGGAAUUUGAGAGGAACAUAGAAGCAAAGGUCCAGCCUUUGCUUCGUGCUGAUUCCUAG
ACUUAAGAUUCAAAAACAAAUUUUUAAAAGUGAAACCAGCCCUAGCCUUUGGAAGCUCUUGAAGGUUCAG
CACCCACCCAGGAAUCCACCUGCCUGUUACACGCCUCUCCAAGACACAGUGGCACCGCUUUUCUAACUGG
CAGCACAGAGCAACUCUAUAAUAUGCUUAUAUUAGGUCUAGAAGAAUGCAUCUUGAGACACAUGGGUAAC
CUAAUUAUAUAAUGCUUGUUCCAUACAGGAGUGAUUAUGCAGUGGGACCCUGCUGCAAACGGGACUUUGC
ACUCUAAAUAUAGGCCCCAGCUUGGGACAAAAGUUGCAGUAGAAAAAUAGACAUAGGAGAACACUUAAAU
AAGUGAUGCAUGUAGACACAGAAGGGGUAUUUAAAAGACAGAAAUAAUAGAAGUACAGAAGAACAGAAAA
AAAAUCAGCAGAUGGAGAUUACCAUUCCCAAUGCCUGAACUUCCUCCUGCUAUUAAGAUUGCUAGAGAAU
UGUGUCUUAAACAGUUCAUGAACCCAGAAGAACGCAAUUUCAAUGUAUUUAGUACACACACAGUAUGUAU
AUAAACACAACUCACAGAAUAUAUUUUCCAUACAUUGGGUAGGUAUGCACUUUGUGUAUAUAUAAUAAUG
UAUUUUCCAUGCAGUUUUAAAAUGUAGAUAUAUUAAUAUCUGGAUGCAUUUUCAAAAAAAAAA
pLZRS-HOTAIR and pCDNA3-HOTAIR were a kind gift from Prof. Howard Chang. pJHOTAIR was purchased from DNA2.0. All plasmids were fully sequenced to ensure accuracy.
To produce HOTAIR transcripts for in vitro transcription (IVT), DNA templates were either
plasmids linearized with EcoRI restriction enzyme (NEB), or PCR amplicons. PCR primers for
the amplification of DNA templates for IVT were synthesized by Integrated DNA Technologies
and HPLC-purified.
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Figure S1. plasmid maps
DNA templates for IVT of whole HOTAIR, HOTAIR-300, HOTAIR-1200, and HOTAIR-658
RNA, were amplified using the following primers:

>HOTAIR_Fwd
TAATACGACTCACTATAGGG
HOTAIR_Rev
TTTTTTTTTTGAAAATGCATCCAGATATTAATATAT
>HOTAIR300_Fwd
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TAATACGACTCACTATAGGG
>HOTAIR300_Rev
CGCCCCTCCTTCCTCTCGC
>HOTAIR1200_Fwd
GAGTACTAATACGACTCACTATAGGGATGGAGTACTAATACGACTCACTATAGGGATGTCTTTAT
TTTTTTAAGGCCCCAAAGAG
>HOTAIR1200_Rev
TTTCACTTTTAAAAATTTGTTTTTGAATCTTAAGTCTAGGAATCAGCACGAAG
>HOTAIR658_Fwd
GAGTACTAATACGACTCACTATAGGGATGGCCTTTGCTTCGTGCTGATT
>HOTAIR658_Rev
TTTTTTTTTTGAAAATGCATCCAGATATTAATATATCTACATTTTAAAACTGCATGGAAAATAC
DNA templates for IVT were generated by PCR with high-fidelity DNA polymerase
(KAPA HiFi HotStart PCR Kit, Kappa Biosystems). All products were confirmed by agarose gel
electrophoresis before IVT. IVT was carried out using two separate kits (from New England
Biolabs and Megascript). IVT was carried out for 3 h at 37 °C and followed by DNA template
digestion (using DNase included in the kits). RNA was purified using MegaClear kit. Elution
was carried out with ultrapure RNase free water in 37 °C. Samples were then diluted into
nuclear-like buffer for imaging or further analysis (see Supplementary note 3). All products
were confirmed by agarose gel electrophoresis.

Figure S2. Gel electrophoresis of IVT products. Left, HOTAIR. Right, HOTAIR domains (300
nt, 658 nt, 1200 nt from left to right).
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Supplementary note 2: RNA-seq

RNA-seq was performed at the Nancy and Stephen Grand Israel National Center for
Personalized Medicine (G-INCPM) at the Weizmann Institute of Science. Library preparation
was done using in-house protocols. Briefly, purified RNA samples from IVT of whole HOTAIR
and HOTAIR-300 were fragmented and used as templates for cDNA generation. Then, end
repair, a base addition, adapter ligation, and PCR amplification were performed. Quality of
libraries was evaluated by Qubit and TapeStation. Sequencing library was constructed with
barcodes to allow multiplexing of two samples from two bands in one run. 700,000-900,000
paired end 150x2 reads were sequenced on Illumina MiSeq. Next, reads were mapped to a
human reference genome, GRCh38, using BWA-MEM v0.75 33 with default parameters and
coverage was calculated using Samtools v0.19 mpileup 34. Analysis showed that both HOTAIR
and HOTAIR-300 fully map to CRCh38.

Figure S3 (next page). RNA-seq results mapping HOTAIR to the HOTAIR gene. Upper
track indicates the coverage, i.e. number of reads, that cover HOTAIR’s genomic loci. Gray - a
read pair has a reasonable insert size. Red - a read pair far from each other (ie on two different
‘exons’). Blue- insert size too small. Green-inverted orientation of read pairs.
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Supplementary note 3: AFM
Mica discs (Ø 8 mm, Ted Pela (1x3" sheets, Grade V1, Product Nr. 56)) were glued to a
microscope slide. Immediately before use, the mica substrates were cleaved to produce
atomically flat surfaces suitable for high-resolution imaging. 50 uL of 0.01%, sterile-filtered
PLO (Poly-L-ornithine) solution (Sigma) was deposited on the mica for 10 minutes and then
removed with a pipette and blow dried with N2 stream. Plastic rings were sonicated for 10
minutes ,cleaned with ethanol and glued to the slide. Prior to deposition on substrate, RNA and
HBDs molecules were incubated in filtered NLB (Nuclear-Like Buffer: 5mM NaCl, 140mM K+ ,
0.5 mM Mg+2, 10-4 mM Ca+2, pH=7.2) for 30 min at 37 °C. 20uL of the investigate sample were
deposited on the PLO- coated mica for 90-120 seconds and then removed with a pipette. 40uL of
NLB were used to rinse the mica, and the chamber was gently filled with 1mL of NLB.
Samples were analysed using a NanoWizard® ULTRA Speed AFM (JPK Instruments,
Germany) mounted on an inverted optical microscope (Nikon Eclipse TE2000-U or Zeiss
AxioObserver.A1), or equipped with a JPK TopViewOptics™. Samples were imaged in buffer at
ambient temperature in amplitude-modulation or phase-modulation AC mode. Fast-scanning
high-resonant ultra-short cantilevers (USC-F0.3-k0.3, NanoWorld, Switzerland) with a nominal
resonance frequency of 300 kHz in air, spring constant of 0.3 N/m, reflective chromium/goldcoated silicon chip, and high-density carbon tips with a radius of curvature of 10 nm were used.
For the DNA origami squares measurements, 0.5 nM samples in 1xTAE, 12.5 mM
MgCl2 were deposited on freshly cleaved mica (as described above) for 15 minutes, washed and
scanned via JPK Nanowizard III Bio-AFM (HyperDrive and AC modes using ultra-short
cantilevers with force constant of 0.3 N/m)). Images were analyzed using Nanoscope analysis
v1.5 and JPK Data Processing v4.3.26..
Image processing was done by FIJI. Fig. 2D is a 3D surface plot of Fig. 2E (right panel),
using the FIJI 3D surface plot function. No additional processing was made on the image. The
following 3D surface plot parameters: Grid size 1024, Smoothing 12.0, Lighting 0.22, Fire LUT,
Z-scale 0.10, Min 0%, Max 100%. Link to the original image file:
https://drive.google.com/open?id=0B1AS1gHBwUrRZGgtbUotTzRBR2M
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Supplementary note 4: Cryo-EM
Cryo-EM was performed at the Weizmann Institute of Science by standard in-house
protocols. Briefly, 3.5 μL of HOTAIR solution (1.5 mg/ml) was applied to glow-discharged
Quantifoil holey carbon grids (R1.2/1.3, 300 mesh). Grids were plunge-frozen in liquid ethane
cooled by liquid nitrogen, using a Leica EM-GP plunger (4 s blotting time, 80% humidity). Grids
were imaged at liquid nitrogen temperature on an FEI Tecnai TF20 electron microscope operated
at 200 kV with a Gatan side entry 626 cryo-holder. Images were recorded on a K2 Summit direct
detector (Gatan) mounted at the end of a GIF Quantum energy filter (Gatan). Images were
collected in counting mode, at a calibrated magnification of 16,218 yielding a pixel size of
3.083 Å. The dose rate was set to 8.5 electrons per physical pixel per second and a total
exposure time of 8 s. Each image was fractionated into 40 subframes of 0.2 s. Defocus range was
1.5-3.5 μm. All dose-fractionated images were recorded using an automated low dose procedure
implemented in SerialEM 35. Recorded image frames were subjected to whole image beaminduced motion correction using MOTIONCORR 36. We used e2boxer in EMAN237 for particle
picking and RELION37,38 for 2D classification.
Importantly, 2D classification and averaging did not produce meaningful results because
the particles showed high conformational variability. This made it impossible to solve the
structure entirely by cryo-EM.
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Supplementary note 5: Random RNA control

RANDOM is a sequence formed by randomly scrambling HOTAIR sequence to yield a
sequence with the same length and base composition. RANDOM was synthesized using the same
IVT systems used for HOTAIR, and scanned in the AFM using the same protocols and settings.
RANDOM formed no distinct shapes, and in about half of the cases did not even fold into a
shape.

>RANDOM
UAAUACGACUCACUAUAGGUGUUUUGCACUACCGUCAGGUACGUUAGUAUGCGUUCUUCCUUCCAGAGGU
AUGUGGCUGCGUGGUCAAAAGUGCGGCAUUCGUAUUUGCUCCUCGUGUUUACUCUCACAAACUUGACCUG
GAGAUCAAAGAGAUGCUUCUUGUGGAACUGGACAACGCAUCAACGCAACGGAUCUACGUUACAGCGUGCA
UAGUGAAAACGAAGUUGCUGACGACGAAAGCGACAUUGGGAUCUGUCUGUUGUCAUUCGCGAAAAACAUC
CGUUCACGAGGCGGACACUGAUUGACACGGUUUUGUAGAAGGUUAGGGGAAUAGGUUAAAUUGAGUGGCU
UAAAAAUGUUAUAUCUGGGAUUAAAGUGUAGUAAACUGUAAUUAACGGAGACGGUUUUAAGACAGGAGUU
CGCAAAAUCAAGCGGGGUCAUUACAACAGUUAUUCCUGAUGGUUUAGGCGUACAAUGUCCUGAAGAAUAU
UUAAGAAAAAAGCACCCCUCGUCGCCUAGAAUUACCUACCGCGGUCGACCAUACCUUCGAUUAUCGCGCC
CACUCUCCCAUUAGUCGGCAGAGGUGGUUGUGUUGCGAUAGCCCAGUAUGAUAUUCUAAGGCGUUACGCU
GAUGAAUAUUCUACAGAAUUGCCAUAGGCGUUGAACGCUACACGGACGAUACGAAUUUAUGUAUAGAGCG
GGUCAUCGAAAGGUUAUACUCUUGUAGUUAACAUGUAGCCCGGCCCUAUUAGUACAGCAGUGCCUUGAAU
GACAUUCUCAUUAUUAAAUUUUCUCUACAGCCAAACGACCAAGUGCAUUUCCACGGAGCGCGAUGGAGAU
UCAUUCACUCGGCAGCUCUGUAAUAGGGACUAAAAGAGUGAUGAUAAUCAUGAGUGCCGUGUUAUGAUGG
UGUCGGAACAAAGCGGUCUUACGGUCAGUCGUAUUCCUUCUCGAGUUCCGUCCAGUUAAGCGUGACACUC
CCAGUGUACCUGCAAACCGUGAUGGCUGUGCUUGGAGUCAAUCGCAUGUAGGAUGGUCUCCAGACACCGG
GGCACCAGUUUUCACGCCUAAAGCAUAAACGACGAGCAGUCAUGAAAGUCUUAGAACUGGACGUGCCGUU
UCUCUGCGAAUAAUACCUCAAGCUGUACCGUUAUUGCGCUGCUUAGAUGCAGUGCUGCUCUUAUCACAUU
UGUUUCGACGACUGCCGCCUUCGCUGUUUCCUUAGACACUUAACAAUAAGCGCUUUUUGUAGGCAGAGGC
ACCCCCUAUUAGUGGCUGCGCCAAAAUAUCUUCGGAUCCCCUUGUCCAAUCAAAUUGAUCGAAUUCUUUC
AUUUAAGACCCUAAUAUGACAUCAUUAGUGAUUAAAUGCCACUCCCAAAAUUCUGCCUAGAAAUGUUUAA
GUUCGCUCCACUAAAGUUGUUUAAAACGACUACUAAAUCCGCGUGAUAGGGGAUUUCAUAUUUAAUCUUU
UAUCGUAAGGAACAGCCGAUCUUAAUGGAUGGCCGCAGGUGGUAUGGAAGCUAUAAGCGCGGGUGAGAGG
GUAAUUAGGCGUGUUCACCUACACUACGCUAACGGGCGAUUCUAUAAGAUUGCACAUUGCGUCUACUUAU
AAGAUGUCUCAACGGCAUGCGCAACUUGUGAAGUGUCUACUAUCCUUAAACGCAUAUCUCGCACAGUAAC
UCCCCAAUAUGUGAGCAUCUGAUGUUGCCCGGGCCGAGUUAGUCUUGUGCUCACGGAACUUAUUGUAUGA
GUAGUGAUUUGAAAGAGUUGUCAGUUAGCUCGUUCAGGUAAUAGUUCCUCACACUACGUCAAAAUAAGAG
AACGGUCGUAACAUUAUCCGUGAUUUUCUCACUACUAUCAGUACUCACGACUCGAUUCUGCCGCAGCCAC
GUAUCGCCAGAAAGCCAGUCAGCAUUAAGGAGUGCUCUGAGCAGGACAACUCGCAUAGUGAGAGUUACAU
GUUCGUUGGGCUCUUCCGACACGAACCUCAGUUGGCCUACAUCCUACCUGAGGUCUGUGCCCCGGUGAUG
AGAAGUAUGCAUUUCGUUCUUGCAGCUUGUCAGUACUUUCAGAAUCAUGGCCUGCAUGGUAGAAUGACGC
UUAUAAUGGACUUCGACAUGGCAAUAACCCCCCGUUUCUACUUCAAGAGGAGAAAAGU
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Figure S4. RANDOM RNA AFM scans.
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Supplementary note 6: AFM of HOTAIR modules

Figure S5. AFM scanning of the proposed functional modules of HOTAIR: 300 nt (A), 1200 nt
(B), 658 nt (C) (bars = 15 nm).
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Figure S6. Flow cytometry analysis of HBD1 and HBD4 binding to HOTAIR and its modules.
HOTAIR (1 ug) was stably adsorbed onto microparticles, and biotinylated HBD1/HBD4 were
used to probe binding, followed by staining with APC-labeled streptavidin. Reaction was
performed in NLB, incubation of particles with DNA was for 5 min, and 3,000 particles were
collected. Control particle sample is displayed as the background control in both sets.

32

Downloaded from rnajournal.cshlp.org on November 8, 2021 - Published by Cold Spring Harbor Laboratory Press

Supplementary note 7: DNA synthesis

p-HBD was purchased from DNA2.0. Plasmids was fully sequenced to ensure accuracy.
PCR primers for the amplification of DNA templates for IVT were synthesized by Integrated
DNA Technologies. HBD1 was the most enriched sequence in a ChIRP13 study, where HOTAIR
was precipitated. HBD4 was not precipitated with HOTAIR.

>HBD1_chromosome13:56624796-56625228
TGTAGACTGAAAGAAAAGAGATTAAAAAAAGATACTCCATGTAAATGGAAACCATAAATCACCAAGAGTA
GCCACATGTCTACCAGATAAAACATATTTGACTCAAAAAACATAACAGAGACAAAGAAGTTTATTATATA
ATGATAAAGAAATCACTTTAGCAAGAGGACATAATAATTCTAAGCACACATGCAAGCAACACTAGAGCAC
TTGGATATATAAGGCAAATATTATTAGATCTAATGGGAGAGAAAACTCCAATACAAAAATATTTGGGGAC
TTTGACACACCCTTCTCAGCATTATAAAGTTCATCTAGAAAGATAATTAACAGAGCAATTTTGGCTTTAA
ACTACACTTTGGAACAAATAGAACTAACAGATATTTAAAGAACATTTTATCCAAAAACTACAGAATACAC
AGAATACACATTC
>HBD4_chromosome13:57000000-57000432
TTGCAAGTTCAATGTTAGATATTTGAAATGTTCTGATCTTTTTAAACAATTTGAATAGAAAGCAGACAAT
GTAGGTTAAAATTTTAATATAAATTGAAGGATCTAATGTAAGAAATTAAAATACTTTAAGCACCTAACTC
CTCCATGCCTGATATATAGAAGATGATAATTAAATGTTTGCTAAATGAATGCATTGACAACACAGTTTCT
CTTTTATTCCTAAAAGCATTTCTTTGGATAAGTACTACTACCATCAGAGCTCAGGTCATAAAATTACATC
CAGGAAGAAATTCTCAGAATGTTAAACTTGTCAGAATATACTGTATACTGCTGTCAAAGTTGATTCTCAG
GAAAATGCTGTGCCATTCCTTCTTTAACATCATGTTTCTTATGGCATATTACACCCAGAACTAGGCAGTC
ATATCAAATTAGA
HBD1 and HBD4 were amplified using the following primers:

>HBD1_Fwd
TGTAGACTGAAAGAAAAGAGATTAAAAA
>HBD1_Rev
GAATGTGTATTCTGTGTATTCTGTAG
>HBD4_Fwd
TTGCAAGTTCAATGTTAGATATTTGAAA
>HBD4_Rev
TCTAATTTGATATGACTGCCTAGTTC

HBD1 and HBD4 were generated by PCR with high-fidelity DNA polymerase HyFy High
Fidelity mix (HyLabs) according to manufacturer's instructions. All products were confirmed by
agarose gel electrophoresis. PCR products were then purified using Qiagen PCR purification kit.
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Figure S7. Gel image showing products
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Supplementary note 8: Molecular measurements and modeling
In order to measure observed HOTAIR molecules, AFM images were first scaled to have similar
resolution of 1px/nm, and then processed to improve clarity and traced using splines to build a
tree structure that follows the observed geometry. Processing included conversion to grayscale,
histogram auto-leveling and strong contrast filter, performed in ADOBE Photoshop. Tracing was
done in SOLIDWORKS using a sketch with the true resolution image in the background. Spline
length was later measured with the Measurement tool.

Figure S8. Measurements of size reference DNA (HBD1). On the left an imaged field of HBD1
dsDNA fragments. Right, selected objects and their measured traces.

Figure S9. Image processing for dimension measurements of 4 selected HOTAIR molecules.
Entire images were converted to grayscale and each specimen was autolevelled locally (row 2).
Next strong contrast curves were added to entire images (row 3). Row 4 shows the specimen
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traces for size measurements.

Visual structural model of HOTAIR
The aim was to create a three-dimensional computer generated model of the HOTAIR
structure, proportional to scale and representative of the observed structure. The model was
created and rendered using Autodesk Maya 2016 and mental ray renderer.
An A-DNA molecule (PDB ID: 1TTD) was downloaded and imported into Autodesk
Maya through the molecular maya Protein Data Bank (PDB) import kit. Chain B of the
dodecamer duplex was selected and scaled to 2.3 scale units (SU) wide and 2.86 SU long, and
edited to smoothly connect to another subunit (each scale unit in maya was considered to be
1nm). This subunit was duplicated 140 times to generate a single strand DNA (404.4 SU long).
The ssDNA was rigged using a lattice and joints. To create the dsDNA mesh according to the
observed structure, a path was drawn, which can be adjusted in the three directions of space
using control points, and assigned as as the IK spline handle of the mesh. Finally the structure
was rendered in high quality using the mental ray renderer.
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Supplementary note 9: Triplexator

Triplexator is a prediction algorithm that detects potential nucleic acid triple helices in
genomic and transcriptomic data28. With the kind assistance of Dr. Buske we ran HBD1 and
HOTAIR sequences in Triplexator to highlight potential triple helical structures, in an attempt to
define the mechanism of observed physical interaction between these two molecules. One
assumption that was made in this analysis is that the interaction is between genomic DNA in its
dsDNA state, and HOTAIR through an ssRNA segment (i.e. most likely a loop).
Below is the output. The algorithm produced three scenarios, each beginning with a line
describing the parameters on the list appearing at the beginning. At the end is the log file output
including all the parameters used.
# Sequence-ID
TFO start
TFO end Duplex-ID
TTS start
TTS end Score
Error-rate
Errors
Motif
Strand
Orientation
Guanine-rate
seq2

538
548
seq1
5'- CACCCTTCTC -3'
TTS: 3'- GtGGGAAGAG -5'
|*||||||||
TFO: 5'- GAGGGAAGAG -3'

287

297

9

0.1

d1

R

-

A

0.6

seq2
1252
1262
seq1
TFO: 5'- GTGTGTTTTG -3'
||*|||||||
TTS: 5'- GAAAGAAAAG -3'
3'- CTTTCTTTTC -5'

8

18

9

0.1

t2

M

+

P

0.3

seq2
1253
1266
seq1
TFO: 3'- GGTTGTTTTGTGT -5'
|*|||||||||||
TTS: 5'- GAAAGAAAAGAGA -3'
3'- CTTTCTTTTCTCT -5'

8

21

12

0.077

t1

M

+

A

0.31

*************************************************************
*** Triplexator - Finding nucleic acid triple helices
***
***
(c) Copyright 2011 by Fabian Buske
***
***
Comments, Bugs, Feedback: f.buske@uq.edu.au
***
*************************************************************
*** Version 1.3.2 (30/03/2012) SeqAn Revision: 1225
*** COMMAND:
>triplexator -ss RNA.fasta -ds DNA.fasta -po -l 10 -g 30 -of 1 -e 10 -o hali.tpx
*************************************************************
*** INPUT:
- single-stranded file supplied : Yes
- duplex file supplied : Yes
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-> search putative triplexes (matching triplex-forming oligonucleotides and target sites)
*************************************************************
*** Output Options:
- output directory : ./
- output file : hali.tpx
- output format : 1 = extended Triplex (+Alignment)
- merge features : Yes
- report duplicate locations : No
- error reference : 0 = Watson strand (TTS)
*************************************************************
*** Main Options:
- maximum error-rate : 10%
- maximum total error : 3
- minimum guanine content with respect to the target : 30%
- maximum guanine content with respect to the target : 100%
- minimum length : 10 nucleotides
- maximum length : 30 nucleotides
- maximum number of tolerated consecutive pyrimidine interruptions in a target: 1
- include GT-motif : Yes
- include GA-motif : Yes
- include TC-motif : Yes
- minimum guanine-percentage in anti-parallel mixed motif TFOs : 0%
- maximum guanine-percentage in parallel mixed motif TFOs : 100%
- number of consecutive matches required in a feature : 1
- longest match only : yes
- detect duplicates : 0 = off
- same sequence duplicates : on
*************************************************************
*** Filtration Options :
- filter repeats : Yes
- minimum repeat length : 10
- maximum repeat period : 4
- duplicate cutoff : -1
- filtering : none - brute force
*************************************************************
*** Runtime mode:
- OpenMP support : Yes
- runtime mode : 0 = serial
*************************************************************
*** Log messages:
[02/10/16 21:32:49] * Started checking duplex file
[02/10/16 21:32:49] * Finished checking duplex file
[02/10/16 21:32:49] * Started reading single-stranded file:RNA.fasta
[02/10/16 21:32:49] * Finished reading single-stranded file (1 sequences read)
[02/10/16 21:32:49] * Started detecting triplex-forming oligonucleotides in single-stranded
sequences
[02/10/16 21:32:49] * Finished detecting TFOs within 0.014 seconds (46 TFOs detected)
[02/10/16 21:32:49] * Started searching for triplexes
[02/10/16 21:32:49] * Processing DNA.fasta
[02/10/16 21:32:49] * Finished processing DNA.fasta
[02/10/16 21:32:49] * Finished searching for triplexes within 0.00775 seconds (summed over
all cpus)
[02/10/16 21:32:49] * Exit without errors
[02/10/16 21:32:49] * Finished program within 0.0456 seconds

Supplementary note 10: RNA joint analysis

DNA origami rectangles were designed using caDNAno v2.0 (http://cadnano.org/), using
M13mp18 (p7249) bacteriophage genome (Tilibit Nanosystems) as scaffold strand. The
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rectangle is identical to the basic origami object described by Rothemund 39 , with additional
side-facing handles used as RNA joint connectors. DNA staple strands were from Integrated
DNA Technologies (IDT).
The caDNAno file can be downloaded from the following link:
https://drive.google.com/open?id=0B-CNvwEZiM3rcWpnUDNnVFViRnM
DNA staple strands were reconstituted at 100 μM with DNase/RNase free DDW. For
folding reactions of DNA origami shapes, scaffold and staple strands were mixed at a 1:10 molar
ratio in 1X TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.3) or folding buffer (5 mM Tris, 1
mM EDTA, 5 mM sodium chloride at pH 8), either supplemented with 10 mM magnesium
chloride. Folding was performed in a thermal cycler (BioRad C1000 Touch Thermal Cycler) by
a thermal annealing ramp as follows: 3 min at 90 °С, followed by stepwise cooling to 4 °С at 0.1 °С steps for a span of 12 hours. Folded objects were purified by 3X sequential centrifugal gel
filtration using Amicon Ultra-0.5 mL 100K centrifugal filters (Millipore). DNA concentration
was measured by spectrophotometer (Thermo Sci. NanoDrop 2000c). Objects were then
electrophoresed on 1% agarose gels (ice cold 0.5X TBE, 10 mM magnesium chloride) stained
with ethidium bromide.
Folded squares were incubated with x24molar ratio of RNA overnight in 1xTAE, 12.5
at
37°С.
mM
MgCl2

>RNAjoint_Sense
CCGACCCGAGGCGUGUUUAGCAAUUUACACCUCUGUUGGCAUUAAUCAGCGC
>RNAjoint_Antisense+loadingseq
GCGCUGAUUAAUGCCAACAGUACUACCCCCCCCUAAACACGCCUCGGGUCGGGAACUGGAGUAGCACAA

Figure S10. NUPACK prediction showing RNA joint structure. Small loop is in fact not a loop
but a tail used for docking onto the origami rectangle.
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Figure S11. DNA origami rectangle with side-facing loading sites for RNA joints, used as AFM
imaging guides.
Scanned images were analyzed using the angle tool in FIJI. Only joints that could be
reliably assigned were used in the analysis.

Figure S12. RNA joints on DNA origami rectangles.

40

Downloaded from rnajournal.cshlp.org on November 8, 2021 - Published by Cold Spring Harbor Laboratory Press

Figure S13. Joint analysis. Note the peak at ~ 90 degrees, which derives from the interaction
between two adjacent joints. This phenomenon results from the joint ending in a blunt end which
is hydrophobic, driving adjacent joints to interact in order to minimize contact with the aqueous
buffer.
DNA origami scaffold and staple sequences are as follows:

>M13mp18_p7249

AATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATG
TATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATA
TTTAAAACATGTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTA
CTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTC
TTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACT
GTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCT
GGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTC
GTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCC
GTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGA
TTAAAGTTGAAATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTG
TTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGC
TAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGC
TGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAA
TGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGAC
GATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAA
CTATCGGTATCAAGCTGTTTAAGAAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGA
TTTTCAACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATC
CCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGC
GTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGG
GTGGCGGTTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCC
TCTCGACGGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTT
CAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCAGT
ACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATT
TGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAG
GGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAA
AGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTAC
TGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCC
CAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCC
CTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGT
TGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTAT
TGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATT
GTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTT
CAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCG
TTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTC
AGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCG
CGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTT
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GTTCTCGATGAGTGCGGTACTTGGTTTAATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAAT
TAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCG
TCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTT
AAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTT
CTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAA
ATTAACTAAAATATATTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCT
AAGCCGGAGGTTAAAAAGGTAGTCTCTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATG
TTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCAT
TAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAAT
GAATAATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACT
GTATATTCATCTGACGTTAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTT
CCATTATTCAGAAGTATAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTC
TGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTG
TTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATA
ACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGA
TTTTTCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCG
TTCGGTATTTTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTA
CGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCC
ATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGC
AAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGA
CTCTTTTACTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTT
TAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGC
GGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTC
GCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGG
GTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCA
AACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTCGCC
TGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAG
AAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAA
AGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGT
GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACC
TGCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATC
CCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTG
GTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCAC
GGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGC
TCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAA
CAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTAT
CAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGC
CTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCC
GGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTG
AAATAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAATTT
TGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTT
START
20[207]
16[79]
13[256]
11[224]
2[47]
11[192]
5[160]
2[79]
3[128]
14[79]
22[271]
14[111]
8[175]
7[160]
1[96]
14[207]

END
18[208]
14[80]
15[255]
13[223]
0[48]
13[191]
6[144]
0[80]
5[127]
12[80]
20[272]
12[112]
6[176]
8[144]
3[95]
12[208]

SEQUENCE
CCAGCAGCAGGAAGGTTATCTAAAGCGGAACA
AAACAGGAATGCCGGAGAGGGTAGCAAGGATA
GAATAAACATAGTGAATTTATCAAAATCGTCG
CCTGTTTATTGAGAATCGCCATATTTTGAAAT
AAAGGAGCACTACAACGCCTGTAGAGCCACCA
ATAAACAAGTAATTTAGGCAGAGGGTTAATTT
GTGGCAACAACGTAGAAAATACATCAATCATA
TCACGTTGCTCATAGTTAGCGTAAAGAACCGC
GCGGGATCCGAGGGTAGCAACGGCATGTTACT
AAAATTTTGCATTAACATCCAATAATAACAGT
AATATCCAGCGCGAACTGATAGCCCCACCAGC
GCGGGAGACAAAGAATTAGCAAAACTAAAGTA
ATAACATAACTGAACACCCTGAACACGCAGTA
GAGAATTAAAAACAGGGAAGCGCATTGGGAAG
AGTTTTGTAAGGAATTGCGAATAATTCGGTCG
AGGTTGGGGACCTAAATTTAATGGTTAACAAC
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8[143]
22[143]
1[192]
13[128]
23[96]
21[192]
10[159]
12[271]
15[96]
20[47]
18[143]
22[207]
0[143]
13[224]
15[128]
15[32]
2[207]
6[175]
20[271]
16[175]
15[160]
15[192]
22[111]
9[224]
10[47]
5[192]
4[143]
7[224]
20[79]
11[32]
21[256]
4[47]
19[96]
6[271]
20[175]
16[111]
20[143]
1[32]
23[64]
9[128]
22[175]
1[256]
14[47]
6[143]
8[79]
23[256]
17[64]
2[239]
5[32]
15[256]
1[224]
6[47]
1[128]
3[160]
11[256]
12[175]
10[111]
19[128]
3[32]

7[159]
21[159]
3[191]
15[127]
22[112]
23[191]
9[143]
10[272]
17[95]
18[48]
17[159]
20[208]
1[127]
15[223]
17[127]
17[31]
0[208]
4[176]
18[272]
14[176]
16[144]
17[191]
20[112]
11[223]
8[48]
7[191]
3[159]
9[223]
18[80]
13[31]
23[255]
2[48]
21[95]
4[272]
18[176]
14[112]
19[159]
3[31]
22[80]
11[127]
20[176]
3[255]
12[48]
5[159]
6[80]
22[272]
19[63]
0[240]
7[31]
17[255]
3[223]
4[48]
3[127]
4[144]
13[255]
10[176]
8[112]
21[127]
5[31]

AAAAATCTTATACCAGTCAGGACGTTAGACGG
TGCGTATTGCCAACGCGCGGGGAGACGACCAG
TCTGAATTTGACAGGAGGTTGAGGTTAGCGTC
TAAAGCCTACATTATGACCCTGTATCATTGCC
AGTCCACTATTAAAGAACGTGGACTTTCTTTT
GAACCCTTCTCAATCGTCTGAAATTGTTTTTA
AGATATAGATTCATTGAATCCCCCCGGAATCG
TCTTACCAAATATCCCATCCTAATCTGTCTTT
GAGAGATCGGTTGATAATCAGAAAATCAACAT
CTGTGTGACTGTTGGGAAGGGCGATCGCACTC
GGGATAGGAACAAACGGCGGATTGCAATTCAT
TTTTGACGCTGACCTGAAAGCGTAGCTGAGAG
GTATAGCCCGGAATAGGTGTATCAAGTAAATG
ACCGACCGGACTACCTTTTTAACCAATATATG
TGAGAGTCCGTAAAACTAGCATGTTCGGATTC
ACCATCAAGTTAATATTTTGTTAATTTTTTAA
GCCAGCATTACCGTTCCAGTAAGCAGAGAAGG
TGTTAGCAATATAAAAGAAACGCAAACGTCAC
AGAAGATAAATACATTTGAGGATTACTCGTAT
TGATGAAAAACAATTTCATTTGAAAAATGCTG
TTACATTTCAAACATCAAGAAAACATCGATGA
TTTAATGGTTCAATTACCTGAGCATATACTTC
CACCAGTGAAACCTGTCGTGCCAGATGCCTGC
TTAAATCACTCATCGAGAACAAGCAGAACGCG
GGATTGCAGACGATAAAAACCAAAAACTAATG
ACGGAATAATTAAGACTCCTTATTAAAGTCAG
CATCGGAAGTCACCCTCAGCAGCGCGTAATCA
CCCACAAGAAGAAACGATTTTTTGTTGAAGCC
CTCGAATTCGCTATTACGCCAGCTAGGGGACG
TTCAAAGCTTAGATACATTTCGCATTTGGGGC
TCTTTAATGAACAATATTACCGCCAGCAATAC
CTACGAAGAGTTGCGCCGACAATGAGGCTCCA
GGGGATGTTCTAGAGGATCCCCGGCCGCTTTC
TAGCCGAAACATTCAACCGATTGACATTAAAG
TTGCTGAATCAGTTGGCAAATCAATTATCATC
TGTACCCCTACAAAGGCTATCAGGATACTTTT
AACGACGGGTTTTCCCAGTCACGACTCAATCA
CAGTACAACTTTAATTGTATCGGTACAGCTTG
TAGGGTTGAGTGTTGTTCCAGTTTATTGCCCT
CAATACTGTCAAATGCTTTAAACAGCGGATGG
TACATTGGGGGACATTCTGGCCAAGCATCACC
TAAGTTTTCCACCCTCAGAGCCACCCATCTTT
CAATGCCTAAAAGGTGGCATCAATAGATTTAG
AGGGAACCACGAGGCGCAGACGGTACATAAAG
TTGAGATTAGATGGTTTAATTTCACGCATAGG
TTCTTTGATTAGTAATAACATCACTTGCTGGT
CTGGCCTTATCGGCCTCAGGAAGATCGGTGCG
GAGCCGCCGATGATACAGGAGTGTACATGAAA
CCCAGCGAATATTCATTACCCAAAAGGCTTGC
CTATTAATTAACGGATTCGCCTGAAATAAAGA
TGGCTTTTACCAGAACCACCACCAATTTTCGG
AGAACCGGTTATACCAAGCGCGAATAATGCCA
AATTTTCTTTCAGCGGAGTGAGAACCGCTTTT
GTAGCGACCCATCGATAGCAGCACAAAGACAG
AGAAAAATGTATAAAGCCAACGCTTTAAATAA
AGCCAGTAAGTAATTCTGTCCAGAACCGCGCC
AACGAGAAAAAATGTTTAGACTGGCTAACGGA
ACGCCAGGCCAGTGCCAAGCTTGCCTGCATTA
ATACCGATGCACCAACCTAAAACGCTTTGACC
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12[79]
17[192]
20[111]
5[128]
18[47]
23[160]
10[79]
11[64]
18[111]
8[111]
18[79]
9[32]
13[160]
5[224]
2[271]
16[207]
13[96]
6[111]
11[128]
23[192]
2[143]
18[239]
10[239]
4[207]
2[175]
0[207]
17[96]
19[64]
4[239]
7[64]
19[256]
18[175]
14[271]
12[207]
21[224]
0[271]
3[96]
4[271]
10[271]
23[128]
20[239]
0[239]
10[207]
3[192]
22[79]
1[160]
5[96]
17[128]
8[207]
7[32]
22[239]
22[47]
10[175]
16[271]
13[32]
7[192]
5[64]
16[143]
0[175]

10[80]
19[191]
18[112]
7[127]
16[48]
22[176]
8[80]
13[63]
16[112]
6[112]
16[80]
11[31]
14[144]
7[223]
0[272]
14[208]
15[95]
4[112]
13[127]
22[208]
1[159]
16[240]
8[240]
2[208]
0[176]
1[191]
19[95]
21[63]
2[240]
9[63]
21[255]
16[176]
12[272]
10[208]
23[223]
1[255]
5[95]
2[272]
8[272]
23[159]
18[240]
1[223]
8[208]
5[191]
20[80]
2[144]
8[95]
19[127]
6[208]
9[31]
20[240]
20[48]
8[176]
14[272]
15[31]
9[191]
7[63]
15[159]
0[144]

TGATTCCCGGATTAGAGAGTACCTATCAGGTC
TGAATAATACCAGAAGGAGCGGAACAGTTGAA
AGGTCGACGCTGCAAGGCGATTAAGGGCGCAT
TAGCCGGAGAACTGACCAACTTTGTTAAGAAC
CAGCCAGCAACGCCATCAAAAATATATTTAAA
ACGGTACGCCAGAATCCTGAGAAGGGATTATT
TTTACCCTGCAAAAGAAGTTTTGCTTCATCAG
ACAGGTCAAATTCTGCGAACGAGTTCTACTAA
CGTAACCGAGCGAGTAACAACCCGCAATCATA
ACAACATTATTACCTTATGCGATTAAAGAGGA
ACGACAGTCCTGTAGCCAGCTTTCAGCCCCAA
TACCAGACTCAAAAAGATTAAGAGATTCGAGC
GAAAACTTCCAATCGCAAGACAAAATCGGTTG
AAAATTCAATAATAACGGAATACCAGAGATAA
CAGAACCGAACGGGGTCAGTGCCTCCCCTGCC
TTATTCATAAACAGTACATAAATCTCCGGCTT
AGGCAAGGAGCCTTTATTTCAACGCTATTTTT
CAGATGAAATCCGCGACCTGCTCCTACAGAGG
CTTAGAGCTGTTTTAAATATGCAATTAAGCAA
TAATCAGTGAGGCCACCGAGTAAATACCTACA
TCAACAGTGTATGGGATTTTGCTACAAATAAA
AAGTTTGATTGCACGTAAAACAGATTGCTTTG
GTACCGCAAGATTAGTTGCTATTTTTATCCCA
ACCATTACGCGCGTTTTCATCGGCGAGCCGCC
ACGATTGGAAAGCCAGAATGGAAAAGTACCAG
ATTAGGATTAGCGGGGTTTTGCTCGCGCAGTC
TAAATGTGTGCATCTGCCAGTTTGGGCGAAAG
GGCCTCTTCGTAATCATGGTCATACTAACTCA
TGGGAATTCCCTTATTAGCGTTTGCACCCTCA
TGGGCTTGTAGGAATACCACATTCATAGCGAG
CAATAGATAAACAGAGGTGAGGCGGCTATTAG
ATATTCCTTCCTGATTGTTTGGATAAAGAAGA
AAGAGTCAACCGGAATCATAATTAATACAAAT
GCCAACATCATGTTCAGCTAATGCAAGCCGTT
TGGCACAGAAAACGCTCATGGAAAAGAGTCTG
TATTTCGGAACCTATTATTCTGAAACTGGTAA
CTGAGGCTACTAAAGACTTTTTCAGATAAATT
GTGAATTAAAAATCACCGGAACCAGCCACCCT
CCTTATCATTTATCCTGAATCTTATTTGCCAG
CAAAGGGCGAAAAACCGTCTATCAAGACAGGA
TAACACCGTAACAACTAATAGATTAATTTTAA
GTATTAAGAGGCTGAGACTCCTCAGTCATACA
TTTATTTTCGACTTGCGGGAGGTTTTTAACGT
AGACTGTACATTAGCAAGGCCGGAAAGACACC
TCACCGCCGCGTTGCGCTCACTGCGTACCGAG
TCCTCATTCCTTGATATTCACAAAAACAACTT
GTGTCGAACGGTGTACAGACCAGGACTTTAATCATTGTGAATTACAGGT
TCCGTGGGTCACGTTGGTGTAGATGTTGGGTA
CAAAAATGTGAGCGCTAATATCAGCAAAAGAA
CCTGACGATAACGCCAAAAGGAATCCCTCGTT
CAACAGGAACAATATTTTTGAATGGTCAGTAT
CGGTCCACGTGCCTAATGAGTGAGGCTGTTTC
CAATAGCATCTAAGAACGCGAGGCCAGAGAGA
AGAAACAATAATTTTCCCTTAGAAACGCTGAG
GCGAGCTGGAGTAATGTGTAGGTAGTCAAATC
AGGGTAATAAAATAGCAGCCTTTAGTTTTAGC
CAACGGAGCCTTCATCAAGAGTAATAGTAAAT
ACGGTAATTGGAGCAAACAAGAGAAAAATTAA
GCGGATAAGTGCCGTCGAGAGGGTTGATATAA
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13[192]
17[256]
19[160]
2[111]
18[271]
14[143]
12[47]
19[32]
9[64]
0[47]
0[111]
9[256]
16[239]
8[47]
18[207]
23[224]
21[32]
13[64]
17[160]
9[192]
8[271]
21[64]
23[32]
17[32]
1[64]
11[160]
19[224]
4[111]
12[239]
17[224]
21[96]
5[256]
19[192]
0[79]
4[79]
16[47]
4[175]
6[207]
14[239]
7[128]
21[160]
8[239]
7[256]
6[239]
6[79]
14[175]
3[256]
12[111]
12[143]
21[128]
10[95]
8[94]
15[224]
3[224]
3[64]
9[144]
15[64]

15[191]
19[255]
20[144]
0[112]
16[272]
13[159]
10[48]
21[31]
11[63]
1[31]
1[95]
11[255]
14[240]
6[48]
16[208]
22[240]
23[31]
15[63]
18[144]
11[191]
6[272]
23[63]
22[48]
19[31]
3[63]
12[144]
21[223]
2[112]
10[240]
19[223]
23[95]
7[255]
21[191]
1[63]
2[80]
14[48]
2[176]
4[208]
12[240]
9[127]
22[144]
6[240]
9[255]
4[240]
4[80]
12[176]
5[255]
10[112]
11[159]
23[127]
13[95]
24[81]
24[207]
25[239]
25[79]
24[144]
24[47]

CATCTTCTTTATATAACTATATGTTTACCTTT
AATTGCGTTTGCCCGAACGTTATTAGAGCCGT
ATATCTGGCCTCAAATATCAAACCCGTTGTAA
AACAACTACGTCTTTCCAGACGTTCCGTACTC
TAAATCCTAGATTTTCAGGTTTAAACATCGGG
TACCAAAACAGAGCATAAAGCTAAGAACGCGA
TTTGACCAGAACCAGACCGGAAGCAGCAAAGC
CTGCGCAAAATTGTTATCCGCTCAAAGTGTAA
AGGCTTTTGACTATTATAGTCAGAAAACTCCA
CCCTCATTTTCAGGGATAGCAAGCTTCGTCAC
AGGAGGTTTAGTACCGCCACCCTCCGATCTAA
GCTACAATTTCCAAGAACGGGTATCCTGAACA
AATACCAATAACCTTGCTTCTGTAAATCATAG
CAGATACAGAAACACCAGAACGAGTCTTGACA
AAGAAACCGGAAGGGTTAGAACCTGAGGCGAA
TCCATCACGCAAATTAACCGTTGTAGCCATTG
AGCCTGGGGCTGGTTTGCCCCAGCATCGGCAA
TAGTAGTATAGAACCCTCATATATTCTAGCTG
CAATATAAGATTATCAGATGATGGACCGTAAT
GAACCTCCCATCGTAGGAATCATTCGACGACA
TTACAAAAACAATGAAATAGCAATTAAGCAGA
CATTAATTTGGCCCTGAGAGAGTTGCCCGAGA
AATCCCTTATAAATCAAAAGAATAGCAGCAAG
CCAATAGGTTTCCGGCACCGCTTCCATTCAGG
AGACAGCCAAAATCTCCAAAAAAAACAACAAC
AAAGGTAAATAAGAGAATATAAAGATGCTGTA
AGGAGCACCCTGCAACAGTGCCACAGAATACG
CTTTGAGGTGCAGGGAGTTAAAGGTAGAAAGG
GGGCTTAATCAACAATAGATAAGTTAAACCAA
AAAATTATGTAACATTATCATTTTATATCTTT
CAGTCGGGAGACGGGCAACAGCTGGGAACAAG
AAAGGGCGCAAAGTTACCAGAAGGATAATAAG
AGGAATTGAAATGAAAAATCTAAACAGAGATA
CACCCTCAGAACCGCCACCCTCAGCATTCCAC
TTTCCATTACGCATAACCGATATATAATTTTT
TTGTAAACTATGATATTCAACCGTTTTAAATG
CAATGAAAAGAATCAAGTTTGCCTCAGGTCAG
CTGGCATGAGTTTATTTTGTCACACCAGTAGC
GTCTGAGATGTGATAAATAAGGCGCAACAGTA
TGGCTCATACGTTAATAAAACGAAATAGCGTC
TAATAAAACAGATTCACCAGTCACAGGCGGTT
ATCCAAATAATTGAGTTAAGCCCAAAACCGAG
AGCAAGAATAAACAGCCATATTATTGCACCCA
GAAACGCATATGGTTTACCAGCGCGAGCCATT
CTGGCTGAATTTGTATCATCGCCTTGAGGAAG
ATGCAAATTTTCAAATATATTTTACATTTTCG
TCATAATCTCACCGTCACCGACTTCAAAGACA
CGGTGTCTATAAGAGGTCATTTTTGTTCAGAA
GCTCAACATTAATTGCTGAATATATACCGACA
ATGAATCGGGGCGCCAGGGTGGTTTCCAACGT
AATCAAAATTAATTGCTCCTTTTGGGAAGTTTCATTCCATAATCATAC
AGAAAGACAGAGGGGGTAATAGTTGACCATATTGTGCTACTCCAGTTC
TGAGTGAAGTTACAAAATCGCGCAACCATATCTTGTGCTACTCCAGTTC
TCATAGCCAGAGCCAGCAAAATCAATCAATAGTTGTGCTACTCCAGTTC
CATCGCCCAAACGGGTAAAATACGACAAAGTATTGTGCTACTCCAGTTC
TCATAAATAAGGCTTATCCGGTATAGCAAATCTTGTGCTACTCCAGTTC
ATAAATTAAGATTGTATAAGCAAAATTCGCGTTTGTGCTACTCCAGTTC

16[287]

5[15]

TACCTTTTCGTCAGATGAATATACACACTAAA
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20[287]
22[287]
12[287]
14[287]
18[287]

9[15]
11[15]
1[15]
3[15]
7[15]

CGAACGAACTAAAACATCGCCATTAGCAACAC
TATCGGCCTTGCCTGAGTAGAAGACAAATATC
TATGCGTTCTAGAAAAAGCCTGTTTACCGTAA
AGATTAAGTCCTTGAAAACATAGCGAGGTGAA
ATTCGACATAGAAGTATTAGACTTGCTCATTC

18[287]
21[16]
22[287]
20[287]
23[16]
19[16]

19[15]
20[288]
23[15]
21[15]
22[288]
18[288]

ATTCGACATAGAAGTATTAGACTTGCAAAGCG
GAAGCATACAATTCCACACAACATAAAAATAC
TATCGGCCTTGCCTGAGTAGAAGATGATGGTG
CGAACGAACTAAAACATCGCCATTACGAGCCG
GTTCCGAAAGGCGAAAATCCTGTTCTCAAAC
CCATTCGCTGGTGCCGGAAACCAGTACAAACA

0[287]
2[287]
5[16]
3[16]
1[16]
4[287]

1[15]
3[15]
4[288]
2[288]
0[288]
5[15]

GTTAATGCTGAGTAACAGTGCCCGTACCGTAA
TCAGAGCCGAGCCACCACCGGAACGAGGTGAA
ACACTCATAAAGAGGCAAAAGAATATTGACGG
TTTCTTAATTATCAGCTTGCTTTCCGCCTCCC
CACTGAGTCCAATAGGAACCCATGTATAAACA
AAATTATTGGGAGGGAAGGTAAATACACTAAA

11[16]
1[16]
9[16]
5[16]
7[16]
3[16]

22[288]
12[288]
20[288]
16[288]
18[288]
14[288]

GCGTTTTAGAAGCCCGAAAGACTTACTCAAAC
CACTGAGTCCAATAGGAACCCATGTAGTATCA
TATCATAATACGAGGCATAGTAAGAAAAATAC
ACACTCATAAAGAGGCAAAAGAATAGTAACAG
AGTGAATATCAACGTAACAAAGCTTACAAACA
TTTCTTAATTATCAGCTTGCTTTCGATAGCTT

18[287]
19[16]
20[287]
21[16]
22[287]
23[16]

19[15]
18[288]
21[15]
20[288]
23[15]
22[288]

ATTCGACATAGAAGTATTAGACTTGCAAAGCG
CCATTCGCTGGTGCCGGAAACCAGTACAAACA
CGAACGAACTAAAACATCGCCATTACGAGCCG
GAAGCATACAATTCCACACAACATAAAAATAC
TATCGGCCTTGCCTGAGTAGAAGATGATGGTG
GTTCCGAAAGGCGAAAATCCTGTTACTCAAAC

0[287]
1[16]
2[287]
3[16]
4[287]
5[16]

1[15]
0[288]
3[15]
2[288]
5[15]
4[288]

GTTAATGCTGAGTAACAGTGCCCGTACCGTAA
CACTGAGTCCAATAGGAACCCATGTATAAACA
TCAGAGCCGAGCCACCACCGGAACGAGGTGAA
TTTCTTAATTATCAGCTTGCTTTCCGCCTCCC
AAATTATTGGGAGGGAAGGTAAATACACTAAA
ACACTCATAAAGAGGCAAAAGAATATTGACGG

2[287]
3[16]

3[15]
2[288]

TCAGAGCCGAGCCACCACCGGAACGAGGTGAA
TTTCTTAATTATCAGCTTGCTTTCCGCCTCCC

20[287]
21[16]

21[15]
20[288]

CGAACGAACTAAAACATCGCCATTACGAGCCG
GAAGCATACAATTCCACACAACATAAAAATAC
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Supplementary note 11: Analysis of computational predictions

We compared our microscopic observations with structural predictions using two
available tools. We fed HOTAIR and RANDOM (see Supplementary note 5) into Mfold40 and
RNAfold41, using their default prediction parameters. Mfold yielded 28 and 30 predicted
secondary structures for HOTAIR and RANDOM, respectively, with average minimum free
energy (MFE) of -697.93±5.99 kcal/mol for HOTAIR. The shape range for both sequences
included shapes resembling the observed anatomy as well as more remote ones. RNAfold
retrieved a single structure for each sequence (MFE -668 kcal/mol for HOTAIR and -632
kcal/mol for RANDOM). However, difference between predictions, and similarity between
observed and predicted HOTAIR, were not conclusive. We therefore chose not to rely on these
predictions for our understanding of the global structure of HOTAIR. Nevertheless, some
strictly-local predictions (e.g. lengths of stems and loops) were used as assumptions in certain
aspects of our modeling approach.

Figure S14. Distribution of stem and loop sizes in HOTAIR predicted by Mfold.

(On next page) Figure S15. Predicted minimum free energy configurations of HOTAIR and a
random sequence generated from HOTAIR (same base composition, same length, scrambled
sequence). A, HOTAIR. B, Random.
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