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The 18-kb Xist long noncoding RNA (lncRNA) is essential for
X-chromosome inactivation during female eutherian mammalian
development. Global structural architecture, cell-induced confor-
mational changes, and protein–RNA interactions within Xist are
poorly understood. We used selective 2′-hydroxyl acylation ana-
lyzed by primer extension and mutational profiling (SHAPE-MaP)
to examine these features of Xist at single-nucleotide resolution
both in living cells and ex vivo. The Xist RNA forms complex well-
defined secondary structure domains and the cellular environment
strongly modulates the RNA structure, via motifs spanning one-
half of all Xist nucleotides. The Xist RNA structure modulates pro-
tein interactions in cells via multiple mechanisms. For example, repeat-
containing elements adopt accessible and dynamic structures that
function as landing pads for protein cofactors. Structured RNA mo-
tifs create interaction domains for specific proteins and also seques-
ter other motifs, such that only a subset of potential binding sites
forms stable interactions. This work creates a broad quantitative
framework for understanding structure–function interrelationships
for Xist and other lncRNAs in cells.
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Long noncoding RNAs (lncRNAs) play central roles in the
regulation of gene expression through interactions with

numerous protein partners (1) and are necessary for normal
health and development (2, 3). The 18-kb Xist lncRNA is es-
sential for X-chromosome inactivation during female eutherian
mammalian development and is an archetype of gene-silencing
lncRNAs. During the early stages of X inactivation, Xist accu-
mulates in cis around the future inactive X chromosome and
recruits protein complexes that apply repressive chromatin
modifications, leading to stable gene silencing (3, 4).
Genetic deletion studies have demarcated several broad regions

of function within Xist. Several tandem repeat regions (labeled
A–F in the mouse) show moderate conservation (5–7), and at least
two of these, repeat A and the rodent-specific repeat C, are im-
plicated in silencing and localization to the inactive X. Deletion of
the final 7.5-kb exon of Xist causes a defect in its localization (8),
and the 1.5-kb region encompassing repeats F and B is required
for accumulation of heterochromatic marks over the inactive X (4);
however, beyond these initial characterizations, the mechanisms by
which gene silencing, heterochromatinization, and localization of
Xist on the X chromosome occur are not well understood. In
particular, the role of RNA structure in orchestrating these dis-
tinct functions remains unclear.
Several previous studies have suggested the importance of RNA

structures in specific regions of Xist (9–12), but overall, the loca-
tions and structures of functional domains within Xist are poorly
defined. Detailed structural maps of other functional RNAs, such
as ribosomal RNAs (13) and the HIV RNA genome (14–16), have
been fundamental to understanding the mechanisms by which
individual domains within large RNAs execute discrete cellular
functions. A detailed and quantitative structural map of Xist would
be expected to have a similar transformative impact.

Selective 2′-hydroxyl acylation analyzed by primer extension
and mutational profiling (SHAPE-MaP) provides a biophysically
rigorous measurement of local nucleotide flexibility that is in-
dependent of base identity (15). SHAPE-MaP readily detects
modifications in highly complex environments, including in the cell
nucleus (17), and, unlike alternative RNA-probing methods with
deep sequencing readout, is unaffected by biases introduced during
complex ligation-based library preparation steps (15). SHAPE data
are sufficient for distinguishing between structural models (18) and
detecting distinct modes of protein binding in cells (17). SHAPE-
informed structural models have consistently yielded rich insights
into the biological functions of diverse RNAs (14, 15, 18–21) and, in
many cases, uncovered novel functional elements (14–17, 20).
Using SHAPE-MaP, we examined full-length, authentic tran-

scripts of mouse Xist at single-nucleotide resolution in mouse tro-
phoblast stem cells (TSCs) and under protein-free conditions (ex
vivo). TSCs demonstrate prototypical epigenetic patterns over the
inactive X chromosome (22) and require Xist for continued si-
lencing (23). SHAPE data identified 33 regions in Xist that form
well-defined structures with complexities comparable to those of
functional elements within RNA viruses and ribosomal RNAs (15,
21). We found extensive significant differences between in-cell
SHAPE reactivities and those obtained ex vivo, indicating that
many nucleotides of Xist interact with proteins or have different
conformations in cells vs. a cell-free state. The perspective obtained
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here supports novel and specific models of the complex interrela-
tionships among lncRNA sequence, structure, and function.

Results
Ex Vivo Structure Probing. We probed full-length Xist, after gentle
and nondenaturing extraction from cells, using the SHAPE reagents
1-methyl-7-nitroisatoic anhydride (1M7), 1-methyl-6-nitroisatoic
anhydride (1M6), and N-methyl-isatoic anhydride (NMIA) (24, 25)
and obtained ex vivo SHAPE reactivities for 86% of nucleotides in
Xist (Fig. 1A). We also probed the Xist structure in living cells with
1M7. Full biological replicates of 1M7 probing, performed more
than 1 y apart, showed good agreement over thousands of nucleo-
tides under ex vivo conditions (Spearman’s ρ = 0.65; SI Appendix,
Fig. S1A). In-cell replicates exhibited a more modest correlation
(Spearman’s ρ = 0.50; SI Appendix, Fig. S1B). Critically, however,
the in-cell replicates yielded highly similar outcomes in subsequent
analyses (SI Appendix, Figs. S2 and S3 and Supporting Text).
We used the cell-free ex vivo data to guide initial RNA

structure modeling. We searched for and identified 10 potential
pseudoknots (26) and modeled the secondary structure of Xist
using the three-reagent differential SHAPE strategy, which yields
highly accurate RNA structure models (15, 25). The structure
was also modeled without SHAPE data and with only 1M7 data
(SI Appendix, Fig. S4 A and B).
To assess our models, we examined the structural context of

105 single-nucleotide variants (SNVs) within mouse Xist (27).
For each structural model (no data, 1M7 only, or three-reagent

differential), we counted the SNVs that disrupted structure by
creating base pair mismatches. With increasing data quality,
the probability that SNVs are structurally disruptive by chance
decreases significantly (SI Appendix, Fig. S4C; P = 0.35, 0.15, and
0.027 for the no data, 1M7 only, and three-reagent models, re-
spectively). Just as lack of selective pressure leads to increased
SNV abundance in genetic elements with low functional potential
(28), we infer that SNVs occur predominantly in unstructured
regions in our model because many RNA structures within Xist are
important for function.
We further assessed how well each secondary structure element

was defined by its sequence and the experimental SHAPE data by
calculating Shannon entropies at nucleotide resolution (15) (Fig.
1B). Previous work with large viral RNAs has shown that functional
elements are overrepresented in regions with both low SHAPE
reactivity (indicating a high degree of structure) and low Shannon
entropy (indicating well-defined structure) (15, 21). We identified
33 regions with low SHAPE reactivity and Shannon entropy in the
Xist RNA (Fig. 1 C and D, gray shading and SI Appendix, Fig. S5).
Of the well-defined domains, three-fourths have not been described
previously (SI Appendix, Supporting Text).
Many of the well-defined structural elements in Xist are located

within the final 4,000 nucleotides (Fig. 1 C and D). Much of this
region was missing from the original Xist annotation in mouse (7)
and is dispensable for gene silencing in transgenic settings (29, 30).
Nevertheless, the extent of defined structures within the region
suggested functional roles. To test this possibility, we induced
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Fig. 1. Structural architecture of the Xist lncRNA. (A) Ex vivo 1M7 reactivities shown as the median reactivity over 55-nt sliding windows relative to the global
median. Values above or below the line are more or less flexible than the median, respectively. Repeats B and C were excluded from analysis due to lack of
uniquely aligning reads. (B) Shannon entropy values for the ex vivo secondary structure model, smoothed over 55-nt sliding windows. High values indicate
many possible structures, and low values indicate a single well-defined structure. Gray shading marks well-defined structures with low SHAPE reactivity and
low Shannon entropy. (C) Base-pairing probabilities in Xist. Arcs represent base pairs and are color-coded by probability. Pseudoknotted helices are shown in
red. (D) Minimum free energy secondary structure model of Xist. Arcs are inverted relative to C. Secondary structure models for selected domains are color-
coded according to SHAPE reactivity. Secondary structures of all low-SHAPE/low-entropy regions are shown in SI Appendix, Fig. S5.

Smola et al. PNAS | September 13, 2016 | vol. 113 | no. 37 | 10323

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600008113/-/DCSupplemental/pnas.1600008113.sapp.pdf


expression of full-length Xist or a 14.8-kb transcript lacking the 3′
end from an isogenic site within the β-globin gene locus of a male
mouse embryonic stem cell line (31). We found that the half-life
of full-length Xist was threefold longer than that of the truncated
version (SI Appendix, Fig. S6), consistent with a role for 3′
structured elements in maintaining Xist stability in cells.
The 400-nt long repeat A region at the 5′ end of Xist is one of

the most clearly conserved regions of the RNA (5–7). Repeat A is
required for stable accumulation of spliced Xist in cells and for
gene silencing (3, 4). In the mouse, repeat A includes seven and
one-half copies of a 24-nt repeat unit separated by U-rich spacers
of variable lengths. Prior models of this region have emphasized
self-contained structures consisting of either small intrarepeat
stem-loops (30), large interrepeat structures (12), or a combination
of both (10). In contrast, SHAPE data obtained in the context of
full-length native Xist indicate that the repeat A region has high
Shannon entropy and likely exhibits significant structural variability
(Fig. 2A). A single hairpin with a GC-rich stem and AU-rich loop
that bridges repeats three and four is the only well-defined element
in repeat A in our model (Fig. 2 A and B); these nucleotides exhibit
high sequence conservation (Fig. 2C). Repeat A nucleotides also
likely interact with adjacent segments of Xist in the full-length
RNA (Fig. 2A), and the base of the repeat A stem loop may form a

pseudoknot (Fig. 2B). Elements of prior repeat A models (10, 12,
30) occur among the structures generated by our ensemble analysis
(SI Appendix, Supporting Text); however, high Shannon entropies
support the model that this region is structurally dynamic, a feature
that may facilitate accessible interaction with protein cofactors.
High probability pairing regions are predicted to exist in well-

defined motifs just upstream (nucleotides 49–352) and down-
stream (nucleotides ∼850–1,300) of repeat A. These regions
have not been genetically disrupted in isolation of repeat A and
their role in Xist function is not known. However, these regions
bracket the essential repeat A element in Xist and may cooperate
with the repeat to encode function in the 5′ end of the lncRNA.
Repeat E, which has no known function, also forms a dynamic and

flexible structure. This region spans roughly 1 kb at the beginning of
exon 7 and consists of U-rich repeats of 20–25 nt (5). Repeat E
exhibits low Shannon entropy and high SHAPE reactivity, indicating
that this region is unstructured (Fig. 2D). Nucleotides in repeat E are
accessible for unencumbered interaction with RNA binding proteins
and we will show below that proteins extensively target this element.
Our model also provides structural context for previously

characterized Xist mutant phenotypes. For example, a 16-nt
insertion located 3′ of repeat A causes a hypomorphic pheno-
type (32). The insertion falls in the middle of a well-defined
hairpin structure with low Shannon entropy (Fig. 1D, filled
arrowhead). The insertion likely leads to a rearrangement of
local structure that affects the biological activity of the repeat A
region or attenuates a function of the hairpin itself. A 4-kb
inversion of nucleotides 5,984–9,954 leads to a similar hypo-
morphic phenotype with incomplete silencing (33). This in-
version overlaps 14 structural elements in the Xist RNA model
(SI Appendix, Fig. S5).

Broad Effects of the Cellular Environment on Xist Structure. To assess
the impact of the cellular environment upon Xist, we probed Xist
structure in living cells in biological replicate experiments using
the 1M7 SHAPE reagent (SI Appendix, Figs. S1 and S2) and
evaluated reactivity changes relative to ex vivo measurements in
two complementary ways. First, by searching for regions with an
average absolute change greater than the global median, we
identified 13–15 regions in each replicate that are strongly affected
by the cellular environment (Fig. 3A, purple shading). These re-
gions overlap well-defined RNA secondary structure domains and
structurally variable regions, and are highly similar between bi-
ological replicates (SI Appendix, Fig. S3A). Reduced in-cell
SHAPE reactivities, relative to the ex vivo state, tend to report
direct protein–RNA interactions, whereas increased reactivity in
cells are often reflective of RNA conformational changes (17). On
this basis, we identified regions of Xist that likely interact with
proteins and those that have different structures ex vivo and in
cells (Fig. 3 B and C and SI Appendix, Fig. S3 A and B).
Nucleotides in repeat E underwent striking changes in SHAPE

reactivity; this region was largely unstructured ex vivo but was very
unreactive (and thus structurally constrained) in cells (Fig. 3 A–C
and SI Appendix, Fig. S3 A–C). There also appeared to be ex-
tensive protein binding to repeat D in cells. There were notable
changes in absolute SHAPE reactivity in repeat A, but these
were not as strong as those within other regions in Xist, sug-
gesting that repeat A participates in RNA–protein interactions
in cells but that these interactions are less stable than those with
other Xist motifs. The lack of predicted RNA structure in these
repeat regions ex vivo suggests they present relatively unhindered
access to proteins.
We also observed large differences between ex vivo and in-cell

SHAPE reactivities in regions that span many of the low SHAPE/
low Shannon entropy domains in the ex vivo model (Fig. 3 A and
B), for example, positions 12,100–13,300, 13,700–16,000, and 16,700–
17,300. Regions that exhibit large changes in SHAPE reactivity in
cells span nearly the entirety of the XistRNA, are characterized by
multiple distinct features, and are comprised of both structurally
variable elements (repeats A, D, and E), and large, structurally
well-defined RNA domains.
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Fig. 2. Ex vivo structural features of repeat regions A and E. (A) SHAPE
reactivity (black), Shannon entropy (brown), and pairing probabilities (Bot-
tom) for repeat A and the surrounding region. Arcs are color-coded as in
Fig. 1. A single high-probability stem-loop structure is predicted to occur
within repeat A (gray shading). Xist regions outside of repeat A may interact
with this region. (B) Secondary structure of the repeat A stem-loop and
predicted pseudoknot. (C) Comparative sequence alignment of the repeat A
stem-loop element. Base pairs in mouse are indicated in dot-bracket nota-
tion. Nucleotides are color-coded to indicate conservation of base pairing.
(D) SHAPE reactivity (black) and Shannon entropy (brown) for the repeat E
region. SHAPE reactivities are high and Shannon entropies are low in this
region, indicating a high probability of lack of defined structure as illus-
trated by base pairing probability arcs (Bottom).
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Localized Cellular Effects on Xist Structure. Each individual reactivity
measurement in a SHAPE-MaP experiment includes an error
estimate (15), thus allowing for statistically rigorous analysis of
local changes in RNA structure. We have developed a comparison
framework (termed ΔSHAPE) that incorporates these error esti-
mates and identifies specific compact sites within an RNA likely to
be bound by protein or likely to have distinct conformations under
two conditions (17). Thus, ΔSHAPE analysis complements the
identification of large-scale structural changes identified above.
In side-by-side analyses of in-cell and ex vivo 1M7 SHAPE

probing replicates performed >1 y apart, we identified roughly
200 ΔSHAPE sites at which Xist is strongly impacted by the
cellular environment (SI Appendix, Supporting Text). Owing
to the stringency of the ΔSHAPE framework, these sites are
expected to represent a subset of the strongest Xist interaction
sites. Of the ∼200 ΔSHAPE sites identified in each replicate, 43
are shared, and these likely represent extremely stable interac-
tions. We analyzed the global sequence and structural context of
ΔSHAPE sites within each replicate in parallel, and observed
highly similar overall profiles.
In both replicates, the first 2.5 kb of Xist exhibited very few

ΔSHAPE sites, consistent with the occurrence of dynamic or
SHAPE-invisible protein interactions within the region, whereas
ΔSHAPE sites were abundant in other regions (Fig. 3D and SI
Appendix, Fig. S3C). We hypothesized that sequences critical to Xist–
protein interactions may be overrepresented among +ΔSHAPE sites
(in which reactivity is lower in cells than ex vivo). We searched these
sites for sequence motifs and identified two U-rich sequence motifs,
E1 and E2 (SI Appendix, Fig. S2), located in repeat E. No other
significant sequence motifs spanning ΔSHAPE sites were identified.
To identify sites in Xist where specific protein interactions

occur, we searched for proteins both previously identified as Xist
partners in TSCs (34) and present in the CLIPdb protein cross-
linking and immunoprecipitation database (35) and identified
CELF1, PTBP1, TARDBP, FUS, and RBFOX2 (34, 36, 37). We
also performed digestion-optimized RIP-seq experiments in
TSCs to identify binding sites for HuR, another Xist-interacting
protein (34). We expected to find that proteins that bound stably
to Xist during our 2-min probing period would perturb the RNA
structure and yield clear ΔSHAPE signals. For all proteins ex-
cept RBFOX2, we identified CLIP or RIP sites that overlapped
with positive and negative ΔSHAPE sites in each replicate. We
found that, on average, 76% of ΔSHAPE sites overlapped with
CLIP or RIP sites, whereas only 53% of the total reported CLIP
sites coincided with ΔSHAPE signals (Fig. 4A and SI Appendix,
Fig. S3D). This latter low number likely reflects differences be-
tween cell types, the high stringency used in the ΔSHAPE analysis
(17), and the high background of CLIP experiments (38).
Given the low false-positive detection rate of protein binding

when considering only +ΔSHAPE sites (17), we focused on
CLIP sites corroborated by +ΔSHAPE values. We identified

sites likely bound by CELF1, PTBP1, and HuR in repeat E,
showed that sites for FUS are concentrated in the well-folded
RNA domains spanning positions 13,900–15,000, and defined a
single site strongly bound by TARDBP at position 10,285 (Fig.
4B, filled circles and SI Appendix, Fig. S3E). These results were
observed independently in both biological replicates. Despite the
relatively small number of proteins in our analysis, the data in-
dicate that the 3′ end of Xist is extensively involved in in-cell
interactions. This analysis also confirms that repeat E is a major
protein-binding platform (Fig. 4B).
ΔSHAPE-confirmed CELF1 and PTBP1 CLIP sites are lo-

cated almost exclusively in repeat E (Fig. 4B). These proteins
function in RNA processing (39, 40) and may regulate Xist splicing
or editing. We used sequence clustering to define consensus mo-
tifs from +ΔSHAPE-supported CLIP sites for CELF1 and PTBP1
and found that both overlap with motif E1 (Fig. 4C and SI Ap-
pendix, Fig. S3F). No strong consensus sequence was identified
among non-ΔSHAPE-validated CLIP sites, although many fall
within repeat E. Thus, CELF1 and PTBP1 likely interact with
repeat E in a sequence-specific manner.
We identified HuR-binding sites throughout repeat E (Fig. 4B

and SI Appendix, Fig. S3E). HuR promotes mRNA stability
through interactions with AU-rich elements (AREs) (41). Consis-
tent with an affinity for ARE motifs, HuR was widely detected
throughout the U-rich repeat E (SI Appendix, Fig. S7A). Searching
over subsequences corresponding to +ΔSHAPE in-cell protections
returned a U-rich consensus containing elements from motifs E1
and E2 (SI Appendix, Fig. S7B). Repeat E may be particularly
susceptible to ARE-mediated degradation, and coating this region
with proteins, especially HuR, may inhibit RNA decay.
FUS is an abundant, nuclear-enriched protein involved in the

regulation of transcription, RNA processing, and DNA damage
repair. FUS binds to many RNAs, and its binding has been char-
acterized as promiscuous (42). In contrast to this view, in the
context of full-length Xist RNA, +ΔSHAPE signals in CLIP sites
indicative of FUS binding cluster strongly at nucleotides 13,000–
15,000 in each replicate (Fig. 4B and SI Appendix, Fig. S3E). This
region has a well-defined RNA structure (Fig. 1 and SI Appendix,
Fig. S8) and a mixture of positive and negative ΔSHAPE sites
(Fig. 3 C and D and SI Appendix, Fig. S3C). We analyzed the
pairing probabilities over FUS-associated +ΔSHAPE sites within
this region and identified a structural context for FUS binding;
FUS-protected nucleotides occur in single-stranded motifs flanked
by base-paired structures (Fig. 4D and SI Appendix, Figs. S3G and
S8). FUS undergoes RNA-induced multimerization (43), an ob-
servation consistent with the complex structural rearrangements
detected within the FUS interaction domain when comparing ex
vivo and in-cell data. A local increase in FUS concentration via
multimerization may lead to cooperative binding, which protects
some regions from in-cell SHAPE modification while making
others more accessible.
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equals the height of the black histogram in A. (C) Ratio between positive and negative reactivity differences within regions of substantial reactivity change. Blue
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exhibit protection vs. enhancement in cells and are generally consistent with protein binding and conformational changes, respectively. ΔSHAPE analyses of bi-
ological replicates yield similar patterns (SI Appendix, Fig. S3).
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ΔSHAPE analyses support a single major CLIP-identified
binding site for the TARDBP protein (Fig. 4E and SI Appendix,
Fig. S3H). TARDBP is an RNA- and DNA-binding protein with
a reported preference for UG-rich sequences; it is both a tran-
scription repressor and a splicing regulator (44). The single
TARDBP-binding site in Xist detected by our analyses of both
replicate experiments is part of a UG-rich structural motif (po-
sitions 10,203–10,309) encompassing the splice junction between
exons 6 and 7 (Fig. 4E). A threefold reduction in Xist transcript
levels has been reported in adult mouse brains depleted of
TARDBP via antisense knockdown (45); our analysis of these
data further show that levels of incorrectly spliced Xist transcripts
increased by twofold (SI Appendix, Fig. S9 A and B), suggesting
that TARDBP controls the amount of Xist present in a cell. Al-
though in principle many of the reported CLIP sites for TARDBP
are detectable byΔSHAPE (SI Appendix, Fig. S9), only a single site
overlapped with a strong +ΔSHAPE signal. The median SHAPE
reactivity of this site was much higher than that of any other re-
ported TARDBP CLIP site. These data suggest that the remaining
TARDBP sites are occluded by RNA structure or are not suf-
ficiently stable to cause a detectable reduction in SHAPE re-
activity when in-cell data and ex vivo data are compared. Most
broadly, this analysis indicates that Xist RNA structure can spec-
ify a unique accessible protein-binding site.
It is intriguing that the 5′ end of Xist lacks ΔSHAPE sites. The

regions near and including repeat A are important for Xist silencing
activity (30, 34). We hypothesize that RNA–protein interactions
may be less stable here than in other regions, and reanalyzed the
ΔSHAPE data with reduced stringency in an attempt to identify
potential weaker sites. With these criteria, we identified only four
to six additional interaction sites in the first 1,000 nucleotides
of Xist (SI Appendix, Fig. S10), suggesting that proteins interact
transiently with a dynamic 5′ end or bind to double-stranded ele-
ments in such a way as to not exhibit SHAPE reactivity changes.

Conclusion
Comprehensive and quantitative nucleotide-resolution SHAPE-
MaP structure probing revealed that Xist consists of multiple do-
mains of well-defined secondary structure linked by structurally
variable and dynamic regions (Fig. 1 and SI Appendix, Fig. S5), and
supports existing domain-based models for lncRNA function (10,
46, 47). Fully one-half of the Xist lncRNA forms well-defined
structure motifs, is significantly impacted by the cellular environment,

or both. Structured elements at the 3′ end of Xist appear to func-
tion in part by increasing the cellular stability of the transcript.
Repeat-containing regions are generally unstructured and are ex-
tensively bound by protein cofactors (Figs. 1–4).
We identified three distinct structure-based mechanisms by

which protein cofactors form stable interactions with Xist. In each
case, protein interactions corroborated by CLIP-seq or RIP-seq
and ΔSHAPE data are focused within specific structural elements,
and ΔSHAPE signals reveal specific details of these Xist–protein
interactions. CELF1, PTBP1, and HuR exemplify widespread
binding, likely with a degree of sequence specificity, to accessible,
unstructured regions. FUS binding occurs in a region with a well-
defined structure ex vivo that undergoes extensive rearrangement
in cells. TARDBP appears to bind predominantly to a single site
presented within a small structural domain. These findings high-
light the impressive diversity of lncRNA–protein interactions and
their distinct RNA structure-dependent interaction modes.
Cross-referencing of +ΔSHAPE sites with CLIP- and RIP-

identified binding sites suggests that quantitative ΔSHAPE anal-
ysis is a rigorous approach for identifying stable RNA–protein
interaction sites (Fig. 4 and SI Appendix, Fig. S3). Whereas CLIP
studies often report binding across the entire transcript, our
ΔSHAPE analysis revealed that stable binding sites tend to cluster
within the RNA, as was observed for CELF1, PTBP1, and HuR
within repeat E and for FUS within the FUS domain. In addition,
only when our analysis was limited to +ΔSHAPE sites was a
binding motif identified for HuR. ΔSHAPE can also detect
site-specific interactions, as were observed for TARDBP. ΔSHAPE
analyses of two independent replicates revealed similar overall pat-
terns of protein interaction (SI Appendix, Fig. S3), despite relatively
modest correlations for the in-cell experiments (SI Appendix, Fig.
S1). Protein-binding events may simply vary between individual Xist
ribonucleoprotein complexes, perhaps due to limited access to the
lncRNA, low stability of subsets of lncRNA–protein interactions, or
limited availability of protein-binding partners (SI Appendix, Sup-
porting Text). ΔSHAPE analysis clearly enables characterization of
RNA–protein interactions and examination of RNA structure-
mediated recognition in a way that will be broadly useful in future
studies of Xist and other lncRNAs as additional protein partners
are identified.
This work embraces numerous innovations in quantitative RNA

structure probing to define RNA structure, RNA–protein inter-
actions, and the effects of the cellular environment on RNA
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architecture. Our approach deemphasizes the global minimum
free energy structure in regions where multiple structures are
likely to be sampled simultaneously and uses experimentally
derived metrics to define structural domains. For individual
regions with a high propensity to form well-determined stable
motifs, we modeled Xist structures using the validated three-
reagent differential SHAPE approach (15, 25). Differences
between in-cell and ex vivo states were interpreted in the con-
text of robust analysis of measurement errors (17) (SI Appendix,
Supporting Text). Limitations are that RNA interactions were
constrained to 600-nt windows and canonical base pairing, and
there are uncertainties in the thermodynamic parameters used
in modeling. Nevertheless, in-cell SHAPE-MaP represents a
major advance in converting RNA structure probing from a
qualitative tool to a quantitative and predictive tool for un-
derstanding RNA biology.
The structured and unstructured domains identified here

define maps that are expected to be invaluable in guiding in-
vestigations into the mechanisms by which Xist elements con-
tribute to X chromosome inactivation. Xist and other lncRNA
transcripts may span kilobases to coordinate long-range protein
and domain interactions (Figs. 3 and 4) that ultimately enable
orchestration of epigenetic regulation on the kilobase to meg-
abase scales (1, 3, 4). Many lncRNAs are likely to share features
identified here for Xist, including densely arrayed second-
ary structural features, multiple distinctive modes of protein

interaction, and the ability to serve as multidomain organizers
of cellular function.

Methods
In-cell modification was carried out by treating mouse TSCs in fresh growth
medium with 1M7 (10 mM final) and incubating at 37 °C for 5 min before
RNA isolation. For ex vivo analyses, total cellular RNA was gently extracted
from TSCs into RNA folding buffer (100 mM Hepes, pH 8.0, 100 mM NaCl,
and 10 mM MgCl2), incubated at 37 °C for 20 min, and subjected to SHAPE
modification with 1M7, 1M6, or NMIA. RNA was subjected to MaP reverse
transcription (15) using Xist-specific primers, followed by Xist-specific PCR
amplification and high-throughput sequencing library construction. SHAPE
reactivities were calculated from raw sequencing reads using ShapeMapper,
and secondary structures were modeled using SuperFold (15). Detailed de-
scriptions of in-cell RNA probing, library construction, structure modeling,
and bioinformatics analyses are provided in SI Appendix, Methods.
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