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A large fraction of the mammalian genome is transcribed into long
noncoding RNAs. The RNAs remain largely uncharacterized as the
field awaits new technologies to aid functional analysis. Here, we
describe a unique use of locked nucleic acids (LNAs) for studying
nuclear long noncoding RNA, an RNA subclass that has been less
amenable to traditional knockdown techniques. We target LNAs at
Xist RNA and show displacement from the X chromosomewith fast
kinetics. Xist transcript stability is not affected. By targeting differ-
ent Xist regions, we identify a localization domain and show that
polycomb repressive complex 2 (PRC2) is displaced together with
Xist. Thus, PRC2 depends on RNA for both initial targeting to and
stable association with chromatin. H3K27-trimethyl marks and
gene silencing remain stable. Time-course analysis of RNA relocal-
ization suggests that Xist and PRC2 bind to different regions of the
X at the same time but do not reach saturating levels immediately.
Thus, LNAs provide a tool for studying an emerging class of regu-
latory RNA and offer a window of opportunity to target epigenetic
modifications with possible therapeutic applications.

dosage compensation | X inactivation

The mammalian genome synthesizes a large number of long
noncoding RNAs (lncRNA) (1, 2), but their structure and

function remain largely uncharacterized. Although siRNA/
shRNA knockdown technologies have become staples in func-
tional analysis of microRNAs (miRNAs) and cytoplasmically
localized RNAs (3–5), these methods are less consistently ef-
fective for lncRNAs localized to the nucleus. Development of
methods to target nuclear lncRNAs would therefore advance the
field. Here we investigate the function of a lncRNA using locked
nucleic acid (LNA) technology. LNAs are nucleic acid analogs in
which the ribose ring is “locked” by a methylene bridge between
the 2′ oxygen and the 4′ carbon. LNA bases form standard
Watson–Crick base pairs but increase the rate and stability of the
basepairing reaction (6). LNAs also have increased affinity to
base pair with RNA as compared with DNA. These properties
render LNAs especially useful as probes for fluorescence in situ
hybridization and comparative genomic hybridization, as anta-
gomirs for miRNAs, and as antisense oligonucleotides to block
mRNA translation (3, 4). Below we describe another use of LNA
by demonstrating its ability to displace a cis-acting nuclear
lncRNA with fast kinetics, a property that enables study of the
RNA’s behavior in ways not possible before.
Xist RNA is a 17-kb ncRNA that initiates X-chromosome in-

activation (XCI) as theRNAcoats the inactiveX (Xi) in cis (7–10).
How Xist RNA localizes along the X is currently unclear. Genetic
analyses have identified a silencing domain at the 5′ end known as
“repeat A” (11), shown to directly recruit polycomb proteins to the
Xi (12). The rest of the RNA is thought to localize Xist to Xi but
has yet to be characterized in detail. Several other conserved re-
peatedmotifs, termed repeats B–F, have been identified inXist (8,
9). Repeat C is located 3 kb downstream of repeat A and contains
14 tandem repeats of a C-rich sequence with ∼90% interrepeat
homology. Previous work showed that treating cells for 6 d with an
antisense peptide nucleic acid (PNA)against repeatC led to loss of

Xist from Xi heterochromatin (13), suggesting that the repeat C
regionmay harbor an essential element. Curiously, it has also been
shown that deleting repeat C on an Xist transgene has no effect on
XCI (11). To examine repeat C function, below we target LNAs
against this region and discover their ability to displace Xist RNA
and PRC2 with fast kinetics. We report unique findings regarding
de novo localization of Xist RNA and PRC2 onto Xi.

Results
LNAs Targeting Xist Repeat C Rapidly Displace Xist RNA from Xi. We
aligned repeat C using Geneious software and synthesized LNAs
complementary to two regions with a high degree of interrepeat
conservation (Fig. 1A). The first LNA showed conservation in all
14 repeats (LNA-C1) and the second in 13 of 14 (LNA-C2) (Fig. 1
A and B). LNAs were nucleofected separately into transformed
mouse embryonic fibroblasts (MEFs), and the cells were fixed on
slides at various times between 0 min (immediately after nucleo-
fection) and 8 h postnucleofection. To examine effects on Xist
RNA, we performed RNA fluorescence in situ hybridization
(FISH)usingXist-specific probes. [MEF cells are tetraploid due to
transformation; each tetraploid cell has two Xa and two Xi]. In
controls transfected with scrambled LNAs (LNA-Scr), robust Xist
clouds were seen in 80–90% of cells at all time points (Fig. 1 B and
C). Intriguingly, introduction of either LNA-C1 or -C2 resulted in
immediate loss of Xist RNA from Xi (Fig. 1 B and C; LNA-C1
shown, with similar results for LNA-C2). Even at t = 0, ∼10% of
nuclei displayed faint and diffuse Xist RNA clusters (Fig. 1B, as-
terisk; Fig. 1C, yellow bars) (n = 149). The percentage of nuclei
with full Xist clouds continued to drop during the first hour and
reached a minimum at t= 60 min (21%, n= 190). These findings
indicate that LNAs disrupted Xist binding to chromatin as soon as
they were introduced. However, the loss of Xist from Xi was
transient, as pinpoints of Xist RNA typical of nascent transcripts
seen in undifferentiated embryonic stem (ES) cells, became visible
at t= 3 h (Fig. 1B, arrows; Fig. 1C, red bars) (18%, n= 190 at 1 h;
36%,n=123 at 3 h). Full recovery ofXist clouds was not seen until
8–24 h postnucleofection (Fig. 1B) (81% at 8 h, n = 117).
We next addressed whether LNAs had similar effects in mouse

ES cells (Fig. S1A), which recapitulate XCI as the cells differen-
tiate in culture.Undifferentiated wild-type female ES cells express
low levels of Xist RNA, visible as pinpoint signals by RNA FISH.
By day 6 of differentiation,∼40%of cells would normally have up-
regulated Xist RNA (Fig. S1B). When ES cells were nucleofected
with LNA-C1 on day 6, Xist displacement occurred rapidly,
reaching amaximum at 1 h and recovering by 8 h (Fig. S1B). Thus,
LNAs were effective in ES cells as well as in somatic cells. These
results contracted sharply with those obtained from MEFs
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nucleofected with siRNAs or shRNAs toward the same region of
Xist. Neither siRNAsnor shRNAs led to loss ofXist at the 1-, 3-, or
24-h timepoints, andpartial decreases inXist clouds occurred only
at 48 h (Fig. S2; 83%, n= 84 at 1 h; 80%, n= 106 at 24 h). Thus,
LNAs canbeused efficiently to target lncRNAswith rapid kinetics,
faster than siRNAs or shRNAs, in multiple cell types.
To test the specificity of the LNAs, we nucleofected human 293

cells with the repeat C LNAs. Sequence comparison between the
mouse and human Xist/XIST revealed that the region targeted by
LNA-C1 is conserved in 10 of 15 nt and in 10 of 14 nt for LNA-C2
(Fig. 1D). Nucleofection of scrambled LNAs followed by RNA
FISH in human cells showed two normal XIST clouds in nearly all
cells (92%, n=108) (Fig. 1E). Similarly, nucleofection with either
LNA-C1 or LNA-C2 did not change the XIST clouds (LNA-C1,
89%, n = 126; LNA-C2, 85%, n = 139). Thus, mouse repeat C
LNAs do not affect humanXIST localization, suggesting that they
function in a species-specific manner. To determine whether hu-
man repeat C could displace humanXIST, we nucleofected LNAs

complementary to the human repeat C into 293 cells, but ob-
served no loss of XIST clouds (Fig. S3; 91%, n= 103 at 1 h; 87%,
n=95 at 3 h and 92%, n=85 at 8 h). This indicates that, although
repeat C may play a role in humans, additional human elements
function in RNA localization. Whereas mouse repeat C occurs 14
times, the human repeat is present only once (8, 9).

Xist RNA Is Displaced Without Transcript Destabilization. Several
mechanisms could explain the disappearance of Xist. LNAs could
anneal to the complementary region and target Xist for degrada-
tion. Alternatively, hybridization to LNAs could displace Xist
RNA from Xi without affecting transcript stability. To distinguish
between these possibilities, we quantitated Xist levels relative to
Gadph levels (control) by qRT-PCRat different times.At 1 hwhen
Xist clouds were no longer visible, Xist levels remained compa-
rable to that seen in LNA-Scr (Fig. 2A). Even at 3 and 8 h, Xist
levels did not change significantly. These results showed that,
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Fig. 1. LNAs targeting Xist repeat C abolish Xist RNA localization to Xi. (A) Alignment of 14 tandem mouse repeat C. Mismatches are shown in red. The
regions targeted by LNAs are indicated by a red line. (B) Xist RNA FISH at indicated time points after LNA nucleofection. Results shown for LNA-C1, but LNA-C2
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LNAs function by blocking Xist interaction with chromatin rather
than altering the RNA’s stability.
The rapid displacement of Xist and the slow kinetics of re-

covery provided the opportunity to investigate several unan-
swered questions regarding Xist’s mechanism of localization. To
ask whether reappearance of Xist on Xi is due to relocalization of
displaced Xist molecules or to coating by newly synthesized RNA,
we performed time-course analysis in the presence of actinomycin
D (ActD), an inhibitor of RNA polymerase II. Previous studies
have shown that the half-life of Xist in the cell is ≈4–6 h (14–16).
We reasoned that treating cells with ActD for 0–8 h would prevent
new synthesis of Xist RNA during this time frame and that
reappearance of Xist clouds would imply relocalization of dis-
placed RNA back onto Xi. We introduced LNAs into cells and
allowed them to recover in medium containing ActD. In LNA-Scr
samples, Xist clouds were clearly visible at all time points without
ActD. With ActD, Xist clouds were apparent in the 1- and 3-h
time points and were lost by 8 h, consistent with a 4- to 6-h half-life
(Fig. 2B). In LNA-C1 treated samples recovered without ActD,
pinpoints of Xist were visible at 3 h and clouds were restored by
the 8-h time point. However, with ActD, Xist clouds were never
restored, neither fully nor partially (Fig. 2B). Thus, Xist recovery
after LNA-mediated displacement is due to new RNA synthesis
and not relocalization of the displaced transcript.

Xist RNA Localizes Near the X-Inactivation Center First. Taking fur-
ther advantage of the rapid displacement and slow recovery, we
asked whether Xist spreads in a piecemeal fashion or localizes
simultaneously throughout Xi. One hypothesis is that coating
initiates near the Xist locus and proceeds to both ends of the
chromosome through booster elements located along the X (17).
Alternatively, coating can occur all at once through multiple X-
linked seeding points, which would promote local spreading. We
analyzed Xist localization on metaphase chromosomes during the
3- to 8-h period of recovery. In cells treated with LNAScr, all
metaphase chromosomes coated with Xist RNA showed a banded
pattern as described in earlier works (18–20) (Fig. 2C). By con-
trast, LNA-C1–treated cells gave intermediate patterns. At 1 h, no
metaphase chromosomes showed a coat of Xist RNA (0%, n =
41). At 3 h when Xist RNA was a pinpoint in interphase cells, the
predominant pattern was a combination of a single bright band in
the middle of the metaphase chromosome together with a small
number of very faint bands elsewhere on theX (52%, n=46) (Fig.
2C). To determine whether the strong RNA band was localized to
the Xist region, we carried out RNA FISH on nondenatured nu-
clei and followed with denaturation and hybridization to an Xist
probe. Indeed, the focal RNA band observed at the 3-h mark
colocalized with the Xist region (Fig. 2D). At 5 h, intermediate
degrees of coating and intensities could be seen (Fig. 2D, 68%,
n = 38). At 8 h, the predominant pattern was the whole-
chromosome painting pattern typical of control cells (78%, n =
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38). In controls, intermediate patterns were not observed at any
time. These findings argue that Xist RNA initially binds nearby,
but seems to spread to the rest of Xi at the same time, within the
temporal and spatial resolution of the FISH technique.

Xist RNA Displacement Is Accompanied by Loss of PRC2 Localization.
The pattern of polycomb repressive complex 2 (PRC2) binding to
Xi has been of considerable interest, as its Ezh2 subunit catalyzes
trimethylation of histone H3 at lysine 27 (H3K27me3). Several
studies have shown that PRC2 localizes to Xi in an Xist-dependent
manner, as deleting Xist in ES cells precludes PRC2 recruitment
during differentiation and conditionally deleting Xist inMEF cells
results in loss of PRC2 on Xi (21–24). However, the kinetics with
which PRC2 is recruited to and lost fromXarenot known.Because

Xist RNA directly recruits PRC2 (12), we asked whether LNA-
mediated displacement of Xist results in immediate loss of PRC2
by immunostaining for Ezh2 in MEFs after LNA delivery. Upon
treatment with the repeat C LNAs, Ezh2 was rapidly lost (Fig. 2E).
There was nearly perfect concordance between Xist and PRC2
loss. At 1 and 3 h, Ezh2 foci were never observed in nuclei that had
lost Xist and, conversely, were always observed in nuclei with re-
stored Xist clouds. The loss of Ezh2 on Xi was not due to Ezh2
protein turnover (Fig. 3E). Transient displacement of PRC2,
however, does not lead to appreciableH3K27me3 loss within the 1-
to 8-h time frame (Fig. 2F). Thus, PRC2’s localization onto Xi
depends on Xist RNA for both initial targeting and for stable as-
sociation after XCI is established, but the H3K27me3 mark is
stable in the short term when Xist and PRC2 are displaced.
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Given this, we asked whether LNAs affected gene silencing. At
3 h when Xist was maximally displaced, we performed RNA FISH
for Xist and either Pgk1 or Hprt, two X-linked genes subject to
XCI. In control (LNA-Scr) cells, we observed Xist clouds from Xi
and nascent Pgk1 or Hprt transcripts from Xa (Fig. 2G and Fig.
S4). Nucleofection with LNA-C1 and LNA-4978 did not change
the expression pattern, as two foci of Pgk1 transcripts were still
seen in 79% (n = 39) of controls and 80% (n = 36) of LNA–
treated cells, and two foci of Hprt RNAwere seen in 84% (n=44)
of controls and 79% (n = 35) of LNA–treated cells. Four foci of
Pgk1 or Hprt transcripts were never seen. Thus, consistent with
retention of H3K27me3, silencing was not disrupted by transient
loss of Xist and PRC2.

Broader Domain Around Repeat C Is Required for Xist Localization.
We next investigated other conserved repeats within Xist. As re-
peat A has already been shown to be essential for targeting PRC2,
we focused on repeats B, E, and F, and found that Xist localization
was not affected by targeting any repeat individually or in com-
bination (Fig. 3A andB).We also tested conserved unique regions
of Xist, including LNA-726 (between repeats A and F), LNA-
4978, and LNA-5205 (between repeats C and D), and LNA-3′
(distal terminus of Xist) (Fig. 3A). None affected Xist localization
except for LNA-4978, which corresponds to a 15-nt element lo-
cated 280 bp downstream of repeat C (Fig. 3B). LNA-4978 in-
duced effects similar to LNA-C1/C2 but differed by its slower
kinetics. At 1 h, Xist clouds were still visible but appeared faint
and dispersed (78%, n = 125). The number of clouds reached
a minimum at 3 h (25%, n= 158). At 8 h, Xist was visible as small
pinpoints (Fig. 3B; 39%, n = 123). Recovery was not complete
until the 24-h time point. As for repeat C LNAs, loss of Xist was
not due to RNA turnover, as determined by qRT-PCR (Fig. 3C),
and Ezh2 was displaced without affecting H3K27me3 (Fig. 3D) or
change in Ezh2 protein level (Fig. 3E). Therefore, Xist localiza-
tion to chromatin involves a broader region encompassing both
repeat C and a unique region directly downstream of the repeat.
To determine whether the two motifs cooperate, we nucleo-

fected LNA-4978 and LNA-C1 separately or together into MEFs
(Fig. 3 F and G). As expected, treating with LNA-C1 alone
resulted in loss of Xist RNA clouds by 1 h and recovery beginning
at 3 h, and treating with LNA-4978 showed loss and recovery at 3 h

and 8 h, respectively. Treating with both LNAs expanded the
window of Xist depletion: We observed loss of Xist RNA and
Ezh2 by 1 h (as was the case for LNA-C1 alone) and recovery did
not begin until 8 h (as was the case for LNA-4978 alone). Thus, the
LNA effects were additive, not synergistic, as the effects were not
enhanced beyond the widening of the Xist-depleted time window.

Ezh2 Recovery After LNA Nucleofection Is Slow but Uniform Along Xi.
Finally, we asked whether Ezh2 retargeting to Xi closely follows
the piecemeal relocalization of Xist RNA during the recovery
phase. Because PRC2 generally binds near promoters (25, 26), we
analyzed Ezh2 localization at X-gene promoters by quantitative
chromatin immunoprecipitation (qChIP) (Fig. 4A). Although fe-
male cells have two Xs and Ezh2 epitopes pulled down by the
antibody could theoretically come from either Xa or Xi, evidence
indicates that the bulk of Ezh2 andH3K27me3 is bound toXi (21–
24). We observed that Ezh2 was indeed enriched at promoters of
genes that are silenced on Xi (e.g., Xmr and Pgk1), but not at
promoters of genes (e.g., Jarid1c) that escape XCI (Fig. 4B). We
then nucleofected MEF cells with LNA-C1 and performed qChIP
using anti-Ezh2 antibodies between 1 and 24 h. At t = 1 h, Ezh2
levels decreased at all tested gene promoters to background levels
(Fig. 4C), indicating that depletion of promoter-bound Ezh2
closely followed Xist displacement along Xi. At the 3- and 8-h
points, there was a gradual, uniform increase in Ezh2 levels across
all genes, with many genes appearing to have reached saturating
amounts of Ezh2 by t= 8 h. On promoters with the highest levels
of Ezh2 at t= 0 h (Fig. 4B), Ezh2 levels did not fully recover until
24 h (Fig. 4C). In contrast, Ezh2 levels at theEn1 control, a known
autosomal PRC2 target (27), did not change significantly (Fig.
4D). We conclude that Ezh2 levels fall and rise with similar ki-
netics throughout Xi. The loss of Xist RNA and Ezh2 binding
between 1 and 8 h presents a window of opportunity during which
cells could be reprogrammed to achieve novel epigenetic states.

Discussion
Using LNAs, our study has followed the kinetics of Xist and PRC2
localization along Xi. Repeat C region is essential for RNA
binding to chromatin. Targeting this region with LNAs rapidly
disrupts RNA–chromatin interaction and leads to displacement of
Xist RNA without affecting RNA stability. PRC2 is immediately
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Fig. 4. Ezh2 recovery after LNA nucleo-
fection is uniform along Xi but slow in ki-
netics. (A) Schematic representation of X
genes. (B) Ezh2 ChIP analysis at X genes. (C)
ChIP analysis of Ezh2 after LNA nucleo-
fection. *P < 0.05 by the Student’s t test. (D)
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lost from Xi, demonstrating that RNA is required not only to
target PRC2 initially but also to maintain a stable association with
Xi. From a commercial and clinical perspective, the time points
between 1 and 8 h potentially define a window for epigenetic
reprogramming. We envision that, by targeting nuclear lncRNAs,
LNAs or similar polymers might be used to manipulate the
chromatin state of cells in culture or in vivo, by transiently elimi-
nating the regulatoryRNAand associated proteins long enough to
alter the underlying locus for therapeutic purposes.
It is remarkable that targeting a small region within a 17-kb

RNA can produce such dramatic effects. The rapid effects suggest
that the Xist RNA–protein complex may be anchored to Xi
chromatin via repeat C. Alternatively, the LNA’s binding to re-
peat C could change RNA conformation and interfere with a re-
mote anchoring domain. Whereas RNA displacement occurs with
rapidly, the recovery period is prolonged. Although full Xist
clouds are restored within 8 h, the full complement of PRC2 is not
recovered for up to 24 h. This implies that, during the spread of
XCI, synthesis of the RNA is not the rate-limiting step; rather, it is
the recruitment of associated silencing proteins such as PRC2.
The rapid loss of Xist and the slow kinetics of recovery provided
a time frame to investigate Xist’s spreading pattern relative to that
of PRC2. Time-course analysis during the recovery phase indi-
cates that Xist RNA binds most strongly near the Xist locus at first
but spreads to the rest of Xi at the same time. Similarly, PRC2 is
recruited synchronously throughout the X. Interestingly, neither
Xist nor PRC2 levels reach saturation immediately, as the coating
of Xist is not complete until 8 h and binding of PRC2 does not
peak until 24 h. Combined, this analysis implies that establish-
ment of chromosomewide silencing may be relatively slow.
In summary, we have demonstrated that LNAs can be used as

a valuable tool to aid analysis of lncRNAs.Advantages offered by an
LNA-based system are the relatively low costs, easy delivery, and
rapid action. Additionally, LNAs make possible the systematic tar-
geting of domains withinmuch longer nuclear transcripts. Although
a PNA-based system has been described earlier, the effects on Xi
were apparent only after 6 d (13). The LNA technology therefore
brings us a step closer to high-throughput screens for functional
analysis of lncRNAs and also provides a unique tool to manipulate
chromatin states in vivo for therapeutic applications.

Materials and Methods
LNA Nucleofection. A total of 2 × 106 SV40T transformed MEFs were resus-
pended in 100 μL ofMef nucleofector solution (Lonza). Cy3-labeled LNAswere

added to a final concentration of 2 μM. The cells were transfected using the
T-20 program. A total of 2 mL of culture medium was added to the cells and
100 μL of this suspension was plated on one gelatinized 10-well slide per time
point. LNA sequences were designed using Exiqon software (www.exiqon.
com). Modified LNA bases were strategically introduced to maximize target
affinity (Tm) while minimizing self-hybridization score. The LNA sequences
(from 5′ to 3′) were as follows: LNA-Scr, GTGTAACACGTCTATACGCCCA; LNA-
C1, CACTGCATTTTAGCA; LNA-C2, AAGTCAGTATGGAG; LNA-B, AGGGGCTGG-
GGCTGG; LNA-E, ATAGACACACAAAGCA; LNA-F, AAAGCCCGCCAA; LNA-
4978, GCTAAATGCACACAGGG; LNA-5205,CAGTGCAGAGGTTTTT LNA-726,
TGCAATAACTCACAAAACCA; and LNA-3′, ACCCACCCATCCACCCACCC.

Real-Time PCR. Total RNA was extracted after nucleofection using TRIzol
(Invitrogen). Reverse transcriptase reaction was performed using the Su-
perScript II kit and real-time PCR performed on cDNA samples using icycler
SYBR green chemistry (Biorad).

ChIP. ChIP was performed as described earlier (28) and quantitated by qPCR.

Antibodies. The antibodies for various epitopes were purchased as follows:
H3K27me3, ActiveMotif 39535. Ezh2, ActiveMotif 39639 and BD Pharmingen
612666. For immunostaining, H3K27me3 antibodies were used at 1:100 di-
lution and Ezh2 antibodies (BD Pharmingen) at 1:500. Alexa Fluor secondary
antibodies were from Invitrogen. For Western blots, Ezh2 antibodies (BD
Pharmingen) were used at 1:2,000 dilution. Actin antibody (SigmaA2066) was
used at 1:5,000 dilution.

DNA FISH, RNA FISH, and Immunostaining. Cells were grown on gelatinized
glass slides or cytospun. RNA FISH, DNA FISH, serial RNA-DNA FISH, immu-
nostaining, and immunoFISHwere performed as described (24). Xist RNA FISH
was performed using nick-translated pSx9-3 probe or an Xist riboprobe mix-
ture. pSx9-3 was used as probe for Xist DNA FISH. For metaphase spreads,
colchicinewas added to cells for 1 h. Cells were trypsinized and resuspended in
3 mL of 0.056M KCl for 30 min at room temperature, centrifuged, and resus-
pended inmethanol:acetic acid (3:1)fixative. After several changes offixative,
cells were dropped on a chilled slide and processed for RNA or DNA FISH.
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