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Xist recruits the X chromosome to the
nuclear lamina to enable
chromosome-wide silencing
Chun-Kan Chen,1 Mario Blanco,1 Constanza Jackson,1 Erik Aznauryan,1
Noah Ollikainen,1 Christine Surka,1 Amy Chow,1 Andrea Cerase,2
Patrick McDonel,3 Mitchell Guttman1*
The Xist long noncoding RNA orchestrates X chromosome inactivation, a process that entails
chromosome-wide silencing and remodeling of the three-dimensional (3D) structure of the
X chromosome. Yet, it remains unclear whether these changes in nuclear structure are
mediated by Xist and whether they are required for silencing. Here, we show that Xist directly
interacts with the Lamin B receptor, an integral component of the nuclear lamina, and that
this interaction is required for Xist-mediated silencing by recruiting the inactive X to the
nuclear lamina and by doing so enables Xist to spread to actively transcribed genes across
the X. Our results demonstrate that lamina recruitment changes the 3D structure of DNA,
enabling Xist and its silencing proteins to spread across the X to silence transcription.

T

he Xist long noncoding RNA (lncRNA) initiates X chromosome inactivation (XCI), a
process that entails chromosome-wide transcriptional silencing (1) and large-scale remodeling of the three-dimensional (3D)
structure of the X chromosome (2–4), by spreading across the future inactive X chromosome
and excluding RNA polymerase II (PolII) (1, 5).
Xist initially localizes to genomic DNA regions
on the X chromosome that are not actively transcribed (6–8), before spreading to actively transcribed genes (7–9). Deletion of a highly conserved
region of Xist that is required for transcrip-

tional silencing, called the A-repeat (10), leads to
a defect in Xist spreading (7) and spatial exclusion of active genes from the Xist-coated nuclear compartment (9). Whether these structural
changes are required for, or merely a consequence of, transcriptional silencing mediated
by the A-repeat of Xist remains unclear (7, 9).
Recently, we and others identified by means
of mass spectrometry the proteins that interact with Xist (11–13). One of these proteins is
the Lamin B receptor (LBR) (11, 13), a transmembrane protein that is anchored in the
inner nuclear membrane, binds to Lamin B,
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southern Spain turns into desert, deciduous
forests invade most of the mountains, and Mediterranean vegetation replaces most of the
deciduous forests in a large part of the Mediterranean basin. Figure 3H illustrates the variation
from areas without any changes, regardless of
scenario (stable white areas), to areas in which
changes from scenario RCP2.6 already appear
(red areas). As expected, the most-sensitive areas
are those located at the limit between two biomes—
for example, in the mountains at the transition
between temperate and montane forest or in the
southern Mediterranean at the transition between
forest and desert biomes. The map for 4700 yr
B.P., in which the past changes were among the
highest (Fig. 3B), has the largest changes in the
southwest, eastern steppe areas, and the mountains, but these changes are relatively sparse.
Our analysis shows that, in approximately one
century, anthropogenic climate change without
ambitious mitigation policies will likely alter
ecosystems in the Mediterranean in a way that
is without precedent during the past 10 millennia. Despite known uncertainties in climate
models, GHG emission scenarios at the level
of country commitments before the UNFCCC
Paris Agreement will likely lead to the substantial expansion of deserts in much of southern Europe and northern Africa. The highly
ambitious RCP2.6 scenario seems to be the only
possible pathway toward more limited impacts.
Only the coldest RCP2.6L simulations, which
correspond broadly to the 1.5°C target of the
Paris Agreement, allow ecosystem shifts to remain inside the limits experienced during the
Holocene.
This analysis does not account for other human impacts on ecosystems, in addition to climate change (i.e., land-use change, urbanization,
soil degradation, etc.), which have grown in
importance after the mid-Holocene and have
become dominant during the past centuries.
Many of these effects are likely to become even
stronger in the future because of the expanding human population and economic activity.
Most land change processes reduce natural vegetation or they seal or degrade the soils, representing additional effects on ecosystems, which
will enhance, rather than dampen, the biome
shifts toward a drier state than estimated by
this analysis. This assessment shows that, without ambitious climate targets, the potential for
future managed or unmanaged ecosystems to
host biodiversity or deliver services to society is
likely to be greatly reduced by climate change
and direct local effects.
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Fig. 1. LBR requires its RS motif to interact with Xist and silence transcription. (A) Atrx mRNA levels after Xist induction (+dox) relative to preXist (–dox) levels upon knockdown of various nuclear lamina proteins. WT,
scrambled small interfering RNA (siRNA) control; siEMD, Emerin knockdown; siLMNB1, Lamin B1 knockdown; sgLBR, knockdown of LBR by using
dCas9-KRAB (materials and methods). (B) Xist enrichment after immunoprecipitation of a 3x-FLAG–tagged full-length LBR (WT), DRS-LBR, or DTM-LBR
(materials and methods). Error bars indicate SEM from three independent IP
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the observed silencing defect by reestablishing
the DLBS-LBR interaction. To do this, we generated an endogenous DLBS-BoxB Xist RNA (materials and methods) and confirmed that expression
of LBR-lN, but not LBR fused to a different
RNA-binding domain (MS2-coat protein) (19), was
able to rescue the silencing defect observed in
DLBS-BoxB cells (Fig. 2D, fig. S10, and materials
and methods). In contrast, expression of other
silencing proteins fused to lN, such as SHARP
and embryonic ectoderm development (EED),
did not rescue the observed silencing defect (Fig.
2D and fig. S11), demonstrating that the LBRbinding site that overlaps the DA-repeat region
of Xist is required for silencing.
We hypothesized that the Xist-LBR interaction
might be required for recruiting the inactive X
chromosome to the nuclear lamina (4). To test
this, we measured the distance between the Xistcoated nuclear compartment and Lamin B1 in
the nucleus using RNA fluorescence in situ hybridization (FISH), X chromosome paint, and
immunofluorescence (fig. S12A and materials
and methods). Upon Xist induction in wild-type
cells, we found that the Xist compartment overlaps Lamin B1 signal (~90% of cells) (Fig. 3A,
figs. S12 and S13, and note 8). In contrast, upon
LBR knockdown or knockout, DLBS-Xist, or D AXist cells, there was a clear separation between
the Xist-coated compartment and Lamin B1, demonstrating a >20-fold increase in distance relative to wild-type Xist (Fig. 3 and figs. S12 and
S13). Thus, recruitment of the inactive X chromosome to the nuclear lamina is directly mediated by the Xist RNA through its interaction
with LBR.
To determine whether LBR-mediated recruitment of the X chromosome to the nuclear lamina
leads to Xist-mediated transcriptional silencing,
we replaced the Xist-LBR interaction with another protein that interacts with the nuclear
lamina; specifically, we used our endogenous
DLBS-BoxB Xist, which fails to interact with LBR,
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membrane domains (DTM-LBR) (fig. S5) did not
affect Xist binding (Fig. 1B) and was able to
rescue the silencing defect upon knockdown of
LBR (Fig. 1C, figs. S1B and S6, and note 4). To
ensure that DRS-LBR fails to silence X chromosome genes because of its RNA binding ability,
we fused three copies of the viral BoxB RNA
aptamer, which binds tightly to the viral lN coat
protein (17), to the 3′ end of the endogenous
Xist RNA (Xist-BoxB) (fig. S7). Expression of
DRS-LBR-lN in Xist-BoxB cells rescued the silencing defect observed upon LBR knockdown
(Fig. 1D). Together, these results demonstrate
that the Xist-LBR interaction is required for
Xist-mediated transcriptional silencing.
We identified three discrete LBR binding sites
(LBSs) that are spread across >10,000 nucleotides of the Xist RNA (Fig. 2A and materials and
methods, note 5). One LBR binding site (LBS-1)
overlaps the ~900 nucleotide region of Xist required for silencing (DA-repeat region) (Fig. 2A)
(10). We tested LBR binding within a DA-repeat
cell line (10) and found that LBR binding is disrupted across the entire Xist RNA (Fig. 2B), including the LBR binding sites that do not overlap
the DA-repeat region (fig. S8). Because the Xistbinding protein SMRT/HDAC1–associated repressor protein (SHARP, also called Spen) also
binds within the DA-repeat region (Fig. 2A) (12, 18)
and its binding is also disrupted in DA-Xist (Fig.
2B) (12), we generated a mutant Xist that precisely deletes a region within the LBR binding
site that is not within the SHARP binding site
(DLBS-Xist) (Fig. 2A). In DLBS-Xist, LBR binding
was lost across the entire Xist RNA without affecting SHARP binding (Fig. 2B and fig. S8). DLBSXist fails to silence X chromosome transcription
to a similar level, as observed in the DA-Xist (Fig.
2C, figs. S1 and S9, and notes 6 and 7).
To ensure that the observed silencing defect
in DLBS-Xist cells is due to LBR-binding alone
and not disruption of another unknown protein
interaction, we tested whether we could rescue
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experiments. (C) Relative Atrx mRNA expression upon knockdown of the endogenous LBR and expression of full length LBR (WT ), DTM-LBR, or DRS-LBR.
(D) Relative Atrx mRNA expression in Xist-BoxB cells after knockdown of
the endogenous LBR and expression of green fluorescent protein (GFP)–lN
(control), LBR-lN, or DRS-LBR-lN. NS, not significant. ****P < 0.001 relative
to [(A) and (B)] wild-type cells, (C) cells transfected with siRNAs alone [shown
in (A)], or (D) cells transfected with GFP-lN by means of an unpaired twosample t test. Error bars indicate SEM across 50 individual cells.
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and is required for anchoring chromatin to the
nuclear lamina (14)—a nuclear compartment that
helps shape the 3D structure of DNA (15) and
is enriched for silencing proteins (14, 16). Because induction of XCI leads to recruitment of
the inactive X-chromosome to the nuclear lamina
(4), we hypothesized that the Xist-LBR interaction
might be required to shape nuclear structure and
regulate gene expression during XCI.
To test this, we knocked down LBR and measured the expression of five X chromosome genes
and two autosomal genes before and after Xist
induction (supplementary materials, materials
and methods, note 1). Knockdown of LBR led
to a defect in Xist-mediated silencing of these
X chromosome genes but showed no effect
on autosomal genes (Fig. 1A and figs. S1 and
S2). We observed a similar silencing defect upon
knockdown or knockout of LBR in differentiating female embryonic stem cells (fig. S3
and note 2). This silencing defect is not merely
caused by disruption of the nuclear lamina because knockdown of Lamin B1 or Emerin, additional components of the nuclear lamina (14),
had no effect on Xist-mediated silencing (Fig. 1A
and fig. S4).
We hypothesized that the arginine-serine (RS)
motif of LBR might be required for interacting
with Xist (fig. S4A and note 3). A truncated LBR
protein containing a deletion of the RS motif
(DRS-LBR) (fig. S5 and materials and methods)
did not interact with Xist (~97% reduced binding) (Fig. 1B and materials and methods) and
failed to rescue the silencing defect upon knockdown of LBR (Fig. 1C and figs. S1B and S6). In
contrast, deletion of seven of the eight trans-
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Fig. 2. LBR binds to precise regions of the Xist RNA that are required for silencing. (A) Cross-linking
immunoprecipitation (CLIP) data plotted across the Xist RNA for LBR, SHARP, and PTBP1 proteins. The
values represent fold-enrichment at each position on Xist normalized to a size-matched input RNA
control. Input represents the total RNA control for the LBR sample. (Bottom) A schematic of the annotated
repeat regions on the Xist RNA (WT) and the locations of the deleted regions in DA (nucleotides 1–937) and
DLBS (nucleotides 898–1682). (B) Xist RNA enrichment level measured with quantitative reverse transcription polymerase chain reaction after immunoprecipitation of endogenous LBR or SHARP in wild-type,
DA, or DLBS cells. Error bars indicate SEM from four independent immunoprecipitation experiments.
(C) Relative Atrx mRNA expression in wild-type, DA, or DLBS-Xist cells. (D) Expression of DLBS-Xist with a
3x-BoxB fusion (DLBS-BoxB) along with expression of GFP-lN (control), EED-lN, SHARP-lN, or LBR-lN. As
an additional control, we expressed LBR fused with the bacteriophage MS2 coat protein (LBR-MCP). Error
bars indicate SEM across 50 individual cells. NS, not significant. ***P < 0.005, ****P < 0.001 relative to wildtype cells [(B) and (C)], or cells transfected with GFP-lN (D) by means of an unpaired two-sample t test.
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Fig. 3. Xist-mediated recruitment of DNA to the
nuclear lamina is required for transcriptional silencing. (A) Images of Xist (red), Lamin B1 (green), and
4′,6-diamidino-2-phenylindole (DAPI) (blue) across different conditions. Scale bars, 5 mm. (B) The cumulative
frequency distribution of normalized distances between
Xist and Lamin B1 across 40 individual cells across
different conditions. Dashed lines represents a second
independent experiment. (C) Relative Atrx mRNA expression in DLBS-BoxB cells along with expression of
LBR-MCP (control), LBR-lN, or LaminB1-lN. Error bars
indicate SEM across 50 individual cells. NS, not significant. ****P < 0.001 relative to cells transfected with
LBR-MCP by means of an unpaired two-sample t test.
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to create an interaction between Xist and Lamin
B1 (fig. S14A). We expressed a Lamin B1-lN fusion
protein and confirmed that in cells expressing
DLBS-BoxB Xist, the Xist-compartment was recruited to the nuclear lamina to a similar extent
as that observed in wild-type conditions (Fig. 3,
A and B, and fig. S12). Tethering Xist to the nuclear lamina rescues the Xist-silencing defect
observed in DLBS cells to the same extent as
that observed after rescuing directly with LBRlN (Fig. 3C and fig. S14). Thus, Xist-mediated
recruitment of the X chromosome to the nuclear
lamina is required for Xist-mediated transcriptional silencing, and the function of LBR in Xistmediated silencing is to recruit the X chromosome
to the nuclear lamina.
We considered the possibility that recruitment
to the nuclear lamina, a nuclear territory enriched
for silenced DNA and repressive chromatin regulators (14, 16), may act to directly silence transcription on the X chromosome (20, 21). To test
this, we knocked down SHARP, which fails
to silence transcription on the X chromosome
(11, 12, 18, 22), and observed that the Xist-coated
compartment was still localized at the nuclear
lamina, demonstrating a comparable distance
distribution between Xist and Lamin B1 to that
observed for wild-type Xist (Fig. 3, A and B, and
fig. S12). Therefore, Xist-mediated recruitment of
the X chromosome to the nuclear lamina does
not directly lead to transcriptional silencing because the X chromosome can still be transcribed
even when localized at the nuclear lamina.
Instead, we considered the possibility that
LBR-mediated recruitment of the X chromosome
to the nuclear lamina could reposition active
genes into the Xist-coated nuclear compartment,
allowing Xist to spread across the X chromosome.
Indeed, the Xist RNA gradually localizes to genes
that are actively transcribed before initiation of
XCI (7), but deletion of the A-repeat leads to a
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defect in Xist spreading to these actively transcribed regions (7, 9). In DLBS-Xist cells or upon
knockdown of LBR, we observed a strong depletion of Xist RNA localization across regions of
actively transcribed genes, comparable with the
defect observed in DA-Xist cells (Fig. 4, A and B,
and figs. S15 and S16) (7). We found that Xist
RNA localization is even more strongly depleted
over more highly transcribed genes (Fig. 4B).
Knockdown of SHARP, which also binds the Arepeat, did not affect Xist localization (Fig. 4B
and fig. S15). Synthetically tethering DLBS-BoxB
to the nuclear lamina by using a Lamin B1-lN
fusion enables Xist to spread to active genes to
a similar level as that observed in wild-type conditions (Fig. 4B and figs. S15 and S16).
To determine whether this spreading defect
is due to a failure to reposition actively transcribed genes into the Xist-coated compartment,

clusion of RNA PolII are independent functions
that are both required for chromosome-wide
transcriptional silencing.
Our results suggest a model for how Xist
shapes the 3D nuclear structure of the inactive
X chromosome to spread to active genes and
silence chromosome-wide transcription (Fig. 4F
and fig. S19). Xist initially localizes to the core of
the X chromosome territory by localizing at
DNA sites that are in close 3D proximity to its
transcriptional locus (7). These initial Xist localization sites are generally inactive before Xist
induction (6, 7, 9). The Xist-coated DNA, like
other chromosomal DNA regions, will dynamically sample different nuclear locations (23)
and, because Xist binds LBR, will become
tethered at the nuclear lamina when it comes
into spatial proximity. This lamina association
is known to constrain chromosomal mobility

we measured the position of the genomic loci of
three actively transcribed genes relative to the
Xist-coated compartment (Fig. 4C and materials
and methods, note 9). In DLBS cells or upon
knockdown or knockout of LBR, the distance
between the Xist compartment and the loci of
these actively transcribed X chromosome genes
(Gpc4, Mecp2, and Pgk1 loci) were comparable
with the distance between Xist and an autosomal gene (Notch2 locus) (Fig. 4, D and E, and
figs. S17 and S18). Upon knockdown of SHARP,
we found that these actively transcribed loci overlapped the Xist compartment (~80% of cells)
(fig. S17), comparable with the Xist genomic
locus itself (~90% of cells) (fig. S17). Because Xist
can still spread to active genes upon knockdown
of SHARP, which is known to be required for
the exclusion of RNA PolII (11), our results demonstrate that spreading to active genes and ex-
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(24) and by doing so would position the Xistcoated DNA away from the actively transcribed
Xist transcription locus. This would enable other
DNA regions on the X chromosome, which are
physically linked to these tethered regions, to
be brought into closer spatial proximity of the
Xist transcription locus. In this way, Xist and its
silencing factors can spread to these newly
accessible DNA regions on the X chromosome.
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Advanced atherosclerotic lesions contain senescent cells, but the role of these cells
in atherogenesis remains unclear. Using transgenic and pharmacological approaches
to eliminate senescent cells in atherosclerosis-prone low-density lipoprotein
receptor–deficient (Ldlr–/–) mice, we show that these cells are detrimental throughout
disease pathogenesis. We find that foamy macrophages with senescence markers
accumulate in the subendothelial space at the onset of atherosclerosis, where they drive
pathology by increasing expression of key atherogenic and inflammatory cytokines
and chemokines. In advanced lesions, senescent cells promote features of plaque
instability, including elastic fiber degradation and fibrous cap thinning, by heightening
metalloprotease production. Together, these results demonstrate that senescent cells are
key drivers of atheroma formation and maturation and suggest that selective clearance
of these cells by senolytic agents holds promise for the treatment of atherosclerosis.

A

therosclerosis initiates when oxidized lipoprotein infiltrates the subendothelial space
of arteries, often due to aberrantly elevated
levels of apolipoprotein B–containing lipoproteins in the blood (1). Chemotactic signals
arising from activated endothelium and vascular smooth muscle attract circulating monocytes
that develop into lipid-loaded foamy macrophages,
a subset of which adopt a proinflammatory phenotype through a mechanism that is not fully understood. The proinflammatory signals lead to
additional rounds of monocyte recruitment and
accumulation of other inflammatory cells (including T and B cells, dendritic cells, and mast
cells), allowing initial lesions, often termed “fatty
streaks,” to increase in size and develop into
plaques (2). Plaque stability, rather than absolute size, determines whether atherosclerosis
is clinically silent or pathogenic because unstable plaques can rupture and produce vesseloccluding thrombosis and end-organ damage.
Stable plaques have a relatively thick fibrous
cap, which largely consists of vascular smooth
muscle cells (VSMCs) and extracellular matrix
components, partitioning soluble clotting factors in the blood from thrombogenic molecules
in the plaque (3). In advanced disease, plaques
destabilize when elevated local matrix metalloprotease production degrades the fibrous cap,
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increasing the risk of lesion rupture and subsequent thrombosis.
Advanced plaques contain cells with markers
of senescence, a stress response that entails a permanent growth arrest coupled to the robust secretion of numerous biologically active molecules
and is referred to as the senescence-associated
secretory phenotype (SASP). The senescence
markers include elevated senescence-associated
b-galactosidase (SA b-Gal) activity and p16Ink4a,
p53, and p21 expression (4, 5). However, whether
and how senescent cells contribute to atherogenesis remains unclear (6, 7). Human plaques
contain cells with shortened telomeres, which
predispose cells to undergo senescence (8). Consistent with a proatherogenic role of senescence
is the observation that expression of a loss-offunction telomere-binding protein (Trf2) in VSMCs
accelerates plaque growth in the ApoE–/– mouse
model of atherosclerosis, although in vivo evidence for increased senescence in plaques was
not provided. On the other hand, mice lacking
core components of senescence pathways, such
as p53, p21, or p19Arf (7, 9–11), show accelerated
atherosclerosis, implying a protective role for senescence. Studies showing that human and mouse
polymorphisms that reduce expression of p16Ink4a
and p14Arf (p19Arf in mice) correlate with increased atheroma risk support this conclusion
(7, 12, 13). Thus, whether senescent cells accelerate or retard atherogenesis is unclear.
We used genetic and pharmacological methods of eliminating senescent cells to examine the
role of naturally occurring senescent cells at different stages of atherogenesis. First, we verified
that senescent cells accumulate in low-density
lipoprotein receptor–deficient (Ldlr–/–) mice,
a model of atherogenesis. We fed 10-week-old
Ldlr–/– mice a high-fat diet (HFD) for 88 days.
We then performed SA b-Gal staining, which
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Senescent intimal foam cells
are deleterious at all stages
of atherosclerosis
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Plunging into a domain of silence
Female mammals have two X chromosomes. One must be silenced to ''balance'' gene dosage with male XY cells.
The Xist long noncoding RNA coats the inactive X chromosome in female mammalian cells. Chen et al. show that the
Xist RNA helps recruit the X chromosome to the internal rim of the cell nucleus, a region where gene expression is
silenced. Xist is recruited to the domain through an interaction with the Lamin B receptor. This recruitment allows the Xist
RNA to spread across the future inactive X chromosome, shutting down gene expression.
Science, this issue p. 468

