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Early chromosome condensation by XIST builds A-
repeat RNA density that facilitates gene silencing
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In brief

Valledor et al. show that XIST IncRNA
condenses cytoarchitecture before
widespread gene silencing. Surprisingly,
tiny A-repeat RNA alone can rapidly
silence local transcription, but only at
high density. Results support that XIST
impacts scaffold factors early to build a
dense RNA/DNA territory, which
promotes an A-repeat-dependent step
required for silencing.
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A-repeat RNA density that facilitates

gene silencing

Melvys Valledor,"-> Meg Byron,! Brett Dumas,? Dawn M. Carone,® Lisa L. Hall,"-* and Jeanne B. Lawrence' 5"
1Department of Neurology, University of Massachusetts Chan Medical School, Worcester, MA 01655, USA

2Department of Medicine, Boston University Medical Center, Boston, MA 02118, USA

3Department of Biology, Swarthmore College, Swarthmore, PA 19081, USA

“Department of Pediatrics, University of Massachusetts Chan Medical School, Worcester, MA 01655, USA

5Present address: Carbon Biosciences, Waltham, MA 02451, USA
8Lead contact

*Correspondence: lisa.hall@umassmed.edu (L.L.H.), jeanne.lawrence@umassmed.edu (J.B.L.)

https://doi.org/10.1016/j.celrep.2023.112686

SUMMARY

XIST RNA triggers chromosome-wide gene silencing and condenses an active chromosome into a Barr body.
Here, we use inducible human XIST to examine early steps in the process, showing that XIST modifies cy-
toarchitecture before widespread gene silencing. In just 2-4 h, barely visible transcripts populate the large
“sparse zone” surrounding the smaller “dense zone”; importantly, density zones exhibit different chromatin
impacts. Sparse transcripts immediately trigger immunofluorescence for H2AK119ub and ClZ1, a matrix pro-
tein. H3K27me3 appears hours later in the dense zone, which enlarges with chromosome condensation.
Genes examined are silenced after compaction of the RNA/DNA territory. Insights into this come from the
findings that the A-repeat alone can silence genes and rapidly, but only where dense RNA supports sustained
histone deacetylation. We propose that sparse XIST RNA quickly impacts architectural elements to
condense the largely non-coding chromosome, coalescing RNA density that facilitates an unstable,

A-repeat-dependent step required for gene silencing.

INTRODUCTION

Transcriptional silencing of one X chromosome in mammalian
females is a pre-eminent model for epigenetic programming
of facultative heterochromatin, a type of stable gene regulation
inherited from cell to cell. The X-linked human XIST or mouse
Xist gene produces a long (14-17 kb) non-coding RNA that
coats the X chromosome in cis, triggering a cascade of repres-
sive histone modifications for chromosome-wide gene
silencing. This process not only silences active genes but trans-
forms the active chromosome territory to the condensed, het-
erochromatic Barr body.™ Many studies have shown that
Xist RNA recruits numerous histone modifications, although it
remains unclear which specific changes silence gene transcrip-
tion. This study capitalizes on a robust model system to define
changes immediately following human XIST RNA expression
and thereby illuminate key questions not understood for either
human or mouse XIST/Xist. A distinctive goal and contribution
of this study is to examine early changes directly in the struc-
tural context in which XIST RNA functions: the architecture of
a nuclear chromosome territory.

Cytological chromosome condensation might occur as a
by-product of collective silencing of numerous active genes

uuuuu

across a whole chromosome. However, long ago we raised
“the Barr body paradox”: why would such a large dense
body be formed by local condensation of active genes which
comprise only ~10% of chromosomal DNA in a given cell
type?*® More recently we showed that repeat-rich, non-cod-
ing CoT-1 heterogeneous nuclear RNA (hnRNA), which in-
cludes many low-level long non-coding RNAs (IncRNAs),
contribute to an insoluble ribonucleoprotein (RNP) scaffold
that promotes decondensed euchromatin. Hence, XIST RNA
may induce chromosome condensation by impacting this
repeat-rich RNP scaffold.® Furthermore, active coding genes
are non-randomly organized in the geography of chromosome
territories, which are composed largely of non-coding DNA.”*8
Hence, to understand the whole process in the context in
which it occurs, we visualize spatiotemporal relationships be-
tween human XIST RNA distribution, major histone modifica-
tions, silencing of specific genes, and changing chromosome
architecture. This provides a window into poorly understood
aspects of nuclear chromosome structure and epigenome
regulation.

Most studies have investigated mouse Xist function, using fe-
male mouse embryonic stem cells (MESCs) orinducible transgenic
systems. Transcriptional regulation of XIST/Xist is itself highly
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Figure 1. Human XIST RNA spreads rapidly and triggers sequential changes across an initially decondensed chromosome territory
(A and B) In somatic cells the size of Xa and Xi DNA territories are similar (A), whereas in pluripotent cells active chromosome territories are initially much more

decondensed (B).
(C and D) Organization of genes in chromosome territories is non-random. Active genes/pre-mRNAs preferentially associate with SC-35 speckles (C), which are

at the periphery of chromosome territories (D; outlined in red).
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complex, with known species differences.”'® Notably, cultured
human in vitro fertilized (IVF) embryos show initial biallelic XIST
expression that switches to monoallelic expression prior to full
chromosome silencing.'"'? Because human female ESCs or
induced pluripotent stem cells (iPSCs) show anomalies in XIST
expression and X-inactivation,'®>~'® some studies examine XIST
in transformed cell lines, but XIST function is also compromised
in this context. Here, study of human XIST RNA function is enabled
by a human iPSC system carrying a single inducible XIST cDNA (14
kb) targeted into one trisomic chromosome 21 (chr21), which in-
duces comprehensive chromosome-wide gene silencing and the
Xi heterochromatin hallmarks on a chr21 “Barr body.”'**" Impor-
tantly, silencing a trisomic chromosome circumvents creation of a
functional monosomy or nullisomy that selects against cells with
full XIST function; this likely contributes to incomplete silencing
seen in some mouse Xist transgene studies.”” In the trisomic
iPSC system, XIST RNA fully silences the extra autosome,”" in a
several-day timeframe similar to that seen for natural
X-inactivation in mESCs.?® This provides a tractable system to
study the process whereby human XIST RNA fully silences a hu-
man chromosome, beginning in developmentally appropriate
pluripotent cells. As in mouse, in our system XIST expression is
monoallelic from the beginning; however, our results suggest in-
sights relevant to delayed chromosome silencing in IVF embryos,
as will be discussed.

Despite much progress, it remains poorly understood which
specific changes silence gene transcription,”* and the potential
functional role of changing chromosome architecture has
received less attention. Beginning at just 2 h, we examine RNA
distribution in direct relation to changes on individual chromo-
somes at three levels: biochemical, structural, and transcrip-
tional. Among several findings, the first part of this study shows
that very sparse XIST transcripts spread and act quickly, leading
to large-scale condensation of the DNA/RNA territory, which,
importantly, precedes silencing of the several active genes
examined. A proposed concept that may explain this delay in
gene silencing comes from the second part of the study revealing
that a tiny XIST “minigene,” containing just the “A-repeat”
domain (~450 bp), can itself silence local gene transcription.
Numerous mouse studies establish that deletion of the
A-repeat prevents gene silencing®>2%; however, it was not antic-
ipated that this tiny fragment alone could silence endogenous
genes without 96% of the long XIST transcript. Just one study
examined the A-repeat alone in a somatic cell line and concluded
that silencing of endogenous genes required other XIST do-
mains>’; however, here we re-examine this question in an iPSC
developmental context that fully supports XIST RNA function.
We show that the small A-repeat domain is itself sufficient to
initiate local gene silencing of the several neighboring chromo-
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somal genes examined. Other XIST domains are required for
sparse RNA to spread across and condense the large territory
into the Barr body. We further show that A-repeat silencing re-
quires histone deacetylase activity, and this critical step for
gene silencing is RNA density dependent and quickly reversible.
The concept that initiation of gene silencing by XIST/A-repeat is
RNA density dependent leads us to propose a model whereby
earlier condensation of the chromosome coalesces a dense
RNA territory that facilitates A-repeat function in chromosome-
wide gene silencing. Results further suggest that XIST RNA func-
tionincludes early and direct impact on non-histone architectural
elements of the chromosome territory in addition to triggering
histone modifications.

RESULTS

To investigate the inter-relationships between spread of human
XIST RNA and changes to overall architecture, histone modifica-
tions, and transcriptional gene silencing, we examined RNA,
DNA, and proteins on individual inactivating chromosomes in hu-
man iPSCs using molecular cytology. The importance of under-
standing XIST RNA function in the direct nuclear context is best
appreciated by recognizing two major aspects of chromosome
territory architecture. The first concerns the initial size of the ter-
ritory across which XIST transcripts must spread and the magni-
tude of overall condensation induced by XIST. As typically
observed in somatic cells, the inactive X chromosome (Xi) DNA
territory appears only modestly smaller than the active X chro-
mosome (Xa) (Figure 1A), but the process begins in pluripotent
cells which have highly decondensed chromatin. As illustrated
in human H9 ESCs, '’ the Xa territory is strikingly decondensed
and large compared with the compacted Xi (Figure 1B). Asecond
important structural consideration is that chromosomes
comprise mostly non-coding DNA and the canonical genes are
non-randomly organized; as we earlier showed, many active
genes congregate with nuclear speckles rich in SC35 and
splicing factors (Figure 1C),>°%*" as affirmed in genomic-scale
studies.®*? Since speckles typically reside in interchromosomal
regions (Figure 1D), the more active genes and pre-mRNA tran-
scription is largely in the territory periphery.**>* These consider-
ations provide important perspective for findings presented
below: XIST RNA must function across broad physical space
to enact large-scale structural transformation and silence active
genes chromosome-wide.

Human XIST RNA triggers H2AK119ub within 2 h
followed by H3K27me3, H4K20me, and macroH2A

To examine distinct steps in the process, we synchronously
induced XIST on chr21, which comprehensively silences the

(E-K) (E-H) Histone marks triggered by human XIST RNA over a 7-day time course (comparing pluripotent and differentiating cells). In this experiment the marks
were scored without an XIST reference and not all cells expressed XIST with dox induction. (I-K) Example images.

(L-N) (L) Hourly time course of H2AK119ub and H3K27me3 quantified with XIST RNA in expressing cells, with example images shown in (M) and (N).

(O) Very sparse XIST transcripts spread rapidly across large nuclear territory that can be masked by DAPI stain, thus sparse XIST paints are outlined below.
Heatmap of enlarged territory in inset (for more details see supplemental information).

(P) Sparse XIST transcripts create punctate signals, as evident in inset and marked in schematic on the right.

(Q) Fully dispersed XIST transcripts released from chromosome by tautomycin.

DNA (DAPI) is in blue. Error bars denote SD from the mean. See STAR Methods for information on replicates. Scale bars, 5 pm.
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~300 genes across the chromosome in both pluripotent'®?" and

neural differentiated cells,”® and compacts the chr21 territory
(Figure S1A). For days 1-7 we visualized with XIST RNA four ca-
nonical heterochromatin hallmarks, H3K27me3, H2AK119ub,
H4K20me and macroH2A, for which immunofluorescence allows
sensitive detection of bright signals against a dark nuclear back-
ground, clearly indicating a territory enriched for that chromatin
modification (e.g., Figures 11-1K, 1M, and 1N).

We initially compared cells maintained as pluripotent or al-
lowed to differentiate after XIST induction, which would reveal
whether timing or presence of any of these modifications is dif-
ferentiation dependent. Interestingly, all marks appeared with
similar kinetics in pluripotent versus differentiating cells, except
for macroH2A, which generally accumulated after the switch to
differentiation conditions (Figures 1E-1H), although there was
some variability in this (Figures S1B and S1C). Even in differenti-
ating cultures, macroH2A lagged H4K20me by about 2 days,
hence macroH2A is later and more differentiation dependent
(Figures 1G-1K). H4K20me and macroH2A appear after
H2AK119ub and H3K27me3, which are detected by day 1 inde-
pendent of differentiation (Figures 1E-1H).

To assess whether H2AK119ub or H3K27me3 comes first, we
examined cells just 2, 4, and 8 h post induction. Since not all cells
induce XIST (due to transgene silencing), in this analysis we
scored only XIST-expressing cells. Earlier reports in mouse sug-
gested that Xist RNA recruits PRC2 first (for H3K27me3), fol-
lowed by PRC1 (for H2AK119ub),*® reflecting their canonical
relationship, while subsequent studies report that H2AK119ub
enriched first.>*>” We see a clear temporal difference, with
H2AK119ub enriched in 71%, 93%, and 98% of cells at just 2,
4, and 8 h, respectively (Figures 1L and 1M). In contrast, only
~24% of cells showed H3K27me3 enrichment by 8 h
(Figures 1L and 1N), affirmed in multiple experiments (and
different XIST transgenic clones). Hence, human XIST RNA trig-
gered H2AK119ub several hours before H3K27me3, consistent
with evidence that PRC1 is already present.??%¢:38

XIST RNA rapidly spreads and triggers H2Aub across
large “sparse zone,” while H3K27me3 concentrates in
small “dense zone”

Examination of XIST RNA 2 h after adding doxycycline (dox) re-
vealed how rapidly XIST transcripts spread across a large but
discrete nuclear territory. XIST quickly forms a small intense
transcription focus, but sensitive RNA fluorescence in situ hy-
bridization (FISH) also consistently detects very low levels of
XIST transcripts that spread much further within 4 h, defining a
much larger (~10-20x%) than the bright RNA focus (Figures 10,
1P, and 2A-2D). These sparse transcripts are visible through
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the microscope but are masked by DAPI staining or digital imag-
ing often dominated by brighter signal (Figure 10); sparse tran-
scripts are seen at early time points and their detection requires
optimal RNA preservation, hybridization, and detection. By 4 h
most cells show this larger region of sparse punctate signal we
term the “sparse zone,” which surrounds a smaller bright RNA
accumulation (including transcription focus), the “dense zone,”
with this consistent pattern evident in large fields of cells (Fig-
ure S1D). Sparse transcripts spread in a delimited region, unlike
fully dispersed XIST RNA released from chromatin by brief (4 h)
treatment with tautomycin®® (Figure 1Q). Computer-generated
heatmaps also demonstrate this larger low-intensity zone (~5x
lower) (Figures 10, S1D, and 2A-2C), although quantifying this
is difficult because the sparse-zone signal is distinctly punctate
(Figures 10 and 1P), unlike the more “solid” dense RNA territory
at later times (Figures 2D and S1E). In Figures 1P and 2 a dot
marks each punctum, with a distribution similar to a recent report
estimating 50-200 XIST transcripts.*® Our FISH results indicate
XIST puncta in this upper range, and 200-300 transcripts per
cell is consistent with our estimates (not shown) of XIST RNA
relative to known abundant transcripts in our RNA-sequencing
(RNA-seq) data.”’

An important point is that XIST RNA levels plateau early; hence,
cytological RNA density is built by compaction and not more tran-
scription. Rodermund et al. reported that Xist RNA levels plateau
after ~5 h and concluded that there are limited binding sites and
unbound transcripts which rapidly degrade.*® Supporting this,
our microfluorimetry of RNA signals (see STAR Methods) showed
no substantial change between 24 h and 7 days. The degradation
of unbound transcripts likely explains why XIST RNA FISH appears
so similar between individual cells, cell types, and even different
model systems, including between human H9 ESCs and our induc-
ible transgenic iPSCs (Figures S2A-S2C), our different transgenic
clones (Figures S2E and S2F), and pluripotent versus differentiated
cells. To assess whether XIST transcription level impacts RNA dis-
tribution, we varied dox concentrations over a 20-fold range (from
50to 1,000 ng/mL); as shownin Figures 2E, 2F, and S2G, the same
pattern of large sparse and small dense zones was seen (as with
the 500 ng/mL routinely used). In addition, we quantified large
RNA sparse zones that compacted with time in mESCs induced
for transgenic Xist*' (Figures 2G and S2H), and preliminary obser-
vations also suggest that this may occur in asynchronous mouse
embryos (Figures S21 and S2J).

Most importantly, findings here make the critical point that
these very sparse transcripts are not just inconsequential drifting
RNA: they rapidly interact and modify chromatin. In just 2-4 h,
H2AK119ub brightly decorates the whole XIST RNA territory
including the sparse zone (Figures 2H, 2I, 2K, and S3A-S3C), a

Figure 2. Sparse XIST transcripts spread broadly within hours and alter chromatin differently in regions of high and low density

(A-D) XIST RNA rapidly spreads away from transcription focus at low levels across distended chromosome territory during the first hours of dox induction. The
small XIST “dense zone” (A-C: red line in drawing) expands until a large condensed XIST RNA paint encompasses the chromosome (D). Heatmaps of XIST RNA
FISH, on the right, demarcate low-intensity zones in green and high-density zones in red to white.

(E and F) Sparse XIST RNA zone is also detected at lower dox concentration.

(G) Sparse Xist RNA zone seen on transgenic mESC chromosome territories.

(H-K) Very low-level XIST RNA immediately triggers broad H2AK119ub modification, whereas H3K27me3 concentrates with dense zone. Broad H2AK119ub vs.
limited H3K27me3 relative to XIST RNA distribution is further evident in line scans (K).
DNA (DAPI) is in blue. See STAR Methods for information on replicates. Scale bars, 5 pm.
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consistent pattern shown in large fields of cells (Figure S3A). H2A
ubiquitination shows striking spatial and temporal connection to
barely detectable XIST RNA. In contrast, H3K27me3 appears
later, more limited to the dense zone (Figures 2J, 2K, S3D, and
S3E). As further evidenced below, these findings provided the
initial indication that cytological density of RNA within the terri-
tory is a determinant of its impact on that region, with RNA den-
sity less limiting for H2AK119ub than H3K27me3.

We conclude that the sparse zone shown here comprises
functional XIST transcripts that quickly spread and modify a
larger nuclear territory than may be widely recognized. Results
point to RNA density distribution in the chromosome territory
as a significant parameter that influences its functional effects.

XIST RNA triggers condensation of the DNA/RNA
territory before chromosome-wide gene silencing

In addition to silencing genes, XIST triggers compaction of the
DNA/RNA territory to form the Barr body painted by a dense
accumulation of XIST RNA. We examined the temporal relation-
ship between gene silencing and changes to large-scale archi-
tecture in three ways: coalescence of the RNA territory, DNA
condensation into the Barr body, and formation of the CoT-1
RNA void that marks the Barr body. Between days 1 and 3 the
sparse zone coalesces into the uniformly dense XIST RNA accu-
mulation typical of somatic cells by day 3 (Figures 2A-2D, S1D,
and S1E), coinciding with Barr body formation.** Hence, cytolog-
ical density of XIST RNA increases via chromosome contraction.

The Barr body is visible in many cells by DNA stain (DAPI), but
percent detection varies between preparations (Figures S4A-
S4C). Therefore, we used the CoT-1 RNA assay, which several
studies show reliably delineates the Barr body (Figures S4D-
S4G). CoT-1 RNA coats decondensed euchromatin but is
depleted from heterochromatin, forming a distinct “CoT-1 RNA
hole” over the Barr body®***° (e.g., Figures 3C and 3F). Scoring
CoT-1RNA at different time points (Figures 3A-3C), we found that
by day 1 aCoT-1 RNA hole/Barr body was seen in many cells, and
by day 3 this was as prominent (and frequent) as at day 5. While
significant CoT-1 RNA loss over the inactivating chromosome
was often apparent at day 1, at earlier hours only a small subset
of cells showed any discernible CoT-1 RNA loss, primarily in
the small dense zone (Figures 3B, S4D, and S4E), where DNA
condensation apparently begins (Figures 3H and S4H).

On parallel slides we scored silencing of several protein-coding
genes using RNA FISH to detect allele-specific expression of
transcription foci (TFs)*>** (Figures 3D and 3E). Using genomic
probes for four active genes which map widely across the chro-
mosome (Figure 3E), we quantified silencing at days 1, 3, 5, and
7. In contrast to substantial CoT-1 RNA reduction at day 1, all
four genes continued to exhibit TFs from the XIST-associated
allele in these rapidly dividing cells. Appreciable silencing was
not seen until day 3 when many cells still exhibited TFs
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(Figures 3F, 3G, and S41-S4L), in contrast to full silencing after
day 5 (Figure 3E). Hence, using CoT-1 RNA loss as a proxy for
the Barr body, architectural condensation occurs prior to
silencing genes examined.

These results predict that at day 3 many cells still have TFs
associated with a prominent Barr body. This was directly shown
in individual cells dual-labeled with DAPI-DNA showing a dense
body coincident with a CoT-1 RNA void, which is also associated
with a transcription focus for the APP gene (Figures 3F, S4l, and
S4J). In samples with favorable DAPI staining (Figures 3G, S4K,
and S4L), 83% of cells showed a DAPI-dense Barr body at day 3,
and half (49%) of these Barr bodies were still associated with a
transcription focus. This further demonstrates chromosome
compaction before gene silencing, reinforcing the kinetics of
CoT-1 RNA/gene silencing in the cell population (Figures 3B,
3G, and 3I). Thus, chromosome condensation begins early and
is essentially complete about a day before long-range silencing
of the canonical genes.

XIST rapidly impacts CIZ1 and may directly affect
architectural scaffold proteins

The aforementioned findings show a substantial lag between
rapid spread of XIST RNA and gene silencing, during which cyto-
logical-scale condensation occurs. While histone modifications
are heavily studied, IncRNAs can also serve an architectural
role in forming cytological-scale structures, as reviewed by
Smith et al.? We earlier suggested that XIST RNA is bound with
a nuclear matrix*? and recently developed a more selective nu-
clear fractionation to demonstrate that XIST RNA is embedded
with an insoluble RNP scaffold/matrix, which persists indepen-
dent of DNA removal.® SAF-A and CIZ1 are two matrix proteins
thought to tether XIST RNA to localize histone modifica-
tions*®™*%; however, XIST RNA function could include more
direct effects on nuclear architectural elements.

SAF-A is known to be broadly present across chromatin of so-
matic cells, and we show a similar distribution in iPSCs (Fig-
ure 4A). ClIZ1 is also widely expressed, but we found that iPSCs
lack significant CIZ1 staining prior to XIST induction (Figure 4B).
Upon induction, a bright CIZ1 territory rapidly appears within just
2 h across both sparse and dense zones where there is any trace
of RNA (Figures 4B-4D). Costaining of ClZ1 and H2AK119ub
showed both CIZ1 and H2AK119ub in the large sparse RNA ter-
ritory, and scoring showed essentially indistinguishable rapid ki-
netics (Figures 4C, 4E, and S5A). In contrast, costaining with
H3K27me3 showed that ClZ1 appears first, in a region ~2.5
times larger than H3K27me3 (Figures 4F, 4G, and S5B-S5E),
and a slight punctate H3K27me3 signal was only occasionally
evident in the sparse zone at early time points (Figure S5D).

Given the lack of ClZ1 staining before induction, it was surpris-
ing that a robust accumulation of CIZ1 appeared so quickly; this
is difficult to reconcile with XIST RNA inducing CIZ1 expression

D) Active transcription is ongoing even when sparse XIST transcripts paint the chromosome.
E) Scored in parallel cultures as in (A), few cells exhibit complete silencing (off) by day 3, but at days 5 and 7 these genes are now silenced in many cells.

H) Active gene transcription on inactivating chr21 with CoT-1 hole, compacted XIST RNA paint, and condensed Barr body.

(
(
(F and G) A large dense DNA body lacking CoT-1 RNA (arrow) formed by 3 days is often still associated with an expressed transcription focus (APP).
(
(

1) Genes remain expressed in region of lower-density XIST RNA.

DNA (DAPI) is in blue. Error bars denote SD from the mean. See STAR Methods for information on replicates. Scale bars, 5 pm.
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and recruiting newly synthesized protein to the chromosome.
Supporting this, RNA-seq data from our iPSCs and endothelial
and neural derivatives®' shows CIZ1 mRNA clearly expressed
in iPSCs irrespective of XIST induction, and only modestly higher
in differentiated cells (Figure 4H). Additionally, earlier studies
showed that CIZ1 binds DNA*® and is present broadly in nuclei
but only detectable by immunofluorescence (IF) (with two anti-
bodies) after chromatin removal via a matrix protocol®; hence,
it was concluded that the CIZ1 epitope is masked by interaction
with DNA.*"*" Thus, we suggest that rather than XIST RNA re-
cruiting ClZ1, ClIZ1 is already present, but the epitope detected
by a monoclonal antibody to the zinc finger region (DNA-binding
domain) is masked in pluripotent cells, except when interacting
with XIST RNA.

This concept that XIST RNA likely modifies and reveals a CIZ1
epitope in situ is reinforced by findings with SAF-A from the
Fackelmayer lab, and recently our lab; SAF-A is enriched with
XIST RNA on the Xi, but SAF-A is masked specifically on Xi un-
less an epitope is revealed by nuclear matrix fractionation, anti-
gen retrieval methods, or a GFP tag.®“%>? Interestingly, XIST
RNA does not itself bind and directly modify histones, but the
RNA does bind these scaffold/matrix proteins, which have
both RNA- and DNA-binding domains.*®*” Thus, XIST may
directly impact the nuclear scaffold, altering the architecture of
the DNA/RNA territory.

Figure 41 summarizes the above findings on full-length human
XIST RNA and highlights a larger theme: within 2 h XIST RNA
spreads widely at low levels, immediately impacts certain histone
and non-histone chromosomal proteins, and remodels architec-
ture well before chromosome-wide silencing of many protein-
coding genes. While we saw few differences with differentiating
cells, Figures S5F-S5H summarize that peripheral lamina associ-
ation was only seen after differentiation (for chr21 or X-chr in hu-
man ESCs); hence, we suggest that peripheral lamina localization
may be important for this stable state but is not required for gene
silencing.

Dense RNA foci of just the small A-repeat domain can
silence transcription of local endogenous genes

We further investigated a small domain of XIST with surprising
and important findings, which also suggest an explanation for
why gene silencing lags architectural condensation. Numerous
mMESC studies show that deletion of the A-repeat disrupts gene
silencing function of this long RNA.?>°%>* While the A-repeat is
clearly required, here we investigate the reciprocal question:
might the tiny (450 bp) A-repeat itself be sufficient to repress
endogenous loci in cis? One previous study examined this in hu-
man HT1080 fibrosarcoma cells using gRT-PCR and found that
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A-repeat RNA could partially repress the GFP reporter on the
same plasmid, but, importantly, could not significantly repress
even immediately proximal endogenous loci (100 kb to 3 Mb
away).” Hence, it was concluded that sequences within the
missing 96% of full-length XIST RNA are required. Since
silencing by XIST is substantially compromised in HT1080
cells,*®*® we investigated this question further in the iPSC devel-
opmental context, where XIST function is optimal. We employed
the same inducible promoter, insertion site, and iPSCs (Fig-
ure 5A) as for full-length (14 kb) XIST (fIXIST)'® engineering an
inducible 450-bp A-repeat “minigene,” and isolated two clones
(with similar findings for both). A red fluorescent protein (RFP)
gene under EF1a promoter was included downstream of
A-repeat, and correct insertion (into chr21 DYRK1A intron) was
confirmed by two-color FISH (Figure 5B) and PCR (Figure S6A).

Considering it was not examined previously, A-repeat RNA
distribution was of interest. The A-repeat minigene produced a
much smaller but intense RNA accumulation (Figure 5C), which
occupies an area covering just ~4%-5% of the fIXIST RNA ter-
ritory. Bright focal signal indicates high density of this small
sequence at the transcription site, but A-repeat RNA did not
spread and localize across the chromosome territory. Induction
of A-repeat RNA was able to silence the immediately adjacent
RFP reporter under a separate promoter (1.7 kb away), as dox-
treated cell colonies lost red fluorescence (Figure 5D), support-
ing the results of Minks et al.?® Note that a subset of cells did
not lose the RFP, as they did not induce A-repeat RNA due to
stochastic silencing of the tet activator (see STAR Methods)
(Figures 5D and 5J); this proved useful as an internal negative
control (see below).

RFP and A-repeat transgenes are adjacent on the plasmid, but
a distinct question is whether the 450-bp transcript, expressed
from the DYRK1A intron, can repress that gene’s endogenous
promoter 90 kb away, and potentially other nearby endogenous
loci (see map in Figure S6B). This was evaluated using RNA/RNA
FISH to visualize allele-specific TFs. Uninduced cultures show
three DYRK1A RNA foci in essentially all cells, affirming that
insertion into the intron does not affect DYRK1A transcription
(Figure 5B). Eight days after dox induction, the DYRK1A allele
in cis with A-repeat was silenced in 83% of cells (Figures 5E,
5@G, and S6C), whereas RNA foci from the other two alleles re-
mained. For the tandem RFP reporter (or GFP in Minks
et al.?%), it is more difficult to rule out that transcription effects
are via steric hindrance, but the DYRK1A promoter is 90 kb
away. Furthermore, bright RFP TFs (in uninduced cells), pro-
duced from the same site, had no repressive effect on
DYRK1A (Figure 5B), providing the initial evidence that the small
A-repeat RNA can silence an endogenous locus.

Figure 4. XIST RNA interacts with scaffold factors and rapidly impacts CIZ1
(A and B) Scaffold/matrix protein SAF-A is detected by IF throughout nuclear chromatin in uninduced iPSCs, whereas CIZ1 is only detected when XIST RNA is

present.

(C-E) In just 2 h sparse XIST transcripts trigger IF for CIZ1 and H2AK119ub across a large sparse zone.
(F and G) Co-IF showing CIZ1 detected across the initially distended sparse RNA zone, whereas H3K27me3 accumulates in the expanding dense zone.

(H) XIST RNA expression has no effect on CIZ1 mRNA levels.

(I) Schematic summary of results indicating the relative temporal order of changes triggered by human XIST RNA on inactivating chromosome (times are

approximate).

DNA (DAPI) is in blue. Error bars denote SD from the mean. See STAR Methods for information on replicates. Scale bars, 5 pm.
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Figure 5. Small dense RNA foci of A-repeat domain can silence transcription of several neighboring endogenous loci

(A) Transgene with human XIST A-repeat under dox inducible promoter and RFP under constitutive promoter, inserted into chr21 DYRK1A intron.

(B) Transcription focus (TF) of RFP transgene colocalizes with TF of one DYRK1A allele.

(C) A-repeat RNA forms small bright focal accumulations and does not spread like XIST RNA (graph of signal areas). Signal difference was significant by unpaired

t test.

(D) RFP expression drops after induction of A-repeat RNA. Note that some cells do not respond to dox.

(E-H) A-repeat RNA represses nearby gene alleles in cis (e.g., arrows DYRK1A [E] and DSCR3 [F]), but does not repress more distal APP locus (H).

(I) Fraction of nuclei with undetectable/diminished DYRK1A TF in cis with A-repeat, compared with the other two alleles.

(J) A-repeat transcripts disperse across the nucleus at significant levels in many cells.

DNA (DAPI) in blue. Error bars denote SD from the mean. See STAR Methods for information on replicates. Scale bars represent 5 um unless otherwise indicated.

Therefore, we generated genomic probes for two nearby ex-
pressed genes further from the integration site, DSCR3 (191 kb
away) and TTC3 (385 kb away) (Figure S6B). Since TF strength
varies (with, e.g., gene size and intron content), we first quantified
detection efficiencies (see STAR Methods and Figures S6D, S6E,
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and S6l), which were 59% and 50% for DSCR3 and TTC3, respec-
tively (Figure 5G). Dox-induced samples showed TFs at the
A-repeat associated allele (Figures 5F, 5G, and S6E), dropping
by 82% for DSCR3 and 83% for TTC3. Given these surprising re-
sults, we examined two other nearby expressed genes, PIG1
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(385 kb away) and HLCS (468 kb away) for which detection effi-
ciency was somewhat lower (Figures S6F and S6G) but, nonethe-
less, upon induction, TFs at the A-repeat allele dropped ~46% and
74%, respectively (Figure 5G). While silencing efficiency may
decline across this distance, gene silencing still occurred in
many cells for loci a few hundred kilobases from the insertion
site. We also examined a more distal gene, APP (11 Mb away),
and in this case three TFs were always detected after inducing
the A-repeat, with no reduction in size or intensity of RNA from
the allele nearest the A-repeat RNA (Figures 5G, 5H, and S6H).

We conclude that, in developmentally appropriate cells, the
A-repeat fragment alone can silence transcription of endogenous
genes, limited to the “local chromosomal neighborhood” of the
dense RNA foci (shown here for a region ~500 kb) with no effect
on a distant locus. Surprisingly, this tiny 450-bp fragment retains
this functionality without 96% of the XIST transcript.

A few other observations are relevant to other findings dis-
cussed below. First, since A-repeat transcripts do not spread, a
focal concentration may form and silence genes rapidly. Hence,
we examined cells induced for 2 h and found that bright
A-repeat RNA foci had formed and repressed the DYRK1A allele
(Figure 5I). Thus, these dense RNA foci can very quickly silence
nearby gene transcription. Second, many cells had dense RNA
foci and visible transcripts dispersed throughout the nucleo-
plasm (Figure 5J). Unlike RFP mRNA, A-repeat RNA is not de-
tected in the cytoplasm and thus may not be exported
(Figures S6J and S6K). With transcriptional inhibition, A-repeat
RNA foci are gone by 30 min, whereas nucleoplasmic signal be-
comes undetectable after an hour (Figures S6L and S6M). Hence,
newly synthesized A-repeat transcripts accumulate briefly in
dense RNA foci that can repress nearby genes, but otherwise
these transcripts are free to disperse through the nucleus.

Dense A-repeat RNA and continual histone deacetylase
activity are required to initiate and maintain gene
silencing
The aforesaid results show that the A-repeat RNA itself can silence
genes and can do so rapidly. Since fIXIST RNA contains the
A-repeat and spreads widely within hours, why does it not silence
genes quickly (Figure 3I)? The sparse fIXIST RNA clearly modifies
H2A and ClIZ1 within just 2 h, yet it took days to silence the genes
examined, and this occurred only after RNA territory coalescence.
To gain insight into this conundrum, we considered how the
A-repeat functions. The A-repeat region in fIXIST has been impli-
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cated in histone deacetylation and chromosome organization
with the nuclear lamina. Several studies support that the
A-repeat in fIXIST recruits histone deacetylases (HDACs) for
H3K27 deacetylation via SPEN, which is important for the chro-
mosome silencing process.??>4:%6:38:55 |t was also reported that
the A-repeat region binds the lamin B receptor (LBF!),55 which is
thought to tether the chromosome to the peripheral lamina in a
manner required for gene silencing.®® However, as noted above,
in our system chromosome silencing by fIXIST occurs without
movement to the peripheral lamina in pluripotent cells (see Fig-
ure S5F). Furthermore, A-repeat RNA foci do not move to the pe-
riphery in pluripotent or differentiated cells (Figure S7A) but still
repress genes locally (e.g., Figure 5G).

Hence, we focused on whether this 450-bp fragment acts via his-
tone deacetylation, using trichostatin A (TSA) inhibition of HDACs.
Just a4-h TSAtreatment rapidly increases H3K27ac across the nu-
cleus (Figures 6A and 6B). The fact that histone reacetylation oc-
curs so quickly illuminates the dynamic nature of the ongoing bal-
ance between histone acetylation/deacetylation, a point important
for findings below and our model described in the discussion. TSA
treatment of iPSCs, started concomitantly with dox induction,
clearly prevented gene silencing (Figures 6E and S7B); thus, this
isolated RNA fragment still functions via histone deacetylation.
Importantly, if TSA was added days after inducing A-repeat RNA
the gene became expressed, demonstrating that continual HDAC
activity was required to maintain gene silencing; this defines an
“HDAC-dependent” state (Figures 6C-6E and S7C). A funda-
mental difference is seen with fIXIST RNA (Figures 6F, S7D, and
S7E) where HDAC activity is required to initiate gene silencing
but not to maintain it. This defines an “HDAC-independent” state,
indicating that other modifications by fIXIST RNA block reacetyla-
tion, such as subsequent methylation of the same H3K27 residue.
Note that this is distinct from the “XIST-independent silent state”
that occurs only after differentiation.

Our ability to examine A-repeat function apart from other XIST
effects reveals that the required A-repeat-dependent step is not
a stable epigenetic change but a highly dynamic and reversible
one. Unlike stable epigenomic changes, transcriptional modula-
tion depends on the balance between histone acetylation and
deacetylation,®”*®which will depend on the local concentration
of factors involved in these countervailing processes. In light of
this, we further considered how A-repeat RNA density likely im-
pacts this balance by examining the many cells noted above that
contain lower levels of A-repeat RNA across the nucleoplasm

Figure 6. Gene silencing requires effective histone deacetylation and depends on high local density of A-repeat RNA
(A and B) Nuclear H3K27ac markedly increases with just a 4-h 10 uM TSA inhibition of HDACs, compared with DMSO-treated controls.

(C-E) HDAC inhibition impairs A-repeat RNA-mediated transcriptional repression of DYRK1A gene during both initiation of silencing (simultaneous dox and
5-10 pM TSA) and after silencing is established by 7 days of dox (significant by two-way ANOVA). Panels on right (C and D) have A-repeat signal removed to show
gene TF (arrows in C and D indicate transgenic locus).

(F) HDAC inhibition impairs XIST RNA-mediated gene silencing (DYRK1A) only during initiation of silencing but not after silencing has been established (APP).
Initiation vs Post Silencing groups were significantly different by two-way ANOVA.

(G-1) Readily detectable but lower levels of dispersed A-repeat RNA had no discernible effect on nuclear levels for H3K27ac (G), nor CoT-1 RNA levels (H) or
specific gene TFs (I) when compared with adjacent cells lacking A-repeat expression. Cells lacking A-repeat RNA in (G) are circled in red in the graph. Unpaired
t-test shows no significant difference (ns) in graphs (H and I).

(J-L) A prominent “hole” in the nucleoplasmic H3K27ac signal encompasses the entire H2AK119ub territory in cells with silenced chromosome (shown for 7 days
post induction) (J), while a smaller “dip” in the H3K27ac signal is seen primarily at the center of the H2AK119ub territory at earlier time points (K and L).

(M) Full-length XIST RNA can repress the adjacent (90 kb away) DYRK1A promoter within hours.

DNA (DAPI) in blue. Error bars denote SD from the mean. See STAR Methods for information on replicates. Scale bars represent 5 um unless otherwise indicated.
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(in addition to dense RNA foci). Comparing these cells directly
with neighboring cells that lack any A-repeat expression allowed
us to examine whether lower but significant levels of A-repeat
RNA had a detectable effect on nuclear H3K27acetylation levels,
specific gene TFs, or CoT-1 RNA. Based on visual inspection as
well as microfluorimetric analysis, cells with substantial
dispersed A-repeat RNA had no discernible reduction in
H3K27ac (Figure 6G) or CoT-1 RNA intensity levels (Figures 6H
and S7F). Figure 6l illustrates that the two other alleles in nuclei
with substantial dispersed A-repeat RNA show no diminution
relative to adjacent control cells. This is reinforced from the
above analysis of specific genes, in which only TFs from
A-repeat linked alleles were repressed.

Finally, costaining for H3K27ac and H2AK119ub further sup-
ports that histone deacetylation appears more slowly and den-
sity limited than ubiquitination. On a fully silenced chromosome,
the loss of H3K27ac creates a prominent dark “acetylation void”
over the chromosome (Figure 6J). However, during early hours,
when H2AK119ub is bright across the large sparse territory,
chromosome-wide decrease in histone acetylation is barely
discernible by IF, although a dip in acetylation is evident over
the small dense RNA zone, seen in all of the 25 cells scored
(Figures 6K [inset] and 6L). Consistent with this, we tested the
DYRK1A gene, which occupies an unusual location at the dense
epicenter of fIXIST expression, and found that it is repressed
more rapidly than the genes tested above (Figure 6M).

Understanding these properties of A-repeat RNA function is it-
self significant, but findings also suggest a plausible explanation
for a central point shown for fIXIST RNA: that it acts to compact
the DNA territory, and thus build RNA density, before chromo-
some-wide silencing of actively expressed genes.

DISCUSSION

This study provides significant findings regarding steps in
whole-chromosome silencing by human XIST RNA, and in
addition demonstrates surprising and impactful results
regarding the A-repeat minigene. The unanticipated finding
that a tiny XIST fragment can silence gene transcription has
translational implications, such as for Down syndrome and
small duplication disorders, and this important aspect is the
subject of ongoing studies and will be discussed elsewhere.
Here we focus on how findings with the A-repeat XIST minigene
informs understanding of the function of full-length XIST RNA.
Based on our collective results, we will propose a model
whereby XIST RNA acts early to condense chromosome archi-
tecture to build RNA density which facilitates, rather than just
reflects, initiation of chromosome-wide silencing of actively ex-
pressed genes.

XIST RNA induces a condensed Barr body before
chromosome-wide gene silencing

The inducible XIST iPSC system made it possible to investigate,
with high temporal and spatial resolution, changes triggered by
human XIST RNA on active chromosome territories as they un-
dergo comprehensive silencing and condensation. As summa-
rized in Figure 4l, H4K20 and macroH2A modifications are
induced a day or more after H3K27me3 and H2AK119ub. Inter-

¢ CellP’ress

OPEN ACCESS

estingly, kinetics was similar in pluripotent and differentiating
cells except for macroH2A, which is seen primarily post differen-
tiation. H2AK119ub is seen at the earliest time point examined
(2 h), several hours before H3K27me3, supporting (for human
XIST) a debated point in mice that PRC1 acts before PRC2.%°

Key findings came from scrutiny of early XIST RNA distribution
within nuclear structure and the highly decondensed chromatin
of stem cells. Sensitive in situ analysis shows that barely detect-
able XIST transcripts rapidly spread across a large but defined
nuclear territory, the “sparse zone,” encompassing the initially
small “dense zone.” This sparse RNA is seen at early time points,
and its detection requires optimal conditions for RNA FISH and
imaging analysis. A pivotal point is that these rapidly spreading
transcripts are not inconsequential drift: they immediately trigger
robust H2AK119ub and CIZ1 staining across the large sparse
RNA zone.

This led to another finding and concept: that the cytological
density of XIST RNA is a factor that can impact on whether a
particular modification is induced in that region. Here we assay
and show significance for the cytological RNA distribution in
the nuclear territory, distinct from distributions on the linear
DNA sequence, as in RNA-immunoprecipitation-based or
chromatin immunoprecipitation (ChlP)-based assays. Some
changes are clearly induced by very sparse transcripts whereas
others are only seen at sites of high RNA density, as summa-
rized in Figure 7A. H3K27me3 stained brightly in the dense
zone but not in the large sparse zone intensely stained for
ClZ1 or H2AK119ub. The assay for deacetylation (loss of
H3K27ac staining) is inherently less sensitive. However, we
can conclude that loss of H3K27ac in the early time points is
more limited and mostly evident in the dense zone; this fits
with other evidence given below that stable H3K27 deacetyla-
tion requires higher RNA density (than H2AK119ub and ClIZ1
modifications).

Delayed gene silencing by XIST may help explain
biallelic “dampening” in human IVF embryos

A central point shown is that XIST RNA largely condenses ar-
chitecture by day 1, yet silencing of several broadly mapped
genes is not seen until day 3 and not complete until days later.
Of note, an early study of endogenous X-inactivation in female
mESCs also found that gene silencing took a few days and
occurred after formation of the CoT-1 RNA and RNA polymer-
ase Il exclusion domain.?® Timing of gene silencing likely varies
somewhat between studies, model systems, and possibly
species. However, many studies using RNA-seq and ChIP on
averaged populations do not examine architecture and cannot
address its relative timing to gene silencing. Other studies have
found a significant delay between XIST RNA expression and full
gene silencing.?? Of particular interest, observations in human
IVF embryos have noted transient uncoupling between XIST
RNA spread and X-inactivation, which is reminiscent of the
lag in gene silencing we report here. In cultured embryos
many cells express XIST RNA from both X chromosomes yet
neither is initially fully silenced, although transcriptional “damp-
ening” is seen. Subsequently, biallelic expression is lost and
XIST RNA fully silences one X chromosome.®® Our results
showing early repression of the DYRK1A gene (near the XIST
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Figure 7. Models of XIST RNA function based on collective results

(A) Idealized summary diagram for relative distributions of XIST RNA and other changes on the inactivating chromosome, as observed here in situ. Left, early
hours of chromosome silencing and right, after the process is more complete. Early in the process, XIST RNA is very unevenly distributed, in a large sparse zone
and smaller dense zone. Some steps are density dependent (V-shaped profiles early in the process) and others are not (low flat profiles early). Distribution
becomes more uniform after condensation of the DNA/RNA territory.

(B) Model for two-intersecting tracks of XIST RNA function. The flow chart incorporates findings and concepts (detailed in text) supporting a model whereby XIST
RNA function includes early and direct impact on territory architecture, distinct from histone modifications which repress local gene transcription. The model
further proposes that condensation of the distended chromosome and coalescence of the dense RNA territory facilitates density-dependent A-repeat function
required to silence active genes and initiate the histone cascade.

(C) Models for the role of scaffold proteins in XIST RNA function. Simple tether model (top): matrix/scaffold proteins (e.g., ClZ1, SAF-A) are thought to function by
simply tethering XIST RNA to localize the RNA’s function in recruiting histone-modifying enzymes, triggering a histone cascade that silences genes and con-
denses the chromosome. Proposed dual-role model (bottom): here we suggest that scaffold proteins both tether XIST RNA and are direct targets in its second
function; the RNA interacts with and impacts the arrangement of non-histone proteins in a territory scaffold, promoting cytological-scale condensation. In
addition, XIST RNA triggers local histone modifications important for gene silencing, which may further contribute to architectural condensation. Figures created
with BioRender.com.
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locus) and decreased CoT-1 RNA may be analogous to tran-
scriptional “dampening” in IVF embryos. Since silencing both
X chromosomes would be strongly selected against, a few
days’ lag-time before chromosome-wide silencing would likely
create a transient period permissive to biallelic XIST expres-
sion. After this, feedback regulation or selection would assure
that only one chromosome is silenced, even if XIST transcrip-
tion may be “promiscuous.” While we have studied a monoal-
lelic transgenic system, a lag in human chromosome silencing
occurs in both systems and may reflect the natural biology of
XIST function. Results suggest that this lag-time allows for
changes that condense the chromosome and build a dense
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RNA accumulation, which then facilitates chromosome-wide
silencing, further explained below.

Compaction builds RNA density, which facilitates an
unstable step required to initiate full epigenetic
silencing

We demonstrate that A-repeat RNA does not spread and localize
on the chromosome but accumulates in small bright RNA foci,
which, remarkably, can silence local gene transcription and do
so rapidly. Since A-repeat transcripts are sufficient to silence tran-
scription in 2-4 h, why don’t sparse XIST transcripts that spread
rapidly (and induce H2AK119ub and CIZ1) also silence active
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genes in hours rather than days? Findings indicate that sufficiently
high local density of A-repeat RNA is required to achieve effective
H3K27 deacetylation in active chromatin regions.

Multiple observations indicate that gene silencing by the
A-repeat RNA is density limited. Only genes/alleles at or near
the site of dense RNA foci are repressed; even when substantial
dispersed nucleoplasmic A-repeat RNA was clearly visible, it
had no discernible impact on H3K27ac levels, gene TFs, or
CoT-1 RNA levels. Similarly, sparse-zone XIST transcripts do
not rapidly silence most genes. A key to understanding why
XIST RNA cytological density is initially limiting derives from
the demonstration that A-repeat RNA requires HDAC activity to
initiate silencing, and requires continuous HDAC activity to main-
tain gene silencing. Importantly, transcriptional modulation by
histone acetylation/deacetylation is not a stable epigenetic regu-
lation but an ongoing dynamic balance between histone acetyl-
transferase and HDAC activities in a local region.®”:°® The tran-
sient nature of this is evidenced by how quickly just 4 h of
HDAC inhibition dramatically increases nuclear H3K27 acetyla-
tion (Figure 6B). We suggest it is pivotal for understanding the
connection between architecture and gene silencing that this
required step to initiate stable gene silencing is itself a highly un-
stable, non-epigenetic step.

Given this, it is logical that effective histone deacetylation re-
quires sufficiently high RNA density to recruit deacetylase activity
via Spen®” that is sufficient to overcome acetylase activity in active
regions. Active genes cluster in nuclear “hubs,”®*' and we sug-
gest that creating a hub of inactivity (i.e., a silent Barr body) may
facilitate silencing by favoring deacetylation over acetylation.
Hence, chromosome condensation may precede silencing of
many genes because it creates an RNA-dense compartment
that favors effective histone deacetylation over acetylation.

While not detailed here, other XIST domains must then be
required to lock down an “HDAC-independent state”; we sug-
gest that methylation of the same H3K27 residue, once it is de-
acetylated, potentially blocks reacetylation.

XIST RNA may condense the territory by directly
impacting architectural factors

This study highlights that XIST RNA function involves not only
silencing of protein-coding genes but dramatic changes to large-
scale territory architecture. Figure 7B proposes a model whereby
XIST function involves two distinct but inter-related tracks: one
that involves histone modifications to impact local nucleosome
structure (e.g., histone deacetylation) and another that acts early
to modify elements of large-scale territory architecture (e.g.,
Clz1, SAF-A). While histone modifications have been heavily stud-
ied, the possible role of nuclear matrix/scaffold proteins, not just as
tethers but as targets of XIST function, has been less explored.
Both CIZ1 and SAF-A have DNA- and RNA-binding domains
thought to localize XIST RNA for its histone-modifying functions
(Figure 7C); however, we propose an alternative concept for the
role of CIZ1 or SAF-A, not as simply tethers for RNA but also as tar-
gets of XIST RNA. The immediacy with which XIST RNA triggers
staining for ClZ1, together with the known masking of CIZ1 epi-
topes by interaction with DNA,>' strongly suggests that XIST trig-
gers a conformational change in ClZ1. We suggest that XIST RNA
directly impacts the arrangement of one or more scaffold proteins
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and thereby modifies and condenses cytological-scale territory ar-
chitecture (Figure 7C). This may prove key to what we envision is
the “architectural track” of XIST function that impacts cytolog-
ical-scale structure, as distinct from local changes to nucleosomal
histones (Figure 7B).

The chromosome inactivation process must also be under-
stood in terms of achromosome that is overwhelmingly non-cod-
ing DNA. The Barr body is rich in repetitive sequences and, even
in fully silenced chromosomes, we showed that 14 protein-cod-
ing genes examined localized primarily at the outer edge of this
dense mass of DNA.>** Hence, the repeat-rich non-coding
DNA may play a role in forming a repressive compartment. Rele-
vant to this idea are ChlP-based findings that XIST RNA first in-
duces H2AK119 and H3K27 modifications in intergenic se-
quences and less active regions, before active genes®>°?; this
fits well with the model proposed here that modifications may
initially condense the large territory comprised largely of non-
coding DNA before silencing protein-coding genes.

Related to the role of non-coding DNA, results of this study
and others from our lab®%*>*? point to the potential biological
import of repeat-rich “junk” RNA (CoT-1 RNA), comprised pri-
marily of introns of pre-mRNA and many thousands of low-level
IncRNAs. We have shown that euchromatin-associated CoT-1
hnRNAs platform an insoluble RNP scaffold (with matrix proteins
such as SAF-A) that counters chromosome condensation.®
Since XIST RNA is strictly and inversely correlated with CoT-1
RNA*® and removal of CoT-1 hnRNA rapidly causes chromatin
condensation, XIST RNA may promote chromosome condensa-
tion in part by displacing or repressing CoT-1 RNAs and the RNP
scaffold that counters condensation.® However, compaction of
the chromosome likely also involves phase separation of RNP
scaffold factors that form multivalent interactions and coalesce
with greater RNA density, as also recently shown for Spen and
XIST RNA.°"%? We envision that future studies will illuminate
how XIST RNA impacts RNP scaffold factors in addition to modi-
fying histones.

Limitations of the study

The experimental system made it possible to examine very early
steps triggered by human XIST RNA in the direct context of
changing architecture. XIST RNA has been shown to stably
silence all genes across the trisomic chr21; however, we cannot
rule out that there is any difference in the process for an auto-
some. For example, the X chromosome has abundant, more uni-
formly distributed LINE1 elements, which might somehow influ-
ence kinetics of changes. Nonetheless, the relative order of
changes demonstrated here are valid for the process whereby
human XIST RNA fully functions to silence the human chromo-
some. As is true for mouse Xist studies, our system does not
model biallelic XIST expression seen in cultured human IVF em-
bryos. However, both systems show a lag between XIST RNA
spread and chromosome-wide gene silencing, which lends
credibility that findings modeled in our system may reflect the
in vivo process. The approach here provides insights into how
XIST functions in the structural context in which it occurs,
although a limitation is that it does not provide genomic
sequence information. We have cited ChIP studies which show
early effects of XIST RNA on intergenic chromatin, consistent
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with our model of early condensation of a largely non-coding
chromosome. The number of genes examined here is limited,
and a time course of RNA-seq would more fully define gene
silencing kinetics in human cells. Full understanding of XIST
function will require complementary approaches to interconnect
the chromosome territory (and its architecture) with the linear
DNA sequence.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact Jeanne Law-

rence (Jeanne.Lawrence@umassmed.edu).

Materials availability

Reagents used in this study are available upon request from the lead contact.

Data and code availability

® Raw images to illustrate how dynamic range can impact detection of sparse zone can be found at Omero data: http://omero.
umassmed.edu:4080/webclient/?show=project-2466. RNA Seq data can be found at GEO: GSE16684921

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cells

This study was mainly performed in iPSC derived from a 1-year old male with Down syndrome kindly provided by G.Q. Daley.®® XIST-
transgenic lines were accomplished and characterized in Jiang et al. (2013). A-repeat transgenic lines were accomplished for this
study as described below. To illustrate certain points, other cell lines were used such as H9 hESC and female TIG-1 (normal human
lung primary fibroblast). iPSCs and ESC were maintained on irradiated mouse embryonic fibroblasts (iIMEFs) (R&D Systems, PSC001)
in hiPSC medium containing DMEM/F12 supplemented with 20% Knockout Serum Replacement, 1mM glutamine, 100mM non-
essential amino acids, 100mM B-mercaptoethanol and 10 ng/ml FGF-B at 37°C with 20% O, and 5% CO,. Cultures were passaged
every 5-7 days with 1 mg/ml of collagenase type IV. In later studies, cells were grown in Essential 8 medium on plates coated with
vitronectin 0.5 ng/cm?. Cells were passaged at 80% confluency every 3-4 days with 0.5mM EDTA. TIG-1 line was cultured in MEM
15% FBS. Cells were periodically tested for mycoplasma.

Expression of XIST and the A-repeat was induced with doxycycline (500 ng/ml) while maintained as pluripotent throughout the time
course or switched to differentiation conditions at the start of dox treatment. Random differentiation was achieved by removing iPS
cells from feeder layer and feeding with DMEM/F12, 4% Knockout Serum Replacement, 100mM Non-essential amino acids, 1mM
L-glutamine, 100mM B-mercaptoethanol. iPS cells were differentiated into endothelial cells with Gsk3 inhibitor”" in LaSR basal media
(formulated from Bao 2016°°) with 6uM CHIR99021 for the first two days. Endothelial precursor cells were purified using a CD34
MicroBead Kit (Miltenyi Biotec, cat# 130-100-453); and maintained in EGM2 (Lonza, cat# CC-3162) (with 5uM Y-27632 for the first
day) on vitronectin coated plates. NPC differentiation was performed as.?”

For inhibition of HDACs, trichostatin-A (TSA) was used under conditions tested to minimize toxiticy, at 10 uM for 4 h or 5 uM for 8 h.
For transcriptional inhibition, cells were incubated with 50ug/ul 5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside (DRB) for the times
indicated. Tautomycin was used at 3uM for four hours to inhibit protein phosphatase 1, which was previously shown to disperse XIST
RNA from chromatin. Cells treated with inhibitors were then fixed as indicated below for RNA FISH or IF.

Mouse cells

Male mouse J1 ES cells containing a doxycycline-inducible Xist cDNA transgene integrated on Chr-11 (clone #65)>° were also briefly
used to illustrate some points. These cells were maintained in DMEM (GIBCO), 15% fetal calf serum (FCS, Hyclone), on mitomycin
inactivated (10ug/ml mitomycin C for 2 h at 37°C) STO fibroblast feeder cells (SNL76) that produce LIF from an ectopic transgene.
mES cells were differentiated by removing colonies from feeders (through two, 30-45 min sequential separations of single cell sus-
pension onto gelatinized flasks) and distributing them as a single cell monolayer on gelatinized (0.1% porcine skin gelatin) flasks in the
presence of 100nM all-trans-retinoic acid. Xist RNA expression was induced with 1 ng/ml doxycycline at the same time. Time points
were taken by trypsinizing the cells and plating them as a monolayer onto coverslips coated with CellTak (BD) (following manufac-
turers protocol) for 1 h before fixation.

METHOD DETAILS

pTRE3G-A-repeat-EF1a-RFP::DYRK1A plasmid

The A-Repeat, and backbone with arms to DYRK1A, were PCR amplified from pTRE3G-XIST."® The EF1aRFP was amplified from
plasmid HR700PA-RFP (System Biosciences). The five PCR products were GIBSON assembled. Primer sequences are listed in
table. Inducible A-repeat cell line: The inducible A-repeat transgene was targeted to the first intron of the DYRK1A locus in chro-
mosome 21, the tet-transactivator was targeted to chromosome 19 AAV site in Down syndrome iPS cells as described in, ' but using
PBAE (poly(B-amino ester), C320 (generously provided by the Anderson Lab, MIT*:%%). Briefly, the Down syndrome iPS cell parental
line provided by G. Q. Daley (Children’s Hospital Boston)®® were grown to exponential phase and cultured in 10mM of Rho-associ-
ated protein kinases (ROCK) inhibitor (Calbiochem; Y27632) 24h before transfection. A total of 55 ng DNA including five plasmids
(PTRE3G-A-Repeat-EF1a-RFP, DYRK1A ZFN1, DYRK1A ZFN2, rtTA/puro and AAVS1 ZFN) with 6:1 ratio of A-repeat:rtTA/puro
were mixed with 1:20 ratio of PBAE Polymer and incubated with cells for 4 h. Cells were washed with media and kept overnight
with Essential 8 medium and rock inhibitor. Cells were selected for puromycin resistance the next day. Clones expressing RFP
(red fluorescence protein) were isolated. Expression of the A-repeat was induced with 500ug/ul doxycycline. Clones that lost RFP
upon dox induction were used for this study. Expression of A-repeat was validated by RNA FISH and proper targeting by colocaliza-
tion of the A-repeat and DYRK1A RNA foci by RNA FISH.

RFP and DYRK1 RNA were usually detected as separate but adjacent transcription foci. However, we noticed that upon dox
induction, some A-repeat transcripts also contained downstream sequences for RFP and DYRK1A in a colocalizing focus, but
this co-localized RFP/DYRK1A signal was restricted to the A-repeat transcription focus, and appeared only in the presence of
dox, suggesting readthrough. Although this RFP/DYRK1A RNA read-though signal persisted in the presence of dox, the RFP protein
was no longer present, indicating gene silencing. Thus, no functional mMRNA for RFP or DYRK1A was expressed from this locus upon
dox induction and gene silencing.
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Cells kept in the presence of puromycin selection expressed the A-repeat transgene in almost 100% of cells. The frequency of cells
expressing A-repeat dropped over time when grown in the absence of puromycin due to stochastic silencing of the tet-activator.
These non-inducing cells were used as internal “non-expressing” controls for many experiments.

DNA and RNA FISH and immunostaining

These protocols were carried out as previously described.*>’° Cells were fixed for RNA in situ hybridization as described in.”° Briefly,
cells cultured on coverslips were extracted with Triton X-100 for 3 min and fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 10 min. Cells were then dehydrated in 100% cold ethanol for 10 min and air-dried. Cells were then hybridized
with biotin-11-dUTP or digoxigenin-16-dUTP (dig) labeled nick translated DNA probes. DSCR3, TTC3, PIG3, HLCS DNA probes
were obtained by amplifying ~10Kb gene regions from the DS iPS genomic DNA and cloned into TOPO vector. A cold TOPO vector
was added to the hybridization mixture of TOPO constructions to decrease background.

For hybridizations, 50ng of labeled probes with CoT-1 DNA competitor were resuspended in 100% formaldehyde, followed by
denaturation at 80°C for 10 min. Hybridizations were performed in 1:1 mixture of denatured probes and 50% formamide hybridization
buffer supplemented with 2U/ul of RNasin Plus RNase inhibitor for 3 h or overnight at 37°C. Cells were then washed three times for
20 min each, followed by detection with anti-dig or streptavidin fluorescently conjugated secondary antibody. DNA was stained with
DAPI. In simultaneous DNA/RNA FISH (interphase targeting assay), cellular DNA was denatured and hybridization was performed
with 1 U/ul of RNasin Plus RNase inhibitor to preserve RNA. For immunostaining with RNA FISH, cells were immunostained first
with primary antibodies containing RNasin Plus and fixed in 4% paraformaldehyde after detection, before RNA FISH.

Most antibodies were diluted at 1:500 ratio. X chromosome was detected with whole chromosome paint probe (ID Labs
Biotechnology), following manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental groups were compared using either “unpaired t test” or “two-way ANOVA” as indicated in figure legends. Error bars
reflect the SD from the mean.

Transcriptomic data was generated for a different study.”' Briefly, data was derived from 4 transgenic lines. NPC were produced
as in”® and collected for sequencing on differentiation-day 14 (dox at diff-day 0) while endothelial cells were differentiated with Gsk3
inhibitor as in®® and collected for sequencing on diff-day 12. RNA seq analysis was performed using EdgeR,’" using normalized cpm
values. Figure uses log2 values.

Image analysis

Cells were imaged on a Zeiss AxioObserver 7, equipped with a 100x Plan-Apochromat oil objective (NA 1.4) and Chroma multi-band-
pass dichroic and emission filter sets (Brattleboro, VT), with a Flash 4.0 LT CMOS camera (Hamamatsu). Z stacks were taken for each
field to evaluate detectable transcription foci. To evaluate fIXIST mediated repression of gene transcription by RNA FISH, the tran-
scription focus of specific chr21 genes within the XIST RNA territory were compared to the other two homologous gene alleles for size
and brightness of the RNA signal. When only two gene foci are detected, the undetected XIST-associated gene was considered
“silenced”. Since the A-repeat does not paint a chromosomal territory as does fIXIST, silencing of a nearby gene was evaluated
by comparing the frequency and intensity of the gene’s transcription focus in the allele closest to the A-repeat RNA signal in the pres-
ence of doxycycline, to the frequency and intensity of the same gene allele closest to the RFP RNA signal in the absence of doxy-
cycline. Images show a plane from the z stack or a MIP (indicated). CoT-1 RNA holes were quantified by RNA FISH and scored
for absent or reduced CoT-1 RNA over the XIST RNA signal. Most experiments were carried out a minimum of 3 times, with typically
100-300 cells scored in each experiment. Key results were confirmed by at least two independent investigators. Enrichment of
H3K27me2, H2AK119ub, ClZ1, H4K20me, & macroH2A were scored as “enriched”, when the label over the XIST RNA territory
was visibly higher than the nucleoplasmic background. Line scans were done in ImageJ (fiji v32 or 64) or ZEN 3.1 (profile function)
and plotted in Prism 8-9. Microfluorimetry was performed in ImagedJ (fiji v64). Thresholding was applied to images highlighting the
signals to be measured. Area and intensity were calculated from those thresholded areas resulting in integrated density measure-
ments. Heat maps were created with ImagedJ (fiji v32). Heat maps for the A-repeat were not performed as there was no defined
low-density zone outside the dense RNA focus. Images were minimally enhanced for brightness and contrast to resemble what
was seen by eye through the microscope. Due to the low intensity of the sparse XIST RNA in the sparse-zone and the dynamic range
between that and the transcription focus, the initial sparse spread of XIST RNA may often be missed if cells are only observed on a
computer screen (with poor dynamic range) rather than by eye under a microscope. Sparse-zone XIST can also be missed in images
that are processed too much, or by super-resolution techniques that often reduce sensitivity.
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