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ABSTRACT

X Chromosome Inactivation (XCI) equalizes X-linked gene expression between sexes. B
cells exhibit unusually dynamic XClI, as Xist RNA/heterochromatic marks on the inactive
X (Xi) are absent in naive B cells, but return following mitogenic stimulation. Xi gene
expression analysis supports dosage compensation, but reveals high levels of XCI
escape genes in both naive and activated B cells. Allele-specific OligoPaints indicate
similar Xi and Xa territories in B cells that is less compact than in fibroblasts. Allele-
specific Hi-C maps reveal a lack of TAD-like structures on the Xi of naive B cells, and
alterations in TADs and stronger TAD boundaries at Xi escape genes after mitogenic
stimulation. Notably, Xist deletion in B cells reduces Xi compaction and changes TAD
boundaries, independent of its localization to the Xi. Our findings provide the first evidence
that Xi compaction/small scale organization in lymphocytes impact XCl maintenance and

female biased X-linked gene expression.
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INTRODUCTION

X Chromosome Inactivation (XCI) equalizes X-linked gene expression between the sexes
in female placental mammals. XCI occurs during early embryonic development through
a multistep process initiated by the expression of the long non-coding RNA Xist'4. The
choice of X for silencing in XClI is random, but the future inactive X chromosome (Xi) can
be identified by upregulation and spread of Xist RNA transcripts and heterochromatic
factors that remove active histone modifications along its length. Various repressive
epigenetic modifications are then added to the Xi, resulting in gene repression across
most of the Xi®>!'. The enrichment of Xist RNA and heterochromatic modifications across
the Xi maintain a memory of transcriptional silencing with each cell division that is
maintained into adulthood. While most of the Xi is transcriptionally silenced, some genes
on the Xi ‘escape’ XCl in female somatic cells'?'3. XCI escape genes usually lack Xist
RNA and heterochromatic modifications'#-'8, supporting a critical role for Xist RNA and
heterochromatic modifications to reinforce transcriptional silencing. Indeed, Xist deletion
in a variety of somatic cells results in partial reactivation of the Xi, with cell-type specific
abnormal overexpression of X-linked genes'®-22, While recent studies have identified XCl
escape genes across various mouse and human tissues?324, escape genes responsible
for sex biased function, particularly in immune cells?>2, that could contribute to female-

biased autoimmune diseases, are not well defined.

While the active X (Xa) retains typical features of mammalian chromosomes, including A

(open/active chromatin) and B (closed/repressed chromatin) compartments, Hi-C
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generated allele-specific spatial proximity profiles from mammalian fibroblasts and neural
progenitor cells (NPCs) suggested that the Xi lacks compartments and TADs?7:28
However, the presence of TADs on the Xi remains unresolved, as higher resolution Hi-C
sequencing revealed faint, low-resolution TADs?%3°, In contrast to the Xa, the Xi is highly
compacted and spherical®' and has a unique bipartite organization involving two ‘mega-
domains’ separated by the microsatellite repeat Dxz4 locus®’?%32. The unique three-
dimensional structure of the Xi is thought to be dependent on Xist RNA, as Xist deletion
in fibroblasts and NPCs results in loss of the mega-domain partition and appearance of
well-defined TADs across the Xi?’. While it appears that Xist RNA is required for
maintenance of the three-dimensional structure of the Xi, the mechanistic basis for this

effect remains unclear.

Most somatic cells have persistent enrichment of Xist RNA and heterochromatic
modifications at the Xi that are cytologically visible using RNA fluorescent in situ
hybridization (FISH) and immunofluorescence (IF) techniques3334. However, female
lymphocytes exhibit an unusual dynamic form of XCl maintenance, as canonical robust
Xist/XIST RNA ‘clouds’ are absent at the Xi of naive B cells from both mouse and
human35-37, but Xist RNA re-localizes to the Xi following in vitro B cell stimulation with
either CpG oligodeoxynucleotides (CpG) or lipopolysaccharide®38. Moreover,
heterochromatic histone modifications H3K27me3 and H2AK119Ub missing from the Xi
in naive B cells appear concurrently with Xist RNA following in vitro B cell stimulation3¢-38,
As Xist/XIST is constitutively expressed in naive B cells, an inability to localize Xist RNA

to the Xi in naive B cells that can be overcome by B cell activation may provide a
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mechanistic explanation for the dynamic XCI maintenance observed in

lymphocytes36:38:39,

Naive B cells are quiescent, with significantly reduced transcription rates and highly
condensed chromatin*?. However, whether transcriptional repression is preserved across
the Xi in naive B cells lacking enrichment of Xist RNA and heterochromatic histone
modifications is unknown, and the frequency of XCl escape genes has not yet been
evaluated. Moreover, while in vitro B stimulation causes significant genome-wide
chromatin decondensation and rearrangement within the nucleus, with increased short-
range DNA contacts and looping, all before the first cell division*'42, how the
accumulation of Xist RNA impacts DNA contacts at silenced and XCIl escape genes

across the Xi in activated B cells is unknown.

Here we examine the transcriptional activity of the Xi in naive and in vitro activated female
mouse B cells, to determine how activation impacts gene expression and the nuclear
structure of the Xi. We find the Xi is dosage compensated despite the absence of Xist
RNA accumulation across the Xi in naive B cells, and that 17-24% of expressed X-linked
genes escape XCI in both naive and stimulated B cells. Using allele-specific OligoPaints
and Hi-C analyses, we see that the global territory and compartmentalization of the Xi is
relatively unchanged with B cell stimulation, yet we observe both dynamic changes in
gene expression and Xi structure at the TAD level. Importantly, we show that likely both
Xist transcription and Xist RNA transcripts are necessary for limiting stimulation induced

changes to compaction of the Xi territory and Xi TAD organization in B cells. Together,
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these findings provide the first evidence that Xi compaction/small scale organization in
lymphocytes may influence XCl maintenance and female biased X-linked gene
expression, providing a potential mechanistic explanation for the sex bias observed in

many autoimmune diseases where B cells are pathogenic.
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88 RESULTS

89

90 The Xiis dosage compensated in the absence of Xist RNA localization in naive B cells
91

92  To determine if Xi dosage compensation is impacted by the lack of Xist RNA ‘clouds’ at
93 the Xi, we compared transcription from the Xa and Xi in naive and in vitro stimulated
94 female B cells in which Xist RNA ‘clouds’ are restored at the Xi. For these studies, we
95 used a mouse model of skewed XClI, in which a female Mus musculus mouse harboring
96 a heterozygous Xist deletion is mated to a wild-type Mus castaneus male, generating F1
97  mice in which the paternal X chromosome is uniformly inactivated and single nucleotide
98  polymorphisms (SNPs) can be used to distinguish each allele (Figure 1A - left). Using
99 these F1 mice, we prepared RNA from splenic CD23+ naive B cells and B cells stimulated
100  in vitro with CpG for 24hr for allele-specific RNA sequencing (Figure 1A —right). Principle
101  component analysis of naive and in vitro stimulated B cells revealed separation between
102 naive and stimulated samples, with tight clustering of replicates within each state
103  (Supplementary Figure S1A). Surprisingly, we observed that the Xi is largely dosage
104  compensated in both naive and in vitro stimulated B cells, as exhibited by the significantly
105  higher mapped reads (reads per million mapped (RPM)) from the Xa compared to the Xi
106  (Figure 1B). Xi gene expression arose from various regions across the Xi in both naive
107  and in vitro stimulated B cells, with higher expression of genes located at the distal ends
108  of the chromosome compared to the center (Figure 1C). Expressed regions were similar
109 between the Xa and Xi, with higher expression for the Xa, in both naive and in vitro

110  stimulated B cells (Supplementary Figure S1B).
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111

112

113 XClI escape genes are present in naive and stimulated B cells

114

115  Using the allele-specific RNAseq datasets, we applied a previously published binomial
116  distribution approach to identify XC| escape genes in female mouse B cells (see
117 methods)?®. Genes were considered expressed if their diploid Reads Per Kilobase Million
118 (RPKM) was greater than 1 and their haploid expression (SRPM) was greater than 2. A
119  95% confidence interval was applied and an expressed gene was considered to have
120  ‘escaped’ if the probability of escape was greater than 0. We found a total of 249 X-linked
121  genes expressed in both naive and stimulated B cells, of which 104 genes (roughly 41%)
122 could be considered XCl escape genes across both naive and stimulated B cells
123 (Supplementary Table 1). XCl escape genes were largely shared between naive and
124 stimulated B cells (60 genes) and exhibited diverse expression patterns in both states
125 (Supplementary Table 1, Supplementary Figure S1C). We identified 11 XCI escape
126  genes unique to naive B cells, and 33 genes unique to stimulated B cells (Figure 1D).
127  Unique XCI escape genes spanned the X, residing near clusters of other escape genes
128  (colored arrowheads in Figure 1E). Using gene ontology analyses, we found that B cell
129  specific XCl escape genes function in XCI regulatory pathways, RNA processing,
130  nucleotide metabolism, ribonucleoprotein complex biogenesis, negative regulation of
131  cellular component organization, regulation of cytoplasmic transport, and regulation of
132 type | interferon production (Supplementary Figure S1D). Some novel XCI| escape

133 genes were specific for mouse B cells: Dkc1, Zfp280c, Stk26, (Figure 1E, underlined).
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134 There were 20 immunity-related XCl escape genes across naive and stimulated B cells,
135 including Was, Il2rg, Irak1, Cfp, Bcor, and lkbkg (Figure 1E; genes in orange). XClI
136 escape genes also appear to function in transcription, chromatin modification, and
137  regulation of chromosome architecture, including Kdmbc, Smc1a, Jpx, Pol1a, MsI3, Phf8,
138 and Atrx (Figure 1E, genes in green). Intriguingly, a number of genes that regulate
139  nuclear organization and chromatin architecture exclusively escape XCI in stimulated B
140 cells (Jpx, Smc1a, Ercc6l, Brcc3, Dkc1, MsI3 and Pola1), suggesting a novel role for
141 increased dosage of X-linked genes in genome-wide nuclear organization changes in
142 female B cells following stimulation.

143

144

145  Xist RNA transcripts are detected uniformly across the Xi at 12 hrs post-stimulation, and
146  are enriched at the Xist locus at 24 hrs in stimulated B cells.

147

148 To directly assess Xist RNA enrichment across the Xi, we performed Capture
149  Hybridization of RNA Targets (CHART) in primary female naive and in vitro stimulated B
150 cells at 12 and 24 hours after CpG treatment. As expected, Xist RNA was not detectable
151 across the Xi in naive B cells (Figure 2B, 0 hr), with levels identical to those for
152 chromosomes 4 and 13, which lack Xist localization (Supplementary Figure S2).
153  However, at 12 hours post-stimulation, Xist RNA transcripts were detected across the Xi,
154  and enrichment increased uniformly at all these regions by 24 hours (Figure 2B). We
155 quantified the Xist RNA enrichment levels at 12 and 24 hours post-stimulation at three

156  regions: the Xist RNA locus itself, the region +/- 2Mb surrounding Xist (excluding the Xist
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157  promoter), and across the Xi. Xist RNA transcript accumulated at the Xist gene at 12 and
158 24 hours, with lower yet evenly distributed Xist RNA reads +/- 2Mb surrounding the Xist
159 gene (Figure 2B, inset). Relatively similar levels of Xist RNA were observed across the
160  Xiand around the Xist gene at 12 hrs (Figure 2C), suggesting that Xist RNA is uniformly
161 tethered across the Xi, in contrast to what is observed during XCl initiation*3. By 24 hours
162  significantly more Xist RNA transcripts were present at the Xist locus compared to +/-2Mb
163  and the entire Xi (Figure 2C), and predominately accumulated at distal intergenic regions
164  (46.80%) and intronic regions (13% at first intron, 28.52% at other introns) (Figure 2D),
165  similar to what is observed in differentiated embryonic stem cells and mouse embryonic
166 fibroblasts'®. We also found eight regions across the Xi that were significantly depleted
167  for Xist RNA transcripts (Figure 2A, blue vertical bars) at both 12 and 24 hours post-
168  stimulation (Figure 2E). These regions included 92 X-linked genes (Supplementary
169 Table 2), about a third (31 genes) of which were XCI escape genes (Supplementary
170  Table 2— green highlights). The remaining 71 genes were transcriptionally repressed,
171  butlacked Xist RNA enrichment, suggesting Xist RNA independent mechanisms for gene
172 silencing at these loci.

173

174  The Xiin B cells retains canonical architectural features but is more similar to the Xa than
175  the Xi in fibroblasts

176

177  Because female B cells exhibit dynamic XCI maintenance, we next asked whether the
178  organization of the Xi territory in naive B cells that lack Xist RNA ‘clouds’ differs from the

179  Xi of fibroblasts and if B cell activation induced changes in Xi mega-domains or

10
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180  compaction. Using our F1 mouse model of skewed XCI (Figure 1A), we performed allele-
181  specific genome-wide chromosome conformation capture (Hi-C) analyses (see methods).
182  Visual inspection of contact heatmaps at 200kb resolution indicated that while the Xa in
183 naive and stimulated B cells exhibits the typical checkerboard pattern indicative of A/B
184 compartments observed in autosomal chromosomes, (Figure 3A, Supplementary
185 Figure S3A), the Xi in naive and stimulated B cells showed minimal attenuated
186  compartmentalization as was previously reported for the Xi in neural progenitor cells?’.
187  Consistent with previous reports?’-*?, we observed partitioning of the Xi into the two mega-
188  domains around the Dxz4 macrosatellite in both naive and stimulated B cells (Figure 3A
189 —green arrow, Figure 3B). However, the Dxz4 region in stimulated B cells had a visually
190  stronger boundary insulation for the mega-domain location compared to naive B cells
191 (Figure 3B), suggesting that cellular activation impacts boundary strength at regions
192  across the Xi. Thus, A/B compartments exhibited significantly more fine-grained
193  compartmentalization on the Xa than the Xi in B cells, and B cell activation did not
194  significantly alter global compartment structure across the Xi (Figure 3A).

195

196  As the Xi is more compact and spherical than the Xa in human diploid fibroblasts*4, we
197  next assessed compaction of the Xi and Xa territories in B cells using an orthogonal
198  OligoPaints imaging method and 3D image analysis software Tools for Analysis of
199  Nuclear Genome Organization (TANGO) to assess allele-specific chromosome territory
200 surface area and sphericity*>4” in individual nuclei. We designed a library of Homologue-
201  specific OligoPaints for X chromosomes (HOPs-X) for DNA FISH analyses*’, in which

202  probes contained X-linked SNPs present in either Mus musculus (C57BI/6, Mus) or Mus

11
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203  castaneus (Cast) sequences (Figure 3C — top). Our HOPs-X probe library specifically
204  labeled each X chromosome in primary splenic CD23+ naive and in vitro stimulated B
205 cells and control primary fibroblasts isolated from F1 Mus x Cast mice (Figure 3C).
206  Although minimal off-target binding of our probes was observed, we designed a post-
207  TANGO image analysis processing pipeline in Python that utilized the integrated density
208 of the X chromosomes within each fluorophore to more rigorously assign the alleles as
209 the Xa or Xi. Quantification of the surface area of the Xa and Xi chromosome territories
210 in naive and in vitro stimulated B cells (24hrs) revealed an Xa/Xi ratio for surface area
211  close to 1 for both naive (1.13 median) and stimulated (1.10 median) B cells, indicating
212 that the surface areas of Xa and Xi were not significantly changed by B cell activation
213  (Figure 3D). Normalization revealed that the surface areas of the Xi was significantly
214 smaller than the Xa in both naive and stimulated B cells and was not affected by B cell
215  stimulation, with the Xa median changing from 0.20 to 0.19, and the Xi median changing
216  from 0.18 to 0.17 (Figure 3E). As expected, the surface area ratio (Xa/Xi) for fibroblasts
217  was greater than 1 (1.34 median) (Figure 3D) and the normalized surface area of the Xi
218 in fibroblasts was significantly lower than the Xa (median Xa = 0.19, median Xi = 0.13),
219  butalso less than the Xi surface area of B cells (Figure 3E, Supplementary Figure S3B,
220 S3C).

221

222 As increased sphericity correlates with chromosome compaction*’, we also
223  measured the sphericity of the Xa and Xi chromosome territories in naive and stimulated
224 B cells using HOPs-X probes. We found that the sphericity Xa/Xi ratios for naive and

225  stimulated B cells were similar to each other (median naive = 0.66, median stimulated =

12
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226  0.69), and significantly higher than the ratio in fibroblasts (median = 0.52) (Figure 3F,
227  Supplementary Figure S3D, S3E). Sphericity measurements revealed that the Xi
228  territory was consistently and significantly more spherical than the Xa territory in both B
229  cells and fibroblasts (Figure 3l). B cell activation caused a slight but insignificant increase
230 in Xi sphericity (median Xi naive = 0.12, median Xi stimulated = 0.14) but no change to
231 the Xa (median Xa naive = 0.097, median Xa stimulated = 0.098) (Figure 3G,
232  Supplementary Figure S3D, S3E). Together, HOPs-X measurements of the Xi and Xa
233  territories demonstrate that the Xi is more compact and spherical than the Xa in naive
234 and stimulated B cells and that the organization of the Xi territory in B cells is distinct from
235  the Xiin fibroblasts.

236

237  The Xi in naive B cells lacks TAD-like structures and B cell stimulation alters TADs and
238  TAD boundary strength across the Xi

239

240 In NPCs and fibroblasts, the Xi lacks TADs except at regions containing XCI| escape
241 genes?’“8. Because we identified about 100 escape genes on the Xi (Figure 1) and B
242  cell activation visually increased insulation of the mega-domain boundary (Figure 3B),
243  we asked whether the Xi exhibited TAD-like structures in B cells and whether these
244  structures changed with B cell activation. Using our allele-specific Hi-C heatmaps binned
245  at 30kb resolution (see methods), there was minimal folding patterns indicative of TADs
246  across the Xiin naive B cells, even at regions of gene escape (Figure 4A - B). At the Xist
247  region, which has the highest transcriptional level across the Xi, we observed minimal

248  TAD-like structures in naive B cells (Xist; Figure 4C). As expected, TADs were observed

13
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249 across the Xa, indicating the lack of TADs on the Xi is not a general feature of
250  chromosomes in naive B cells (Supplementary Figure S4A - C). We found that the Xi
251 in stimulated B cells had visually increased TAD contacts at multiple XCl escape gene
252  regions across the chromosome (Figure 4A, B, green arrowheads). To quantify
253  stimulation-induced changes to TADs, we assessed the change in insulation score at XCl
254  escape gene regions as well as at repressed genes on the Xi. In agreement with the
255  visual changes in the heatmaps, we saw a significant decrease in the insulation score,
256 indicative of increased boundary strength at XCl escape genes (Figure 4D). In contrast,
257  fortranscriptionally silent genes, boundary strength (in aggregate) did not change (Figure
258 D). However, there were some regions across the Xi which lacked XCI escape genes that
259  exhibited increased TAD boundary strength (Supplementary Figure S4D), indicating
260  thatthe gain of TADs on the Xi did not always correlate with gene expression. Thus, while
261  the Xiin naive B cells lacks resolvable TAD structures, B cell activation induces stronger
262  TAD boundaries on the Xi at XCl escape genes.

263

264  To determine if the appearance of defined TAD boundaries induced by B cell activation
265 coincided with the appearance of Xist RNA ‘clouds’ on the Xi, we used an OligoPaints
266 DNA FISH assay to measure the spatial overlap of adjacent TAD regions, which serves
267 as a proxy for cohesin-mediated DNA extrusion activity*®. We designed oligos at specific
268  Xiregions (Nsdhl, Xiap) at XC| escape genes that contained or lacked TAD structures in
269 stimulated B cells. For each nucleus, we calculated both the center to center distance
270 and the percent overlap for each signal. Loci which are closer in distance and have

271 increased spatial overlap reflect increased extrusion activity, indicating that TAD

14
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272 remodeling has occurred at this region. We paired our TAD probes and HOPS-X allele-
273  specific probes (specific to either Xa or Xi) to identify TADs on the Xi in naive and
274  stimulated B cells. Hi-C heatmaps for the Nsdhl/ region (ChrX:69166360-71161360)
275 indicated that naive B cells lacked TAD-like structures on the Xi, but that TADs were
276  present in stimulated (24 hours post-activation) B cells (Figure 4E). While there was a
277  non-significant decrease in center to center distances for the TAD probes during B cell
278  stimulation, there was a significant increase in the signal overlap at 24 hours post-
279  stimulation (Figure 4E, 4F), mirroring what we saw in the Hi-C contact matrix. While the
280 center to center differences were not significant, a trend towards decreasing probe
281 distances at 12 hours post-stimulation is when Xist RNA transcripts begin to accumulate
282  across the Xi (Figure 2), suggesting that Xist RNA re-localizes to the Xi concurrently with
283  TAD boundary changes. For the Xiap region, the Hi-C heatmaps (Figure 4G) and TAD
284  FISH analysis (Figure 4H) indicated a lack of TAD-like structures in both naive and in
285  vitro stimulated B cells, as predicted. Taken together, B cell stimulation induces TAD
286  remodeling across the Xi, coinciding with peak levels of Xist RNA transcript accumulation
287  across the Xi.

288

289  Xist deletion increases B cell nuclear size and impacts Xi compaction in both naive and
290  stimulated B cells

2901

292  To determine whether Xist RNA had a functional role in maintaining Xi compaction during
293  the global de-compaction of chromosomes accompanying B cell activation 4!, we deleted

294  Xist in mature B cells by mating Xist 2lox mice®® to Mb1-Cre recombinase animals (with

15
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295  expression starting at the proB cell stage®'). Splenic CD23+ follicular wildtype and Xist¢<©
296 B cells were activated in vitro using CpG and harvested at 24 hours, prior to the first cell
297  division (Figure 5A - top). As expected, we observed stimulation-induced increases in
298 total nuclear volume and nuclear surface area for wildtype cells (Figure 5A — bottom).
299  Surprisingly, we found that Xist®,© naive B cells exhibited significantly larger total nuclear
300 volume and nuclear surface area compared to wildtype naive and stimulated B cells, and
301 that stimulation further increased both the nuclear volume and surface area in Xist®<©
302 cells (Figure 5A - bottom).

303

304 Based on these changes, we next asked whether Xist deletion would affect the
305 compaction of the X chromosomes in either naive or stimulated B cells. Because the X
306 chromosomes in our Xist?© B cells cannot be distinguished using SNPs, we used DNA
307  FISH with X-chromosome OligoPaints (Figure 5B — left) for single-cell detection of
308 compaction differences that may not be detected in bulk populations. To quantify changes
309 to Xi compaction, we calculated the absolute difference in surface area and sphericity
310 measurements between the two X chromosomes in individual cells. A larger difference in
311 surface area was observed between X alleles for Xist®,© naive and stimulated B cells
312 compared to wildtype samples (Figure 5B — middle), suggesting that the Xi is less
313 compact in Xist®®© B cells. B cell stimulation did not change the absolute difference of X
314 chromosome surface areas for either Xist“© or wildtype cells (Figure 5B — middle),
315  supporting a regulatory role for Xist in managing Xi compaction in naive cells. Similarly,
316 the difference in sphericity of the two X alleles was decreased in naive Xist®*© B cells

317 compared to wildtype naive and stimulated B cells, and B cell activation in Xist®© cells
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318 did not further change X chromosome sphericity measurements (Figure 5B - right),
319  suggesting that Xist deletion causes the Xi to become less spherical and less compact,
320 and more similar to the Xa. Thus, Xist deletion may increase the total nuclear volume and
321 nuclear surface area in B cells, potentially by decreasing Xi compaction and sphericity in
322 naive B cells.

323

324  Xist deletion increases TAD remodeling activity in naive and stimulated B cells

325

326  As Xist RNA re-localizes to the Xi concurrently with the strengthening of TAD boundaries
327  during B cell activation (Figure 2A, Figure 4E-H), we at first hypothesized that Xist RNA
328 is required to strengthen of TADs on the Xi during this process. We used our DNA FISH
329 TAD assay to examine three regions across the X chromosome in which TAD structures
330 emerged in stimulated B cells in Hi-C heatmaps (Stk26, Nsdhl, Ppef1) and one control
331 region that lacked TADs in stimulated B cells (Xiap) (Figure 5C - 5F). We measured the
332 center to center distances and amount of probe overlap at each region in Xist®®© naive
333 and stimulated (24hr) B cells and compared measurements to the combined Xi and Xa
334  results from our F1 B cells to assess TAD remodeling activity. For Stk26, Nsdhl, and
335  Ppef1regions, we found that Xist®®© naive B cells had significantly shorter center to center
336  distances and greater probe overlap compared to wildtype naive and stimulated B cells
337 (Figure 5C, 5D, 5E), reflecting increased TAD remodeling activity. B cell activation did
338  not change probe distances or overlap for Xist®<© cells, indicating that activation does not
339  further increase loop extrusion/TAD remodeling seen in naive B cells (Figure 5C, 5D,

340 5E). At the Xiap locus that lacks TADs in activated wildtype cells B cells, we did not
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341  observe changes in center to center distances in Xist®®© cells, but did see increased probe
342  overlap compared to wildtype B cells (Figure 5F). Thus, despite the lack of localization
343  of Xist RNA to the Xi in naive B cells, Xist deletion changes the Xi structure, resulting in
344 increased TAD boundary remodeling, likely reflecting increased frequency of TAD
345  contacts across the Xi chromosome.

346

347 DISCUSSION

348

349  Unlike most somatic cells, B cells utilize dynamic XCIl maintenance mechanisms for
350 dosage compensation on the Xi. During this process, Xist RNA and heterochromatic
351 modifications, absent in naive B cells, localize to the Xi following mitogenic stimulation
352 prior to the first cell division. How the absence of epigenetic modifications in naive B cells
353 and the dynamic recruitment of epigenetic modifications to the Xi following B cell
354  activation impacts either gene expression or Xi chromatin configuration has remained
355 unclear. Using various allele-specific approaches to identify gene expression from the Xi
356 and assess compaction and the presence TAD-like structures, we provide the first
357 evidence that Xi territory compaction and small scale organization across the Xi influence
358  XCIl maintenance and female biased X-linked gene expression in lymphocytes, potentially
359 contributing to female biased autoimmune disease. In addition, our studies identify a
360 novel role for Xist in regulating the territory and folding of Xi in naive and in vitro stimulated
361 Bcells.

362
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363 As Xist RNA and heterochromatic marks are missing from the Xi in naive B cells, we
364  speculated that the Xi would likely exhibit high levels of transcription and gene escape.
365  Surprisingly, we find that Xi is largely dosage compensated in naive B cells, yet ~70 X-
366 linked genes are expressed from the Xi. There are a number of immunity-related X-linked
367 genes that escape XCI in B cells (Figure 1; genes in orange) which include Was, //2rg,
368 Irak1, and Ikbkg, raising the intriguing possibility that increased expression of X-linked
369 immunity genes might contribute towards loss of B cell tolerance in female-biased
370 autoimmune diseases. Although the autoimmune-associated gene TLR7 does escape
371  XCl in some human B cells®**%2, we did not detect significant expression of TIr7 from the
372 Xi in either naive or in vitro stimulated B cells. Despite the return of Xist RNA and
373  heterochromatic marks to the Xi®%, stimulated B cells have a significant number of XClI
374 escape genes (~93 X-linked genes), many of which also escape in naive B cells.
375 However, more X-linked chromatin remodelers escape XCI in stimulated B cells (Figure
376  1; genes in green), including Smc1a and MsI3. As expression of these genes coincides
377  with the appearance of TAD-like structures across the Xi, it is intriguing to consider that
378 XCI escape of X-linked chromatin regulators contribute to genome-wide chromatin
379  reorganization that occurs in activated B cells.

380

381  Global B cell genome reorganization occurs at 10-33 hrs post-stimulation*', and our work
382  demonstrates that Xist RNA transcripts are recruited back to the Xi within this same time-
383 frame. Using Xist CHARTseq, we confirm that Xist RNA is indeed absent across the Xi in
384 naive B cells, as previously observed in Xist RNA FISH imaging3¢-3°, and that Xist RNA

385  transcripts begin appearing on the Xi starting at 12 hours post stimulation (Figure 2).
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386 Between 12 and 24 hours, Xist RNA transcripts accumulate uniformly across the Xi
387  (Figure 2), confirming our prior Xist RNA FISH imaging results®. Importantly, our findings
388  are distinct from what has been described for XClI initiation during which Xist RNA first
389 accumulates at gene-rich islands then spreads to gene poor regions®3. As our findings
390 indicate that dynamic XCI maintenance differs from XCl initiation, we propose that despite
391 the lack of robust Xist RNA localization in naive lymphocytes, epigenetic memory guides
392 the return of Xist RNA transcripts to the Xi following B cell activation.

393

394  Using allele-specific Hi-C, we saw courser grained and attenuated compartments on the
395  Xiin naive and in vitro stimulated B cells, and the existence of previously reported Xi-
396  specific mega-domains (Figure 3A-B) 273932, Qur Hi-C experiments suggest that
397 compartmentalization does not differ between naive and stimulated B cells, however the
398 two mega-domains have stronger boundary insulation after CpG induced activation.

399 Interestingly, when comparing chromosome compaction, we found that Xi territory in B
400 cells was more similar to that of the Xa in B cells than it was to the Xi in fibroblasts (Figure
401  3C-G), with the Xi being more compact than the Xa of B cells but less compact than the
402  Xi of fibroblasts as assessed by both surface area and sphericity. Notably, such a
403  difference in Xi compaction may contribute towards the increased XCI| escape observed
404  across the Xi in B cells compared to fibroblasts. Indeed, the reduced compaction of the
405  Xi in B cells may allow for rapid gene expression changes from the Xi in response to
406  immune stimuli.

407

408
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409  Our work provides the first evidence that the Xi can be quickly remodeled in somatic cells,
410  where TAD boundaries on the Xi increase in strength in response to B cell stimulation.
411  While we did not detect TAD structures across the Xi in naive B cells in this study, it is
412  possible that TADs could be detected across the Xi in naive B cells with higher
413  sequencing depth. Significantly, TADs appeared in stimulated B cells which had not yet
414 undergone the first cell division (Figure 4), initiated by small-scale remodeling across the
415  Xi starting at 12 hours post-stimulation, in parallel with localization of Xist RNA transcripts
416 across the Xi (Figure 2). Using immunofluorescence, we have previously shown that the
417  heterochromatic modifications H3K27me3 and H2AK119-ubiquitin also appear on the Xi
418  at this time®®, which may reflect changes with TAD remodeling. In support, use of 2-color
419  TAD specific probes for DNA FISH revealed TAD remodeling at the Nsdhl region and a
420  visually stronger TAD boundary, which exhibits changes in insulation score after
421  stimulation.

422

423  XCIl escape genes are typically enriched for TAD structures, and our study found
424  examples of XCl escape genes that contain TAD structures (Nsdhl) as well as those that
425 are expressed in stimulated B cells despite lack of either TAD-like structures (Xiap) or
426 evidence of TAD remodeling in stimulated B cells (Figure 4). In addition, our study
427  identified repressed X-linked genes (Ppef1) with increased TAD interactions in Hi-C
428  heatmaps and evidence of TAD remodeling in stimulated B cells (Figure 5E; wildtype
429  cells). Thus, in stimulated B cells, TADs and TAD boundary remodeling activity on the Xi
430 does not strictly correlate with gene expression. A recent study documented TAD

431 formation across the Xi occurring prior to Xi reactivation during mouse iPSC
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432 reprogramming®, suggesting that transcription is independent of 3D chromatin
433  organization®®%¢, In contrast, correlations between loss of TAD structures and gene
434  repression restriction of TADs to XCI escape regions during imprinted XCI, supports a
435  positive correlation between Xi gene expression and TAD remodeling *’. In B cells with
436  dynamic XCI| maintenance, the Xi in both naive and in vitro stimulated B cells is dosage
437  compensated, but only stimulated B cells have localized Xist RNA and heterochromatic
438 marks at the Xi. However, as these stimulated cells have not yet divided, it is possible
439  that cycle re-entry is required to observe a positive correlation between TADs and XCI
440  escape genes. Future studies examining how abnormal overexpression of X-linked genes
441  and loss of Xist RNA re-localization in autoimmune disease®?-%® impacts TAD remodeling
442  across the Xi may provide additional insight into the relationship between transcription
443  and chromatin organization on the Xi.

444

445  Xist deletion in embryonic stem cells, NPCs, and fibroblasts significantly reconfigures the
446  Xi organization during XCl initiation and maintenance?’-%°. However, as Xist RNA does
447  not localize to the Xi in naive B cells, we were surprised that Xist deletion increased total
448  nuclear volume and nuclear surface area in both naive and stimulated B cells (Figure 5).
449  While our OligoPaint probes revealed reduced X chromosome compaction in Xist®© B
450  cells, it can only provide indirect evidence that the Xi chromosome is larger as we cannot
451  distinguish X alleles in Xist°X© B cells. Therefore, we used the TAD remodeling assay to
452  examine the impact of Xist deletion on TAD boundaries on the Xi. Notably, Xist deletion
453  increases TAD remodeling, with greater overlap and shorter distances between TAD

454  specific probes at all four X-loci examined, even in Xist°,© naive B cells, where Xist RNA
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455 is not localized to the Xi. As the changes to Xi organization were not further altered after
456 in vitro stimulation of Xist®“© B cells, loss of Xist transcription may disrupt the Xi
457  organizational structure to a level where stimulation does not have an additional impact.
458 We envision two models for Xist-mediated regulation of Xi compaction and TAD
459  formation: 1. Xist transcription is necessary for Xi compaction and attenuated TAD
460 interactions across the Xi, 2. Xist RNA itself acts as a molecular scaffold for chromatin
461  organization/remodeling complexes that bind RNAs (including Xist RNA%®), to prevent
462  additional binding across the Xi. Previous work demonstrated that the Xi contains fewer
463  architectural proteins, and that Xist RNA interacts with the cohesin complex to evict
464  cohesins from certain regions across the X chromosome during XCI initiation®%°,
465  Therefore, in the absence of Xist RNA, cohesin proteins may aberrantly accumulate
466  across the Xiin B cells, resulting in increased looping interactions. Future work is needed
467  to determine whether cohesin binding increases across the Xi when Xist is deleted in B
468 cells and if Xist is necessary for maintaining Xi compaction and chromosome structure in
469  both naive and stimulated B cells by modulating local cis interactions across the Xi,
470  possibly through cohesin-mediated interactions.

471
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496 FIGURE LEGENDS

497

498 Figure 1. The inactive X in B cells is dosage compensated and has XCIl escape
499 genes in both naive and in vitro stimulated B cells. A) Left - Schematic for the F1 Mus
500 x Cast mouse with completely skewed XCI. Female Mus musculus (Musculus)
501 heterozygous for Xist deletion (XistA) is mated to a wild-type male Mus castaneus
502 (Castaneus) mouse. The F1 generation expresses Xist exclusively from the Castaneus
503 allele, thus the wildtype Xi is paternally inherited (Castaneus) in every cell of this mouse.
504  Right — Schematic for the splenic follicular B cell isolation procedure used throughout this
505  study. Naive CD23+ follicular B cells are stimulated in vitro with CpG for 24 hours. B)
506  Allele-specific RNAseq analyses showing reads per million mapped (RPM) of X-linked
507 reads mapping to either the Xi (Cast, purple) or Xa (Mus, teal) genomes in both naive and
508  stimulated B cells. Bars represent mean +/- SD. Statistical test performed using One-way
509  ANOVA with Tukey’s correction for multiple comparisons. ** p-value < 0.005, **** p-value
510 < 0.0001. C) X chromosome plots generated by chromoMap®' showing the genomic
511 location of Xi-specific expression in naive (blue) and stimulated (coral) B Cells. Values
512 are displayed as the sum of RPKM in 1.7Mb bins. Dotted lines display location of the Xist
513 locus. Colored regions represent annotated regions of the X chromosome, black bars
514  represent un-mappable regions. D) Venn diagram showing the distribution of the 104 XCI
515 escape genes identified in naive and stimulated B cells (11 naive specific; 33 stimulated
516  specific; 60 shared). E) X chromosome maps showing the location of each XCIl escape
517 gene. Genes are listed in linear order as they appear across the X chromosome. Colored

518 arrows indicate location of XCl escape genes for either naive (left) or stimulated (right) B
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519 cells. Xist and Dxz4 boundary are indicated with red lines. Genes colored in orange have
520 immune-related functions. Genes colored in green have chromatin organization functions.
521  Underlined genes are novel escapees identified in this study.

522

523  Figure 2. CHARTseq analysis mapping the return of Xist RNA transcripts to the Xi
524  during B cell stimulation. A) Schematic of Xist RNA localization patterns during B cell
525  stimulation observed using RNA FISH3¢. B) Xi-wide Xist RNA accumulation for 0, 12hr,
526 and 24hr timepoints post-stimulation. Results from two replicate F1 animals are shown.
527  Positive values represent the smoothed enrichment of Xist RNA over input with a scale
528 of -20 — 40. Gray bars are un-mappable regions, blue bars highlight regions showing
529  depleted Xist RNA. Inset image is a re-scaled and zoomed in view of Xist RNA transcripts
530  mapping to the Xist promoter. C) Xist RNA enrichment at the Xist gene, a region 2Mb
531 upstream and downstream of the Xist gene, and all Xi mappable regions (excluding Xist)
532 using 10kb bins. Whiskers show min to max values. D) Annotation of mapped Xist RNA
533  enrichment peaks from 24 hour samples (identified using MACS2 and ChIPSeeker) to
534  genic and intergenic features across the Xi. Pie chart displays average percentages from
535 n = 2 replicates. E) Comparison of Xist RNA transcript levels (‘Xist RNA enrichment’) at
536  regions lacking detectable Xist RNA signals (blue highlighted regions in A) compared to
537 all mappable regions (excluding Xist) on the Xi using 100kb bins. Whiskers show min to
538 max values. All statistics were performed using a Kruskal-Wallis test, * p-value < 0.05,
539  **** p-value < 0.0001.

540
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541 Figure 3. The Xi lacks A/B compartment structures, and the Xi in B cells is less
542  compact than the Xi in primary fibroblasts. A) Allele-specific Hi-C heatmaps at 200kb
543  resolution of each X chromosome from naive and in vitro stimulated (for 24 hours) B cells
544  from F1 mice. Green arrow denotes Dxz4 boundary region that separates two mega-
545 domains on Xi. Below are A/B compartment tracks depicting A compartments in green, B
546 inred. Scale is -5E-2 — +5E-2. B) Hi-C heatmaps binned at 30kb resolution showing the
547  Dxz4 boundary region (chrX:70970797-74970797) on the Xi in naive and stimulated (24
548  hours) B cells. C) Haplotype OligoPaints (HOPs) DNA FISH imaging for distinguishing
549 the Xiand Xain F1 B cells and F1 primary fibroblasts. Simplified diagram of probe design
550 for allele-specific resolution of each X chromosome. Probes label the Xi (cyan) and the
551  Xa (pink) in control F1 primary fibroblasts and in naive and stimulated B cells. D) Surface
552 area measurements of each X chromosome territory, calculated as an Xa/Xi ratio. *** p-
553  value <0.001. E) Allele-specific surface area measurements of each X chromosome
554  territory normalized by total nuclear size. F) Sphericity measurements of X chromosome
555  territories, calculated as an Xa/Xi ratio. ** p-value <0.005. G) Raw allele-specific
556  measurements of sphericity for each chromosome territory. All violin plots show median
557  with quartiles. All boxplots show median with quartiles and min to max whiskers. Statistics
558 performed using a Kruskal-Wallis test, **p-value = 0.0089, ****p-value <0.0001. Hi-C
559 experiments had n = 2 female mice/timepoint. Imaging experiments had n = 3 female
560  mice/category.

561

562  Figure 4. Stimulation influences TAD boundary strength on the Xi. A) 30kb resolution

563  Hi-C heatmap of a region (chrX: 65674654 — 72500000) on the Xi chromosome in Naive
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564  (left) and Stim (right) B cells. Green arrows denote increased TAD interactions on the
565  stimulated Xi. Escape genes shown below: N = naive escapee; S = stim escapee; B =
566  escape in both. B) 30kb resolution Hi-C map of a egion (chrX: 158373375 — 166000000)
567 on the inactive X chromosome in Naive (left) and Stim (right). Green arrows denote
568 increased TAD interactions on the stimulated Xi. Escape genes shown below: S = stim
569 escapee; B = escape in both. C) 30kb resolution Hi-C heatmap of a 4Mb region (chrX:
570 98655712 — 102655712) surrounding the Xist gene on the inactive X chromosome. D)
571  Plot showing change in insulation score at escape genes (left) or genes subject to
572  silencing on the Xi (right). E) Hi-C heatmaps of the Xi in naive and stimulated B cells
573 centered on the Nsdhl region. TAD probes are shown below (green, purple).
574  Representative images of individual nuclei using TAD probes for naive and stimulated B
575  cells (12 hrs, 24 hrs) with Xi labeled in yellow. TADs for both alleles are shown in zoomed
576  panels. White arrowheads denote the Xi. Scale bars are 5um. F) Center to center
577  distances between Nsdhl TAD probes (left) and boxplot of percent overlap for the probes
578  (right). Percent overlap is normalized to the volume of the green probe. G) Hi-C heatmaps
579  of the Xi in naive and stimulated B cells centered on Xiap with TAD probe regions shown
580 below (green, magenta). Right — representative images of single nuclei at naive, 12 hrs,
581 and 24 hrs with TAD and Xi labeled in yellow. TADs for both alleles are shown in zoomed
582  panels. White arrowheads denote the Xi-specific allele. Scale bars are 5um. H) Center to
583  center distance between Xiap TAD probes (left) and boxplot of percent overlap (right).
584  Percent overlap is normalized to the volume of the green probe. For imaging experiments,
585 n=3for 0 hr and 24 hr timepoints, n=2 for 12hr timepoint. Statistics were performed using

586  a Kruskal-Wallis test, *** p-value < 0.0005.
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587

588  Figure 5. Loss of Xistincreases nuclear size, reduces Xi compaction, and increases
589 TAD remodeling activity in B cells. A) Diagram of Xist deletion in mature B cells using
590 Mb1-Cre Recombinase mouse matings. Mature naive Xist®° and in vitro stimulated
591 splenic Xist°kO B cells were used for experiments. Measurements of total nuclear volume
592  (left) and total nuclear surface area (right) for wildtype (n= 3 replicate mice) and Xist¢<©
593  cells (n= 3 replicate female mice). Statistical significance determined using Kruskal-Wallis
594  test. *** p-value = 0.0005, **** p-value < 0.0001. B) Left — non allele-specific imaging of
595  Xist®®© X chromosomes using OligoPaints. Scale bars are 10um. Right — Surface area,
596  and sphericity measurements of the absolute difference of the X chromosomes in wild-
597 type (purple; n=3 replicates) and Xist°k© (peach/dark purple; n = 3 replicates) samples,
598  for both naive and stimulated (24 hrs) B cells. ** p-value < 0.005, *** p-value = 0.0008.
599  Plots show median with quartiles. C-F) Hi-C heatmaps of the Xi in naive and stimulated
600 B cells with 2-color probes (green, magenta) for measuring TAD proximity centered (+/-
601  2Mb) on the C) Stk26 region; D) Nsdhl region; E) Ppef1 region; F) Xiap region. Images
602  show representative nuclei for each condition (n = 3 replicate mice for each genotype);
603 TAD imaging scale bars are 5um. Measurements of center to center distances between
604 TAD probes (above) and percent overlap between TAD probes (below). Percent overlap
605 is normalized to the volume of the green probe within in each pair. * p-value < 0.05, ** p-
606 value < 0.005, ***p-value = 0.0007, **** p-value < 0.0001 using a Kruskal-Wallis test.
607  White arrowheads denote the Xi allele in F1 wild-type cells.

608
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609 Figure S1. XCIl escape genes in naive and stimulated B cells. A) PCA plot of naive
610 (purple) and 24 hour stimulated (teal) B cells. B) ChromoMaps comparing aggregate
611 RPKM expression of the Xa and the Xi in naive (top) and stimulated (bottom) B cells. The
612  Xais scaled to match the Xi. C) Heatmap showing z-scores of the Xi-specific expression
613 of the 60 XCI escape genes expressed in both naive and stimulated B cells. Genes in
614 orange have immunity-related functions; genes in green have roles in chromatin
615 organization. D) Metascape analysis of all 104 XCI| escape genes in B cells.

616

617 Figure S2. Xist RNA CHARTseq showing background of Xist RNA transcripts
618 across two autosomal chromosomes. Xist RNA CHARTseq results for n=2 naive and
619 stimulated B cells at 12 and 24 hour timepoints on chromosomes 4 and 13. Positive
620  values represent the smoothed enrichment of Xist RNA over input with a scale of -20 —
621 40; gray bars are un-mappable regions. The Xist RNA transcripts mapping to
622 chromosomes 4 and 13 are background, and this level of enrichment is similar to the X
623  chromosome in naive B cell samples in Figure 2.

624

625 Figure S3. Allele-specific Hi-C maps for chromosome 13 and cumulative
626 distributions of imaging measurements for Xi and Xa. A) 200kb resolution Hi-C
627 heatmaps of Chromosome 13 displaying both maternal (Mus) and paternal (Cast) alleles
628  for naive and 24 hour stimulated B cells. B) Cumulative proportion plots for surface area
629 of the Xi relative to total X chromosome surface area in fibroblasts (black), naive B cells
630 (light cyan), and stimulated B cells (dark cyan). C) Cumulative proportion plots for surface

631 area of the Xa to total X chromosome surface area in fibroblasts (black), naive B cells
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632  (light coral), and stimulated B cells (dark coral). D) Cumulative proportion plots for
633  sphericity of the Xi to total X chromosome in fibroblasts (black), naive B cells (light cyan),
634 and stimulated B cells (dark cyan). E) Cumulative proportion plots for sphericity of the Xa
635 relative to total X chromosome in fibroblasts (black), naive B cells (light coral), and
636  stimulated B cells (dark coral). Significance was determined by Kruskal-Wallis test, ****
637  p-value <0.0001.

638

639 Figure S4. Hi-C maps showing TAD structures on the Xa and plots of gene
640 enrichment at TADs on the Xi. A) 30kb Hi-C heatmap of a 12Mb region (chrX: 65674654
641 —77674654) on the Xa in naive (left) and 24 hrs stimulated (stim) B cells. B) 30kb Hi-C
642 map of a 12Mb region (chrX: 154373375 — 166373375) on the Xa in naive (left) and
643  stimulated B cells (right). C) 30kb Hi-C heatmap of a 4Mb region (chrX: 98655712 —
644  102655712) encompassing the Xist gene on the Xa. There is a region of Xist deleted on
645 the Xa, and therefore this map may not represent the true structure of the wild-type Xist
646  locus on the Xa. D) 30kb Hi-C maps of a 4Mb region (chrX: 152136905 — 156136905)
647 centered on the transcriptionally silent gene region of Smpx (+/- 2Mb) for both the Xa
648  (top) and the Xi (bottom) in naive and stimulated B cells.

649
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650 Methods

651

652  Mice

653  Xist"" mice (129Sv/Jae strain) were a gift of R. Jaenisch®2. To generate female F1 mice
654  we used the following mating scheme: For RNAseq experiments, Xist”" mice were bred
655 to E2a-Cre (B6.FVB-Tg(Ella-cre)C5379Lmgd/J, strain# 003724, Jackson) males to
656  generate heterozygous Xist”* females. Heterozygous females were then bred with wild-
657  type Mus castaneus (Cast) males to generate F1 Xist”* female mice. For all other allele-
658  specific experiments, the following mating scheme was used: Xist"" female mice
659 (C57BL/6j; strain# 000664, Jackson) were mated to an ACTB-Cre male (B6N.FVB-
660  Tmem163T9(ACTB-cre)2Mt/CiDswd; strain# 019099, Jackson) to generate heterozygous
661  Xist"”* females. Heterozygous females were then bred with wild-type Mus castaneus
662 (Cast) males to generate F1 Xist”* female mice. F1 Xist”* females from both mating
663  schemes always inactivate the paternal WT Cast X chromosome. To generate the B cell
664  specific knockout, Xist"" (C57BL/6j; strain# 000664, Jackson) mice were bred to an Mb1-
665 Cre line (B6.C(Cg)-Cd79aim(cre)RethEhobj; strain## 020505; Jackson) to generate mice
666  heterozygous for Mb1-Cre and homozygous for Xist”! (Mb1-cre* Xist”"). All mice were
667 maintained at the Penn Vet animal facility, and experiments were approved by the
668  University of Pennsylvania Institutional Animal Care and Use Committee (IACUC).
669  Euthanasia via carbon dioxide was used for animal sacrifice prior to isolations.

670

671 B cell isolations
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672  Follicular B cell isolations were performed as previously described using a positive
673  selection kit3¢. Briefly, spleens from mice aged 3-6 months of age were crushed to
674  produce single cell suspensions. Cells were incubated with Biotin tagged anti-CD23
675 (Clone B3B4, 101604, Biolegend), then incubated with streptavidin microbeads
676 (130048101, Miltenyi). Cells were run through an LS column (130042401, Miltenyi)
677 attached to a magnet. Positively selected follicular B cells were eluted from the column,
678  and either collected immediately for experiments (0 hr/Naive timepoint) or stimulated with
679  1uM CpG (tIrl-1826, Invivogen) and collected at 12 hrs or 24 hrs for ‘stimulated B cell’
680 samples.

681

682  Primary fibroblast isolations

683  Primary adult mouse fibroblasts were isolated exactly as previously published®. Ears
684 from n= 3 replicate female F1 mice were removed post-mortem and cut into 3mm size
685  pieces. Tissue was incubated in collagenase D-pronase solution [2.5mg/ml collagenase
686 D supplemented with 250ul of 20mg/ml pronase in 4ml total] for 90min at 37C with
687  200rpm. Digested tissue was ground and filtered through a 70um cell strainer into
688 complete medium [RPMI with 10% fetal calf serum, 50uM 2-mercaptoethanol, 100uM
689 asparagine, 2mM glutamine, 1% penicillin-streptomycin]. Cells were spun for 7min at
690 580g at 4C and washed once with complete medium. Cells were plated with 10ml of
691 complete medium supplemented with 10ul amphotericin B [250ug/ml stock]. Cells were
692  cultured at 37C with 5% CO2, media was replaced on third day with fresh amphotericin
693 B. At 70% confluency cells were split one time and sub-cultured for 2-3 days before

694  collection and cytospinning onto slides as previously described?®.
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695 Allele-specific RNAseq sequencing

696 B cells from n = 3 replicate F1 mus x cast female mice at either O hr or 24 hrs post
697  stimulation were collected into TRIzol reagent (15596026, ThermoFisher). RNA isolations
698  were performed according to the manufacturers protocol. Libraries were prepared with an
699  lllumina TruSeq Stranded Total RNA LT kit (20020596, lllumina). Libraries were pooled
700  and run on an lllumina NextSeq 500 sequencer (150bp paired-end).

701

702  To quantify gene expression from the 129S1 genome (129S1/SvimJ, accession#
703 ERS076385, Sanger Institute)®*, RNA-seq reads were first aligned to the Castaneus
704  genome (CAST/EiJ, accession# ERS076381, Sanger Institute)®* using STAR (v2.6.0a)
705  with default parameters, except for the outSAMunmapped flag, which was set to Within
706  KeepPairs to allow for unmapped reads to be extracted from alignment output. Unmapped
707  reads were extracted using samtools and converted to Fastq format using bamToFastq.
708 These reads were then aligned to the 129S1 genome using STAR with the
709  outFilterMultimapNmax flag set to 1 to filter out reads that mapped to more than one loci.
710  With the output from this second alignment, HTSeq-count (v0.10.0) was used to count
711  allele-specific reads mapping to genes in the 129S1 genome. To quantify gene counts
712 from the Cast genome, the same strategy was employed, except reads were first mapped
713 to the 12951 genome and unmapped reads were mapped to the Cast genome.

714

715  Genes that escape XCI were identified using 3 thresholds of escape, as previously
716  described®>%8. Briefly, diploid gene expression was first calculated in RPKM (reads per

717 kb of exon length, per million mapped reads), and genes were called as expressed if their
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718  diploid RPKM was > 1. For every X-linked gene that passed this threshold, haploid gene
719  expression was calculated in SRPM (allele-specific SNP-containing exonic reads per 10
720  million uniquely mapped reads), and genes which had an Xi-SRPM > 2 were considered
721  to be expressed from the Xi. Finally, a binomial model estimating the statistical confidence
722  of escape probability was applied to the genes passing the first 2 thresholds. This model
723  compares the proportion of Xi-specific reads to the total Xi + Xa reads and calculates a
724 95% confidence interval. If the 95% lower confidence limit of a gene’s escape probability
725  was greater than O, it was called an escapee. Genes that escaped XCI were grouped by
726  their escape status in naive and stimulated cells, which produced 3 different categories:
727  genes that escape in naive cells only, genes that escape in stimulated cells only, and
728  genes that escape in both naiveand stimulated cells.

729

730  Reads were graphed using Prism v9.3.1, statistical significance was determined using
731  one-way ANOVA with Tukey’s multiple comparison test. The R package chromoMap was
732 used to generate chromosome maps displaying aggregate RPKMs®'. Venn diagraph of
733 escape genes was generated using VennDiagram package in R. Heatmaps were
734  generated using RPM values of genes as input to the gplots function heatmap.2 in R with
735  data scaling set to “row”. GO analysis was performed using Metascape®’.

736

737  Capture hybridization of RNA targets (CHART)

738  CHART protocol was performed as previously described!>°. Splenic follicular B cells
739  were isolated at 0 hr, 12 hrs, and 24 hrs post CpG stimulation (n=2 mice per timepoint,

740 25 million cells/replicate). Cells were crosslinked in 1% formaldehyde for 10min at room
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741  temperature. Cells were incubated in sucrose buffer [0.3M sucrose, 1% Triton X-100,
742 10mM HEPES, 100mM KOAc, 0.1mM EGTA, 0.5mM Spermidine, 0.15mM Spermine, 1x
743  complete EDTA-PIC, 10U/ml SUPERasIn (AM2696, Thermo Scientific)] and nuclei
744  isolated through 20 passes in a dounce homogenizer with a tight pestle. Nuclei were
745  collected through centrifugation in glycerol cushion [25% glycerol, 10mM HEPES, 1mM
746  EDTA, 0.1mM EGTA, 100mM KOAc, 0.5mM Spermidine, 0.15mM Spermine, 1x complete
747 EDTA-PIC, 1mM DTT, 5U/ml SUPERasIn]. Nuclei were crosslinked again in 3%
748  formaldehyde for 30min at room temperature. Crosslinked nuclei were incubated for
749  10min at 4C in nuclear extraction buffer [50mM HEPES, 250mM NaCl, 0.1mM EGTA,
750  0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 5mM DTT, 10U/ml SUPERaslIn].
751  Nuclei were spun down and resuspended in sonication buffer [50mM HEPES, 75mM
752 NaCl, 0.1mM EGTA, 0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 0.1% SDS,
753  5mM DTT, 10U/ml SUPERasIn], and sonicated in a Covaris S220 sonicator with the
754  following conditions: PIP — 140W; Duty factor — 10%; Cycles — 200; for a total of 8mins at
755  4C [Of note, the 0 hr samples required a longer sonication time of 10mins]. Sonicated
756  lysates were pre-cleared with MyOne Streptavidin C1 beads (65001, Thermo Scientific)
757  for 1hr at room temperature in 2X hybridization buffer [50mM Tris-HCI pH 7.0, 750mM
758 NaCl, 1% SDS, 1mM EDTA, 15% formamide, 1mM DTT, 1mM PMSF, 1X PIC, and
759  100U/mL SUPERaselN]. Input [1%] was removed and frozen at -80C. Pre-cleared lysates
760  were then incubated with a pool of 10 biotinylated Xist oligos'® (see Supplementary Table
761 3 for sequences) at a final concentration of 36pmol. Samples were incubated for 4hr at
762  37C. Samples were washed once in 1X hyb buffer [33% sonication buffer, 67% 2X

763  hybridization buffer]; five times with 2% SDS wash buffer [10mM HEPES, 150mM NacCl,
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764 2% SDS, 2mM EDTA, 2mM EGTA, 1mM DTT]; and two times with 0.5% NP40 wash
765  buffer [10mM HEPES, 150mM NaCl, 0.5% NP40, 3mM MgCI2, 10mM DTT] at 37C.
766  Beads were resuspended with 200ul 0.5% NP40 buffer and DNA was eluted twice from
767  beads using 20ul RNase H [5U/ul] at 37C for 30min each time. Input and eluted DNA
768  were treated with 10ul RNase A [20mg/ml] at 37C for one hour, followed by addition of
769  10ul Proteinase K [20mg/ml] and incubated at 55C for 1hr. After, 12ul 5M NaCl was added
770  and samples were reverse crosslinked at 65C overnight. DNA was isolated following a
771  standard phenol-chloroform extraction.

772

773  CHART sequencing and analysis

774  Library preparation was preformed using the NEB Next Ultra Il library prep kit. For starting
775  material, the same concentration of DNA was used between each samples input and IP
776  values as measured by Qubit. The samples were sequenced on a NextSeq 2000 with
777  2x150bp read length.

778

779  For analysis, FastQ files were trimmed using Trim Galore!
780  (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and Cutadapt to
781  remove adapter sequences and low quality reads and checked using FastQC. Trimmed
782  FastQ files were aligned to the mm9 genome using Bowtie2 v2.3.4.1%8, Aligned output
783  files were sorted using samtools®® and filtered using sambamba’® to remove duplicates,
784  unmapped reads, reads mapping to mitochondrial DNA, and improper pairs. Blacklist
785 filtering”" was performed using bedtools intersect’. Sorted and filtered BAM files were

786 analyzed in R wusing SPP’3. To generate enrichment files the function
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787  get.smoothed.tag.density was used with smoothing using 1Mb windows every 500bp with
788 input files as controls. To control for sequencing depth, files were scaled using total
789  positive read density on chromosome 4'°. Enrichment files were converted to BigWig
790 format and visualized using IGV"4. For determining Xist RNA enrichment at specific
791  genomic regions, mappable regions were binned using bedtools makewindows at either
792  a 10kb or 100kb window size (specified in figure legends). The Xist locus was excluded
793  from the total X comparison to prevent skewing of the enrichment values. deepTools2
794  multiBigwigSummary’® was then used to extract enrichment values using the BED file
795  outputs from bedtools. To determine genomic annotation of enrichment, peak calling was
796  performed using the MACS278 function callpeak with paired-end BAM flag (-f BAMPE),
797  keep duplicates set to auto, a g-value cutoff of 0.1, and with scaling set to small. Output
798  peak file was used with the Bioconductor package ChlPseeker’’ to determine genomic
799  annotations, with pie chart generated using Prism v9.3.1. UCSC Table Browser’® was
800 used to find genes located in Xist RNA depleted regions. Genes were considered
801 expressed if the 12951/Xa RPKM values were >0 in at least two samples. Graphs were
802 created using Prism v9.3.1, Kruskal-Wallis statistical tests were performed to determine
803  significance.

804

805 Hi-C sequencing

806  Hi-C was performed using the Arima Hi-C+ kit (Arima Genomics, San Diego, CA, USA)
807  following their standard protocol. 2 million cells per replicate (n = 2 mice for each
808  timepoint) were crosslinked with 2% formaldehyde for 10 mins at RT before proceeding

809  with Hi-C. For library preparation, the KAPA HyperPrep kit (07962312001, Roche) was
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810 used with a modified protocol provided by Arima Genomics. Libraries were checked by
811  Tapestation analysis, pooled, and run for two rounds on a NextSeq 500 with a 2x150bp
812  read length. Two replicates were pooled to generate 400 million reads/timepoint.

813

814  Allele-specific Hi-C analysis

815  We performed allele-specific Hi-C analysis using Hi-C-Pro v2.8.9 according to the allele-

816  specific analysis section of the Hi-C-Pro manual (htips://nservant.github.io/Hi-C-

817  Pro/AS.html). Briefly, we generated a masked mm9 genome, in which each location of
818  strain-specific SNPs differentiating CAST and C57BI6 strains is N-masked. First, the
819 NCBI37/mm9 genome was downloaded from the UCSC Genome Browser

820  (https://hgdownload.soe.ucsc.edu/downloads.html#mouse). We then downloaded a

821 database of strain-specific SNPs for a variety of mouse strains from the Sanger Institute

822 Mouse Genomes Project (https://www.sanger.ac.uk/data/mouse-genomes-project/)®*.

823  Using this information, we generated a vcf file by running the extract_snps script on Hi-
824  C-Pro that contained SNPs that differ between CAST and C57bl6 mouse genome. We
825 masked the reference mm9 genome at all loci of SNPs specified in the vcf file by running
826 the bedtools maskfasta command

827  (https://bedtools.readthedocs.io/en/latest/content/tools/maskfasta.html). Finally, we built

828 a Bowtie index of the masked genome using the bowtie2-build indexer (http://bowtie-

829  bio.sourceforge.net/bowtie2/manual.shtml#the-bowtie2-build-indexer).

830  We aligned paired-end reads from Hi-C fastq files to our masked mm9 genome using
831 bowtie2 (global parameters: --very-sensitive -L 30 --score-min L,-0.6,-0.2 --end-to-end —

832  reorder; local parameters: --very-sensitive -L 20 --score-min L,-0.6,-0.2 --end-to-end —

39


https://doi.org/10.1101/2022.10.19.512821

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.19.512821; this version posted October 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

833  reorder). We filtered unmapped reads, non-uniquely mapped reads, and PCR duplicates

834  (Supplementary Table 4).

835 We assembled raw cis contact matrices for each chromosome at two different time points
836  for each allele at 30kb and 200kb resolution. X chromosome alleles were assigned such
837 that Xa represented the C57bl6-specific allele and Xi represented the CAST-specific
838 allele. Replicates for each condition were merged. We balanced the merged contact
839  matrices using Knight-Ruiz balancing as previously described”®#. For each balanced
840  matrix, we performed simple scalar normalization, where a simple scalar size factor for

841  each pixel was calculated based on the genomic distance between pairs of bins®.

842 Domain calling:

843 We used our previously published domain caller 3DNetMod?®®

844  (https://bitbucket.org/creminslab/cremins lab tadsubtad calling pipeline 11 6 2021/sr

845  c/master/) to identify TADs and subTADs on normalized, balanced Hi-C matrices binned
846  at 30 kb resolution. We log transformed counts and chunked the data into both 6 Mb
847  regions with 4 Mb overlap between adjacent regions and 3 Mb regions with 2 Mb
848  overlap®8283 As previously described, we filtered sparse regions®. We considered
849  regions to be sparse if a chunked region contained zero counts for 1/3 of all pixels on the
850 diagonal or if it contained consecutive zeros for more than a 1500kb distance. We
851 identified high-confidence domains by using gamma steps of 0.01 to perform a ‘gamma
852 plateau sweep’ which compares distribution of communities of domains identified
853  genome-wide®3. Plateaus were identified as consecutive gamma steps resulting in the

854  same number of communities (mean per 20 partitions). We required a minimum plateau
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855 size of 16 and 8 for 6 Mb and 3 Mb chunked regions, respectively. We then merged the
856 6 Mb and 3 Mb chunked regions and filtered out domains smaller than or equal to 150
857  kb. We created a final set of unique boundary locations by merging redundant domains
858  and colocalizing boundary locations. Domains were considered redundant if two domains
859  were within +/- 60 kb on both boundary edges. Boundary locations were colocalized to
860  share a single consistent boundary if the gap between adjacent boundaries was less than
861  7.5% of the domain size of each of the boundaries or if boundaries were located within

862 60 kb of each other.

863 Compartment calling

864 To plot A/B compartment tracks chromosome-wide, we performed eigenvector
865 decomposition on 200 kb resolution, balanced Hi-C matrices, as was previously
866  described®-87. In short, matrices were normalized using a global expected distance
867 dependence mean counts value. Low coverage rows and columns were filtered, and we
868 transformed off-diagonal counts to obtain a z-score, which was used to generate a
869  Pearson correlation matrix. Finally, we performed eigenvector decomposition on the

870  resultant matrix.

871 Boundary strength with insulation score

872  As previously described®4, we calculated insulation scores chromosome-wide by applying
873 a 300 kb square summation window with 30 kb offset in 30 kb resolution, balanced Hi-C
874  data®. Insufficient counts occurring at the beginning and end of the chromosome were

875 discarded. We constructed aggregate plots of mean insulation scores centered on genes
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876  (+/- 300 kb around the center of each gene) for escape genes and silenced genes

877 chromosome-wide in Xi.

878 Data availability

879  All sequencing data generated in this study has been deposited to the NCBI GEO database.
880  Access data using the following accession numbers: GSE215848 [Hi-C, CHART] and

881  GSE208393 [RNAseq].

882  Allele-specific HOPs probe libraries

883  Probes were mined for the X chromosome (mm10 genome build) using the OligoMiner
884  design pipeline®®, with the -1 and -L parameters set to 42 for 42-mer oligos and the -O
885  parameter added for overlapping oligos. The resulting set of oligos were then modified to
886  include SNPS for the Cast/EiJ or C57BL/6NJ mouse strains, downloaded from the Mouse

887 Genomes Project (https://www.sanger.ac.uk/data/mouse-genomes-project/). Strain-

888  specific Oligopaints were selected using a similar workflow to the HOPs pipeline®.
889  Specifically, oligos were selected based on containing at least one differential SNP in the
890 inner 32 nucleotides of each 42-mer oligo. These oligos were purchased from
891  CustomArray/Genscript, and probe sets were produced as described previously®.

892

893  DNA FISH with OligoPaints

894  Splenic B cells (0 hr and 24 hr post CpG stimulation) from n = 3 replicate female mice
895  were cytospun onto slides and processed as previously described®®. Slides were briefly
896 incubated in room temperature SSCT+formamide [2X SSC, 0.1% Tween-20, 50%

897  formamide], then pre-hybridized in SSCT+formamide for 1hr at 37C. Primary probe mix
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898  [50% formamide, 1X Dextran Sulfate Mix [10% dextran sulfate, 4% PVSA, 2X SSC, 0.1%
899  Tween-20], 10ug RNase A, 5.6mM dNTPS, 50pmol per Oligopaint probe was added to
900 slides, sealed with rubber cement, and denatured for 30min at 80C. Slides were then
901 hybridized overnight at 37C in a humidified chamber. Next day, slides were washed for
902  15min in 2X SSCT [2X SSC, 0.1% Tween-20] at 60C, 10min in 2X SSCT at room
903 temperature, then 10min in 0.2X SSC at room temperature. Secondary probe mix [10%
904 formamide, 1X Dextran Sulfate Mix, 10pmol per secondary probe] was added to slides,
905 sealed with rubber cement, and incubated in a humidified chamber for at least 2hr at room
906 temperature. Slides were washed for 5min in 2X SSCT at 60C, 5min in 2X SSCT at room
907 temperature, then 5min in 0.2X SSC at room temperature. Slides were mounted with
908 Vectashield and imaged on a Nikon Eclipse microscope with Z-stacks set to a 0.2um step
909 size.

910

911 Image analysis

912  All images were analyzed using TANGO?®'. The following settings were used for allele-
913  specificimages and whole X imaging in Xist conditional knockout cells: Nuclei — pre-filter:
914 Fast Filters 3D; Segmentation: Hysteresis Segmenter; Post-filters: Size and Edge Filter,
915  Morphological Filters 3D (Fill Holes 2D, Binary Close). Alleles — pre-filter: None;
916  Segmentation: Hysteresis Segmenter; Post-filters: Size and Edge filter, Erase Spots. The
917 following settings were used for TAD imaging: Nuclei — pre-filter: Fast Filters 3D;
918 Segmentation: Hysteresis Segmenter; Post-filters: Size and Edge Filter, Morphological

919  Filters 3D (Fill Holes 2D, Binary Close). TADs — pre-filter: Fast Filters 3D, Gaussian
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920  Smooth; Segmentation: Hysteresis Segmenter; Post-filters: Size and Edge filter, Erase
921  Spots.

922

923  For allele-specific X chromosome imaging, TANGO-generated raw allele-specific data
924  files were further processed using a custom python script which utilizes the integrated
925 density to select the true allele for each genome. Cells with overlapping chromosomes
926 were excluded from analyses. For surface area measurements, each allele was
927 normalized to its respective nuclear size. To generate surface area and sphericity ratios,
928 the active X value was divided by the inactive X value within each individual cell then
929  graphed. For proportion plots, the allele of choice (Xn) was divided by the sum of values
930 for both alleles for each particular measurement (Xn/Xi+Xa). Graphs were created using
931 the ecdf function in R. Whole X imaging in Xist conditional knockout cells were analyzed
932  post segmentation by taking the absolute difference of alleles in each nucleus for each
933 measurement. The same analysis was performed on the allele-specific data for
934  comparison.

935

936  For all TAD imaging, alleles were filtered out if their center — to — center distance was
937  greater than 1um (removed trans measurements between alleles), and only cells which
938 contained two distinct alleles (two objects for each probe) were used for further analysis.
939  For allele-specific TAD imaging, whole X allele-specific probes were used in conjunction
940  with TAD probes, but only the Xi allele was labeled with a secondary probe. The Xi-
941 specific TADs were manually selected by proximity to the labeled Xi allele. Distances

942  were measured using the center-to-center distance between each TAD within each allele.
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943  Overlap values were normalized to the volume of one probe from each set (indicated in
944  figure legends).

945

946  Unless specified above, all graphs were generated using Prism v9.3.1. Significance was
947  determined by Kruskal-Wallis statistical tests performed in Prism v9.3.1.

948

949  Data availability

950  All sequencing data generated in this study has been deposited to the NCBI GEO
951 database. Access data using the following accession numbers: GSE215848 [Hi-C,

952 CHART] and GSE208393 [RNAseq].
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