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Systemic lupus erythematosus (SLE) is an autoimmune disorder that predominantly affects
women and is driven by autoreactive T cell-mediated inflammation. It is known that individuals
with multiple X-chromosomes are at increased risk for developing SLE; however, the mechanisms
underlying this genetic basis are unclear. Here, we use single cell imaging to determine the
epigenetic features of the inactive X (Xi) in developing thymocytes, mature T cell subsets, and

T cells from SLE patients and mice. We show that Xist RNA and heterochromatin modifications
transiently reappear at the Xi and are missing in mature single positive T cells. Activation of mature
T cells restores Xist RNA and heterochromatin marks simultaneously back to the Xi. Notably,
X-chromosome inactivation (XCI) maintenance is altered in T cells of SLE patients and late-stage-
disease NZB/W F1female mice, and we show that X-linked genes are abnormally upregulated

in SLE patient T cells. SLE T cells also have altered expression of XIST RNA interactome genes,
accounting for perturbations of Xi epigenetic features. Thus, abnormal XCl maintenance is a feature
of SLE disease, and we propose that Xist RNA localization at the Xi could be an important factor for
maintaining dosage compensation of X-linked genes in T cells.

Introduction

About 80% of autoimmune disorders exhibit a female bias (1), including systemic lupus erythematosus
(SLE), where 85% of patients are women. Additional copies of an X-chromosome (XX, XXY, XXX) are
associated with increased risk for SLE and Sjogren’s syndrome (2), and Turner syndrome patients (XO)
have reduced risk for SLE (3). The X-chromosome is important for normal immune pathways and in the
development of autoimmunity (4), as it is enriched for immunity-related genes (5) — including 7LR7 and
CD40LG, which are frequently overexpressed in female lymphocytes from autoimmune patients (6-9).
Increased dosage of TIr7, arising from translocations or transgenes, is associated with lupus-like pheno-
types in mice (10-12). However, the importance of mechanisms underlying X-chromosome dosage for
SLE disease development or disease severity have yet to be elucidated.

Females use X-chromosome inactivation (XCI) for dosage compensation of X-linked genes between
the sexes, where either the paternal or maternal X is randomly chosen for silencing in each cell. XCI is
initiated during early female mammalian embryonic development (13), by allele-specific upregulation of
the long noncoding RNA Xist from the future inactive X (Xi) (14-16). Xist RNA functions in cis to recruit
chromatin complexes that deposit heterochromatic modifications such as H3K27me3 and H2a-ubiquitin
across the X, resulting in transcriptional silencing (17-19). During XCI maintenance, these epigenetic
modifications are enriched on the Xi and maintain transcriptional silencing of the Xi throughout the
cell cycle and after cell division, to ensure dosage compensation of X-linked genes. In differentiating
embryonic stem cells, Xist is continuously expressed from the Xi throughout the cell cycle, and Xist RNA
remains tethered to the Xi of its origin throughout mitosis (20).

The majority of somatic cells maintain XCI with continuous expression of Xist from the Xi, and
enrichment of Xist RNA transcripts and heterochromatin marks on the Xi are cytologically visible. Sur-
prisingly, we have shown that mature naive T and B cells from female mice and humans lack these
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epigenetic modifications on the Xi, but that Xist RNA and H3K27me3 simultaneously return to the Xi
following in vitro activation (21, 22). We also found that Xist RNA first disappears from the Xi at the
pro-B cell stage of B cell development in BM and that heterochromatin marks are progressively lost from
the Xi during B cell differentiation (23). Here, we characterized the Xist RNA and H3K27me3 enrich-
ment on the Xi during T cell development in the thymus, and we examined the epigenetic features of
the Xi in specific CD4* T cell subsets, using in vitro and in vivo activation approaches. Remarkably, Xist
RNA localization to the Xi is perturbed in T cells from a classic female-biased mouse model of SLE and
female SLE patients. Gene expression profiling of SLE patient T cells revealed abundant transcriptional
upregulation from the X-chromosome and aberrant expression of XIST RNA binding proteins. Together,
these data reveal that the T cell lineage maintains XCI dynamically and that perturbations in Xist RNA
localization affect X-linked gene expression during autoimmunity.

Results

Xist RNA and H3K27me3 are gradually lost from the Xi during T cell differentiation in the thymus. Xist RNA and the
heterochromatin modification H3K27me3 are enriched on the Xi in hematopoietic stem cells (HSCs) and
common lymphoid progenitors (CLPs); however, these marks are missing in peripheral T cells (21, 23). To
determine the developmental stage at which these modifications are lost from the Xi, we isolated thymocytes
of female mice using FACS. Sorted cells were immediately fixed and used for Xist RNA fluorescence in situ
hybridization (FISH) with labeled short oligo probes. We previously classified the Xist RNA localization
patterns of lymphocytes into 4 groups: Type I cells have robust Xist RNA localized on the Xi; Type II cells
have diffuse Xist RNA signals within a nuclear territory encompassing the X-chromosome; Type III cells
have Xist RNA pinpoints across the nucleus; and Type IV cells lack Xist RNA signals (Supplemental Figure
1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126751DS1)
(21, 23). We found that double negative 1 (DN1) thymocytes (CD4-, CD8", CD25", CD44") bore a mixture
of Type III and Type IV Xist RNA localization patterns (Figure 1, A-C), remarkably different from BM-
derived HSCs and CLPs, which are 80% Type I and -II (23). Curiously, Type I and -II Xist RNA patterns
were abundant in DN2 (CD4, CDS8-, CD44*, CD25*%) and DN3 thymocytes (CD4-, CD8-, CD44-, CD25"),
while Type IIT Xist RNA patterns predominated in DN4 thymocytes (CD4-, CD8-, CD44-, CD25), and a
mixture of Type III and -IV appeared in double positive (DP) thymocytes (Figure 1C).

Next, we examined whether changes with Xist RNA localization at the Xi correlated with the disap-
pearance of heterochromatin marks at the Xi in developing thymocytes. We performed sequential Xist
RNA FISH and immunofluorescence (IF) for the heterochromatin mark H3K27me3 in DN1-4 popula-
tions and DP thymocytes. DN1 cells mostly lacked H3K27me3 foci, and we detected a focus in about
5%—8% of cells (Figure 1, D and E), consistent with reduced Xist RNA localization at the Xi. DN2 and
DN3 thymocytes exhibited the strongest colocalization of H3K27me3 and Xist RNA (30%—-55%), while
the more mature DN4 cell population only exhibited 10% colocalization and DP cells lacked both marks
(Figure 1, D and E, and Supplemental Figure 2). We next examined Xist RNA and H3K27me3 localiza-
tion patterns for mature thymic single positive CD4* and CD8"* thymocytes. CD4* and CD8" T cells were
predominantly Type III/IV (Figure 1, F and G), similar to resting splenic T cells (21), yet CD8" T cells
had more Xist RNA signals (15%-18% Type I and -II) (Figure 1, F and G). Using sequential Xist RNA
FISH and IF, we observed similar low levels of Xist RNA and H3K27me3 colocalization in mature thy-
mocytes (10%), and the majority of cells (70%) lacked both of these modifications on the Xi (Figure 1G).
In sum, the Xi undergoes dynamic epigenetic changes during thymocyte development, and localization
of Xist RNA correlates with H3K27me3 enrichment at the Xi.

Xist RNA and H3K27me3 are localized concurrently at the Xi during in vitro activation of mature T cells.
Naive B cells lack Xist RNA localization on the Xi, and Xist RNA transcripts return to the Xi in
2 phases within the first 24 hours after in vitro stimulation (23). Here, we determined the kinetics
for Xist RNA localization during mature splenic T cell activation using CD3/CD28. We used neg-
ative selection to isolate bulk CD3* T (CD4"*, CD8") cells from spleens of female mice. Cells were
activated in culture with CD3/CD28 and collected cells every 24 hours for 4 days. We found that
resting naive bulk T cells completely lacked detectible Xist RNA signals and were predominantly
Type IV (Figure 2, A and B). Type I and -II Xist RNA patterns were most prominent at days 2 and
3 after stimulation in splenic T cells (Figure 2, A and B), while by day 4, the percentages of Type
I and -II patterns decreased and Type III patterns increased (Figure 2, A and B). To further refine
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Figure 1. Xist RNA and heterochromatin marks disappear from the Xi during T cell development. (A) Schematic of thymocyte differentiation in

BM and thymus, as well as mature T cell subsets in the spleen. (B) Representative Xist RNA FISH images of nuclei from each thymocyte subset. (C)
Quantification of Xist RNA localization patterns from each stage of thymocyte development. Results from 4 different female mice (mice A-D) are
shown. Numbers above each column indicate number of nuclei counted. Statistical significance for each type of Xist RNA localization pattern across
DN1-DP was determined using 1-way ANOVA; there was no statistically significant difference across all groups. (D) Sequential Xist RNA FISH and IF for
H3K27me3 for DN1-4 (DP thymocytes shown in Supplemental Figure 2). White arrows denote H3K27me3 foci. (E) Quantification of colocalization pat-
terns for Xist RNA and H3K27me3 at the Xi. Colocalization of Xist RNA and H3K27me3 focus (blue bars), Xist RNA signals alone (orange), nuclei without
either signals (purple), or H3K27me3 focus (green). Numbers above each column indicate number of nuclei counted. Results from 2 different mice (mice
E and F) are shown. Statistical significance for each type of Xist RNA/H3K27me3 colocalization pattern across DN1-4 was determined using 1-way
ANOQVA; there was no statistically significant difference across all groups. (F) Sequential Xist RNA FISH and H3K27me3 in mature thymic CD4* and CD8*
T cells. (G) Quantification of Xist RNA localization patterns for thymic CD4* and CD8* T cells (left). Results from 2 different mice (labeled 1and 2) are
shown. Quantification of colocalization patterns for Xist RNA and H3K27me3 in mature thymic T cells from 1 female mouse (right). Numbers above each
column indicate number of nuclei counted. Statistical significance for each type of Xist RNA localization pattern was determined using 1-way ANOVA;
there was no statistically significant difference across all groups.
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the timing of these events, we repeated the stimulation time course with additional collection time
points between days 1-3. Xist RNA signals (Type III) first appeared at 30—36 hours after stimulation
(Figure 2, C and D), which coincides with the first cell division after stimulation of mature T cells
(24). We found that Type I/1I patterns first appeared at 48 hours after stimulation and peaked at 72
hours (Figure 2, C and D). Thus, Xist RNA localization to the Xi during T cell stimulation occurs
in 1 phase, with Xist RNA pinpoints first appearing within a small nuclear territory at 30 hours after
stimulation and additional Xist RNA transcripts appearing in this region with time.

We next asked whether Xist RNA localization to the Xi during stimulation occurred simultaneously
with H3K27me3 enrichment during T cell stimulation by performing sequential Xist RNA FISH and IF
for H3K27me3. We quantified the number of cells with (a) an Xist RNA signal (Type I, -II, or -III), (b)
with a H3K27me3 focus, (c) colocalization of both epigenetic marks, or (d) lack of both modifications.
Mature splenic T cells at 0-30 hours after stimulation primarily lacked Xist RNA and H3K27me3 signals
at the Xi, yet H3K27me3 foci were detectible in 3%-15% of nuclei (Figure 2, E and F). However, at 30
hours after stimulation, T cells with a detectable H3K27me3 focus also had evidence of Type II Xist
RNA pinpoints (Figure 2E), suggesting that Xist RNA localization occurs concurrently with H3K27me3
enrichment at the Xi. We observed very few (3%—5%) cells with exclusive H3K27me3 foci in activated T
cells (Figure 2, E and F). Colocalization of Xist RNA and H3K27me3 foci peaked at 48 hours after stimu-
lation, at which time almost 50% of the T cells had both modifications, and remained relatively consistent
through 72 hours (Figure 2, E and F). In sum, Xist RNA transcripts appear confined to the Xi nuclear
territory during T cell activation, and the H3K27me3 foci accumulate together with Xist RNA at the Xi.

CD8* and CD4" T cell subsets exhibit different kinetics for Xist RNA localization to the Xi. Xist RNA local-
ization at the Xi likely influences transcriptional repression, as preventing Xist RNA recruitment during
B cell stimulation results in Type III Xist RNA patterns and upregulation of some X-linked genes (23).
Therefore, we next asked whether distinct T cell subsets exhibited differences with Xist RNA localization
patterns that could potentially influence X-linked gene transcription patterns. First, isolated CD8" T cells
were stimulated in vitro using CD3/CD28, and activated cells were collected daily for 4 days. Unstimu-
lated CD8" T cells and day 1-poststimulated T cells were predominantly Type III (Figure 3A). Robust
Xist RNA Type I and -II patterns peaked at day 4 after stimulation, where approximately 50% of the T
cells were Type I/1I and the remaining were Type III (Figure 3A). Next, we determined Xist RNA local-
ization patterns in in vitro—differentiated Th1 cells generated by culturing splenic CD4* T cells with CD3,
CD28, IL-12, and anti—IL-4 for 3 days (25). Unlike CD8" T cells, we observed 25% Type I and 35% Type
II Xist RNA localization patterns in day 1-activated CD4* Th1 cells, and this distribution stayed constant
through day 3 (Figure 3B). Finally, we profiled Xist RNA localization patterns in mouse Tregs, generated
either by in vitro culture (using anti-IL-4, anti-IFN-y, and TGF-B1 for 3 days ; ref. 25) or purified from
Foxp3-RFP mice, which yielded similar results. Unlike Th1 cells, we found that Type I and -IT Xist RNA
patterns increased at day 2 after stimulation and remained high at day 3 (Figure 3C). Thus, the kinetics
and patterns of Xist RNA localization to the Xi varies between CD8" T cells and CD4" T cell subsets, and
these differences suggest variation with transcriptional silencing efficiency across the Xi between cell types.

Next, we asked whether Xist RNA localization patterns in naive and activated peripherial T cells reca-
pitulated the phenotypes of splenic cells acutely activated in vitro. We determined the Xist RNA local-
ization patterns for sorted peripheral naive and activated CD4* and CD8" T cells. We used FACS to sort
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Figure 2. Timing of Xist RNA and H3K27me3 localization to the Xi during in vitro T cell stimulation. (A) Time course for Xist RNA localization to the Xi
for splenic CD3* T cells stimulated with CD3/CD28, determined between days 0-4. Representative results from 1 experiment are shown. (B) Quantification
of Xist RNA localization patterns for 4 independent experiments. Statistical significance for each type of Xist RNA localization pattern across 4 different
mice (labeled m1-m4) was determined using 1-way ANOVA, and P values for each test are shown below the graph. (C) Time course (24-72 hours) for Xist
RNA localization at the Xi for splenic CD3* T cells stimulated with CD3/CD28. Results from 1representative experiment are shown. (D) Quantification of
Xist RNA localization patterns for 2 independent experiments, using 2 different mice (labeled m5 and m6). Statistical significance for each type of Xist
RNA localization pattern was determined using 1-way ANOVA, and P values for each test are shown below the graph. (E) Sequential Xist RNA FISH and IF
for H3K27me3 for splenic CD3* T cells at 24, 30, 36, and 48 hours after stimulation, from 1 representative experiment. Arrows indicate co-localization of
Xist RNA and H3K27me3 focus. (F) Quantification of colocalization patterns for Xist RNA and H3K27me3 during T cell activation, using the same 2 female
mice from D. Statistical significance for each type of Xist RNA/H3K27me3 localization pattern was determined using 1-way ANOVA, and P values for each

test are shown below the graph.
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for naive (CD62L", CD44") and activated (CD62"°, CD44") CD4* and CD8" T cells from preimmunized
mouse spleens (Figure 4A). We found that the Type III Xist RNA pattern predominated for both naive and
activated CD8" and CD4* T cells (Figure 4B). Xist RNA patterns for naive CD4* and CD8" T cells resem-
bled resting splenic T cells (Figure 2 and Figure 3), with detectible Xist RNA signals dispersed across the
nucleus (Type III) (Figure 4B). However, activated T cells from preimmunized mice had fewer Type I/11
Xist RNA patterns compared with in vitro—activated T cells (Figure 4B), suggesting relaxed transcriptional
silencing of the Xi. Finally, we investigated Xist RNA patterns for naive and activated CD4" T cells from
mice immunized using NP-ovalbumin (NP-OVA) (Figure 4C). Surprisingly, naive and stimulated CD4*
T cells after immunization had nearly identical distributions of Xist RNA localization patterns and were
predominantly Type III (Figure 4D). Because we sampled 1 time point after immunization, it is possible
that Type I/1I Xist RNA patterns are generated in vivo but occur with different kinetics than in vitro cells.
Finally, we also isolated CD4* T follicular helper cells (Tfth) from immunized mice using FACS (Figure 4C).
Tth cells exhibited predominantly Type III (90%) Xist RNA patterns, similar to CD4* T cells (Figure 4D).
In sum, Xist RNA is dispersed across the nucleus in the majority of CD4* and CD8* T cells isolated from
spleen, irrespective of activation status in vivo, and suggests relaxed fidelity of Xi transcriptional silencing.
Xist RNA becomes mislocalized from the Xi during late-stage lupus disease in NZB/ W F1 mice and pediatric
SLE patient T cells. NZB x NZW F1 (NZB/W F1) mice are a classic mouse model for spontaneous lupus-
like disease that exhibits a strong female bias, where animals produce elevated serum anti-dsDNA and
develop immune complex-mediated glomerulonephritis resulting in kidney failure and death within 6-12
months. The female bias for disease development has been partially attributed to estrogen levels because
ovariectomized NZB/W F1 mice have delayed disease onset and reduced autoantibody levels (26); how-
ever, the genetic contribution from the X-chromosome has not been carefully examined. One feature
of lupus disease common to both NZB/W F1 mice and human SLE patients is CD4" T cell-driven B
cell hyperactivity and autoantibody production (27). Here, we asked whether perturbations with XCI
maintenance are observed in female T cells from NZB/W F1 mice at 3 stages: predisease, early-stage
disease, and late-stage as assessed by proteinuria levels. We isolated splenic T cells from predisease (0 or
+ proteinuria), early-stage—disease moderate (moderate [+/++] proteinuria), and late-stage—disease high
(high [+++/++++] proteinuria) female NZB/W F1 mice, and we used age-matched WT mice (BALB/c
and C57BL/6 strains) as controls. We activated cells in vitro using CD3/CD28 and collected cells for
Xist RNA FISH analyses at days 0, 2, and 3 after stimulation. The Xist RNA localization patterns for
NZB/W F1 naive and stimulated T cells resembled age-matched WT controls for predisease and early-
stage—disease mice (Supplemental Figure 3, A and B). However, Xist RNA patterns from both naive and
in vitro—activated T cells from late-stage—disease NZB/W F1 mice were significantly different from WT
animals. Naive T cells from late-stage—disease NZB/W F1 female mice had detectible Xist RNA nuclear
signals (40% Type III Xist RNA patterns; P < 0.0001), while WT animals uniformly lacked Xist RNA
signals (100% Type IV) (Figure 5, A and C). For activated T cells, we observed more dispersed Xist RNA
patterns in late-stage—disease NZB/W F1 T cells and fewer Type I and II patterns (Figure 5, B and C;
P =0.02 and P < 0.0001). Thus, Xist RNA becomes mislocalized from the Xi during late-stage disease
for naive and activated T cells of NZB/W F1 mice, suggesting partial reactivation on this chromosome.
To determine whether Xist RNA mislocalization is a feature of human SLE, we examined XIST
RNA localization patterns in peripheral and in vitro—activated T cells from pediatric SLE patients and age-
matched controls. T cells were isolated from PBMCs from SLE patients in disease remission (SLE disease
activity index [SLEDAI] score 0—1) recruited from CHOP, stimulated in vitro using CD3/CD28, and then
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Figure 3. Xist RNA localization patterns in CD8" T cells and CD4* T cell subsets. (A) Xist RNA FISH for splenic CD8* T cells stimulated for 4 days using CD3/
CD28, from 1 representative experiment (left). Quantification of Xist RNA localization patterns from 3 different female mice, labeled mouse 8-10 (right).
Statistical significance for each type of Xist RNA localization pattern was determined using 1-way ANOVA, and P values for each test are shown below

the graph. (B) Xist RNA FISH and quantification of localization patterns for splenic CD4* Th1 cells, using 3 different female mice (labeled mouse 11-13).
Statistical significance for each type of Xist RNA localization pattern was determined using 1-way ANOVA, and P values for each test are shown below the
graph. (C) Xist RNA FISH and quantification of localization patterns for splenic Tregs isolated from 3 different female mice (labeled mouse 14-16). Statistical
significance for each type of Xist RNA localization pattern was determined using 1-way ANOVA, and P values for each test are shown below the graph.
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Figure 4. Xist RNA transcripts are diffuse at the Xi for in vivo-activated T cell subsets. (A) Representative FACS analysis for sorting naive and acti-
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day 8 after immunization from 2 female mice. (D) Xist RNA FISH for T follicular helper cells (left) and quantification of Xist RNA localization patterns
for CD4* T cell subsets from spleens of NP-OVA-immunized mice (right).
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subjected to XIST RNA FISH using human-specific fluorescently labeled oligo probes (21). We quantified
the percentage of each type of XIST RNA localization pattern for both circulating and in vitro—stimulated
T cells (Supplemental Figure 4). We found that peripheral T cells from SLE patients had significantly
elevated levels of XIST RNA signals dispersed across the nucleus (Type III) compared with healthy con-
trols (Figure 6, A and C; P = 0.02). Remarkably, in vitro—activated T cells from SLE patients in disease
remission had significantly fewer Type I and -IIT XIST RNA patterns relative to healthy controls (Figure 6,
B and C, and Supplemental Figure 4B; P = 0.0003 and P = 0.02), similar to activated T cells from disease-
state NZB/W F1 mice. These results indicate that mislocalization of Xist/XIST RNA is a feature of SLE
disease in mice and humans and suggest that transcriptional silencing of the Xi might be impaired.

Female-specific overexpression profile of X-linked genes in SLE T cells and abnormal expression of XIST RNA
binding proteins. Next, we asked whether mislocalization of XIST RNA affected X-linked gene expression
in SLE patient T cells. We reanalyzed RNA sequencing (RNA-seq) results from a study that collected
RNA from SLE patient peripheral T cells (female and male) and healthy female controls (28), and we
examined expression from the X-chromosome. Using DESeq2, we compared X-linked gene expression of
4 healthy female control samples with 10 female SLE patients, and we found that 143 X-linked transcripts
were differentially expressed in SLE T cells (Supplemental Table 1). XIST expression was nearly identical
between SLE and healthy control samples (Supplemental Figure 5A). Next, we compared 5 female SLE
samples from patients with high SLEDATI values to healthy female samples, and we detected overexpres-
sion (at an FDR < 5%) for 79 X-linked gene transcripts (Figure 7A and Supplemental Table 2). Seventy-
seven X-linked gene transcripts were downregulated, and 8 of these genes have been reported to escape
XCI in various human cell types (29) (Supplemental Table 2 and Supplemental Figure 6). We repeated this
comparison using 5 female SLE samples with low SLEDAI scores and female heathy controls, and we
found 21 X-linked gene transcripts that were significantly upregulated and 20 downregulated transcripts
(Figure 7B and Supplemental Table 3). XCI escape genes are present in both upregulated and downregu-
lated gene transcripts (Supplemental Table 3). Comparison of the lists of transcripts uniquely upregulated
in SLE patients with high SLEDATI scores (56 genes) and low SLEDAI (4 genes), revealed 16 X-linked
gene transcripts that were consistently overexpressed in SLE T cells (Figure 7C and Supplemental Table
4). This list includes genes that are normally subject to XCI silencing that function in metabolism (4RSD,
ATP6API, G6PD, PDHAI), cell cycle and proliferation (EGFL6, SPIN2B), cell division (SEPTIN-6), and
splicing (MBNL3). Three of these genes escape XCI (ARSD, HDHDI, JPX). We also observed increased
expression of the immunoregulatory gene FOXP3, the lineage-specific marker of Tregs that also becomes
induced upon CD4"* T cell activation (30) (Supplemental Table 4). Thus, the expression profile of X-chro-
mosome becomes dynamically reorganized in SLE patient T cells, and we have identified a potentially
novel gene signature for X-linked genes overexpressed in SLE patient T cells, irrespective of disease state.

To determine whether X-linked gene expression changes in SLE arise from the Xi or Active X (Xa), we
compared X-linked gene expression profiles for male (XaY) and female SLE patients (XaXi) with healthy
female controls. We observed that female SLE T cells overexpressed 19 X-linked transcripts compared with
male SLE (Figure 7D, Supplemental Table 5, and Supplemental Table 6), including 4 immunity-related
genes: IRAK1, XIAP, TSC22D3, and MMP]I. Importantly, the male SLE X-linked gene expression profile for
these genes resembled the female healthy controls, eliminating the possibility that overexpression is caused
by disease-induced lymphocyte activation and instead arises from compromised transcriptional silencing
of the Xi. Next, we determined the regions along the X-chromosome that were overexpressed in both high
and low SLEDALI female SLE T cells using positional enrichment analysis. We found that the regions are
distributed in both the p and q arms of the chromosome and are mostly absent from known XCI escape
regions (Figure 7E). In sum, we identified a potentially novel set of T cell-specific X-linked genes overex-
pressed in SLE patients with varying disease severity, and we found that the majority of the overexpressed
X-linked genes should be subject to XCI but may become transcribed.

We have previously reported that 2 XIST RNA interacting proteins, YY1 and hnRNP-U (SAF-A),
are required for localizing Xist RNA to the Xi in activated lymphocytes (21). Thus, we asked whether the
expression of known XIST RNA interacting proteins is altered in SLE patient T cells. We assembled a list
of 275 Xist RNA interacting proteins taken from the literature (21, 31-34) and compared their expression
with T cells from high SLEDAI SLE patients and healthy female controls. We found that 29 Xist RNA
interacting protein gene transcripts were significantly upregulated in SLE samples (at FDR < 5%), and 43
genes were downregulated in SLE T cells (Figure 8 and Supplemental Table 7). The list of upregulated Xist
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Figure 5. Xist RNA becomes mislocalized from the Xi in T cells from diseased NZB/W F1 mice. (A) Representative Xist RNA FISH images from
resting splenic T cells from late-stage-disease NZB/W F1 mice (determined by proteinuria and serum dsDNA autoantibody levels) and age-
matched healthy controls (C57BL/6), BALB/c). (B) Representative Xist RNA FISH images from in vitro activated (CD3/CD28) splenic T cells from
late-stage-disease NZB/W F1 mice and age-matched healthy controls (C57BL/6), BALB/c). (C) (Left) Quantification of Type Ill Xist RNA local-
ization patterns in splenic T cells from NZB/W F1 mice from 3 disease stages (predisease, early-stage disease, and late-stage disease) and age-
matched controls (n = 4-5 mice/group) for each disease time point. At least 23 nuclei (23-159 nuclei) were counted for each sample; total counts
shown in Supplemental Figure 3. (Center and right) Quantification of Type | and Type Il Xist RNA localization patterns for in vitro-activated
splenic T cells. At least 50 nuclei (50-237 nuclei) were counted for each sample; total counts shown in Supplemental Figure 3. Error bars denote
mean + SD, and statistical significance was determined for each type of Xist RNA localization pattern between all groups using an ordinary 1-way

ANOVA (nonparametric tests).
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Figure 6. Peripheral T cells from pediatric SLE patients have mislocalized XIST RNA patterns. (A) Representative XIST RNA FISH images from circulat-
ing T cells from 1 SLE patient (SLEDAI 0) and age-matched control. (B) Representative XIST RNA FISH images for in vitro-activated T cells from 1 pediat-
ric SLE patient and age-matched healthy control. (C) (Left) Quantification of Type 11l XIST RNA localization patterns in circulating T cells from pediatric
SLE patients (n = 13) and healthy age-matched controls (n = 10). (Right) Quantification of Type | XIST RNA localization patterns for in vitro-activated T
cells from SLE patients and healthy controls. Error bars denote mean + SD, and statistical significance was determined using 2-tailed unpaired t tests.

RNA interacting genes includes nuclear matrix proteins, splicing factors, and transcriptional regulation, as
well as 1 gene (LMNBI) with a known role in XCI (35) (Supplemental Table 7). We found that 4 Xist RNA
interacting protein genes with known roles in XCI were downregulated in SLE patient T cells: DNMT1,
LBR, SMCHDI, and CIZ1 (35-39). This list also included the nuclear matrix and envelope proteins, as well
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Figure 7. Increased transcription across the X-chromosome and differential expression of XIST RNA interacting proteins in T cells from SLE
patients. (A) Heatmap showing X-linked gene transcripts overexpressed in T cells from 5 female SLE patients with high (H) SLEDAI scores (score
12-26) compared with 4 healthy control (HC) females. Gene transcript information is in Supplemental Table 2. (B) Heatmap showing X-linked gene
transcripts overexpressed in 5 female SLE patients with low (L) SLEDAI scores (score 0-4) compared with HC females. Gene names for each tran-
script are shown; transcript IDs are listed in Supplemental Table 3. (C) Venn-diagram showing the number of X-linked genes overexpressed in high
SLEDAI (score 12-26) and low SLEDAI (score 0-4) cases from A and B. (D) Heatmap of the X-linked genes overexpressed in female (F) SLE patients
(n = 4) compared with male (M) lupus patients (n = 2) and healthy female individuals (n = 4). Gene names for each transcript are shown; transcript
IDs are listed in Supplemental Tables 5 and 6. (E) Positional gene enrichment (PGE) analysis for X-linked genes overexpressed in T cells from
female SLE patients compared with female healthy controls. Regions with % enrichment > 50 are denoted in red; regions with % enrichment < 50
are shown in green. The regions along the X-chromosome containing genes that escape XCl (ref. 50) are represented in blue (right side). Statistical
significance for fold changes in gene expression was determined using FDR < 0.05.
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Figure 8. Altered expression of XIST interacting proteins in SLE patient T cells. Heatmap of differentially expressed
XIST interacting protein coding genes between female SLE patients with high SLEDAI scores (score 12-26; n = 5) and
healthy female controls (n = 4). Complete gene transcript lists of upregulated and downregulated transcripts are
listed in Supplemental Table 7.

as factors involved in metabolism, cell cycle, and splicing (Supplemental Table 7). Taken together, Xist
RNA interacting proteins are misregulated in SLE patient T cells, suggesting that altered transcription may
contribute to the mislocalized XIST RNA patterns.

Discussion

SLE predominantly affects females, and it is well established that (a) some X-linked genes (including
CD40LG and CXCRJ) are overexpressed in SLE CD4" T cells and (b) multiple X-chromosomes increases
risk for this disease. Various hypotheses involving the X-chromosome have been proposed (4), including
nonrandom XCI, X-chromosome loss, and X-reactivation; however, the evidence supporting these theo-
ries is lacking. In this study, we investigated the epigenetic features of the Xi during thymocyte develop-
ment, in mature CD8* T cells and CD4* T cell subsets, and in SLE mouse models and patients. Our work
is the first to our knowledge to demonstrate that dynamic XCI maintenance is a feature of T cell progen-
itors and mature T cell subsets and that XCI maintenance is disrupted in T cells from the female-biased
NZB/W F1 SLE mouse model and SLE patients.

Findings presented here show that dynamic XCI maintenance of mature T cell subsets originates
during thymocyte development in the thymus. Unlike HSCs and CLPs in the BM, which have abundant
Xist RNA signals on the Xi (23), Xist RNA is not robustly localized on the Xi in DN1 cells, the earliest
thymocyte progenitor. Curiously, Xist RNA reappears at the Xi during thymocyte development, in DN2
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and DN3 thymocytes, which coincides with the rearrangement of the T cell B-chain locus and CD25
expression. Xist RNA localization diminishes at the DN4 stage, coincident with the loss of CD25 expres-
sion, and DP thymocytes predominantly lack detectable Xist RNA signal (Type IV). The significance of
the correlation between Xist localization at the Xi and CD25 expression in thymocytes is unknown but is
specific to T cells because transient CD25 expression at the pre-B cell stage is not associated with detect-
able Xist RNA signals (23). Xist RNA is transiently localized to the Xi during thymocyte maturation, but
B cell progenitors lack detectable Xist RNA transcripts (23); however, the physiological significance of
these differences remain unclear.

Our results suggest that the Xi becomes more euchromatic during thymocyte development, and we
propose that disappearance of these epigenetic modifications from the Xi enables increased expression of
some X-linked genes that may be required for T cell maturation. We observed reduced H3K27me3 enrich-
ment on the Xi during thymocyte development, which also occurs during B cell maturation in the BM
(23), suggesting that selected reactivation of X-linked genes may be important for lymphocyte develop-
ment. In support, the X-linked gene Foxp3 is transiently expressed in DN thymocytes and correlates with
CD25 and CD44 expression (40). Additional experiments are necessary to determine whether expression
of Foxp3 occurs from both the Xa and Xi, and to identify the full repertoire of X-linked genes that escape
XCI for T and B cell progenitors.

Our work found that the kinetics of Xist RNA localization at the Xi is different between T and B
cells (23), where epigenetic modifications appear clustered at the Xi prior to the first cell division in stim-
ulated T cells. The heterochromatic mark H3K27me3 becomes enriched at the Xi at the same time that
Xist RNA signals are clustered in this nuclear area, supporting that localization of Xist RNA occurs in
1 phase. Colocalization of Xist RNA and H3K27me3 is first seen at 48 hours after stimulation, and very
few nuclei lacking Xist RNA signal had an H3K27me3 focus prior to 48 hours. Our results suggest that
Xist RNA may be directly recruiting PRC2 to the Xi for H3K27me3 enrichment during T cell activation,
similar to models proposed for XCI initiation during mouse embryonic stem cell differentiation (19, 41).
Alternatively, the Xi may contain an imprint that directs both Xist RNA and PRC2 independently to this
chromosome during T cell activation. Additional experiments are necessary to determine the nature of
the imprint and the mechanism for PRC2 recruitment to the Xi in mature T cells.

This study indicates that T cell subsets exhibit differences in the timing of the return of Xist RNA
to the Xi. We found that resting CD8" T cells are predominantly Type III for Xist RNA localization and
that Xist RNA transcripts accumulate at the Xi at days 3 and 4 after stimulation. Type I and -II Xist
RNA localization patterns predominate in day 1—-activated CD4* Th1 cells, and the distribution does not
change over time. While Xist RNA localization at the Xi is delayed by 1 day for CD4* Tregs compared
with Th1 cells, and the significance of this delay is unclear. We found that the size of the Xist RNA cloud
at the Xi is smaller for in vivo—activated T cells compared with in vitro—activated cells. This size discrep-
ancy may reflect differences with steady state levels of Xist RNA or concentrations of proteins that either
localize or tether Xist RNA to the Xi. We previously reported that the nuclear matrix protein hnRNP-U
and the transcription factor YY1 are required to localize XIST RNA at the Xi in activated human T cells
(21). It is possible that in vivo—activated T cells have less YY1 and hnRNP-U protein compared with in
vitro—activated cells, resulting in smaller Type I Xist RNA clouds, fewer Type I/1II patterns, and more
dispersed Type III cells. It is unclear whether fewer Xist RNA transcripts at the Xi correlates with greater
gene expression from the Xi, and future experiments addressing how the density of Xist RNA transcripts
across the Xi influences transcriptional repression are necessary. It is important to note that the correla-
tion between XCI escape and Xist RNA localization patterns Type I, II, III, and IV is still unknown
because activated cells contain a mixture of the 4 localization patterns. However, ex vivo deletion of YY1
in activated B cells generates a mixture of Type III and -IV cells, and we observed female-specific over-
expression of 20 X-linked genes, reflecting reactivation from the Xi (23). Allele-specific transcriptional
profiling of pure lymphocyte populations for each type of Xist RNA pattern are necessary to define the
transcriptional consequences for each localization pattern.

Importantly, this study demonstrates that Xist RNA localization patterns are perturbed in resting and
in vitro—activated T cells from female SLE patients and late-stage—disease female NZB/W F1 mice. We
propose that Xist RNA mislocalization from the Xi contributes to abnormal reactivation of some, but not
all, X-linked genes from the Xi. Our data demonstrate that in vitro—activated T cells from pediatric SLE
patients in disease remission have dispersed XIST RNA transcripts. It is possible that abnormal XIST
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RNA localization occurred as a consequence of disease progression in these patients because dispersed
Xist RNA patterns were only detected in late-stage—disease NZB/W F1 T cells. Sample abundance pre-
vented us from examining H3K27me3 or H2A-Ub enrichment on the Xi following XIST RNA FISH;
therefore, it is unknown whether mislocalized XIST RNA clouds affect H3K27me3 localization. Our bio-
informatic analyses of SLE patient CD4" T cell RNA-seq profiles revealed that 21 and 79 X-linked gene
transcripts were upregulated in female SLE patients with low or high SLEDALI scores, respectively, sup-
porting our hypothesis that XIST RNA mislocalization is associated with increased expression of some
X-linked genes. In support, the X/autosome gene expression ratio is similar between SLE and healthy
control samples (Supplemental Figure 5B), indicating that altered expression from the X is not dispro-
portionate to the genome. Importantly, some selective X-linked gene reactivation likely occurs on the Xi
because RNA-seq profiles of male SLE patient T cells resemble healthy female controls. It is possible that
hormonal differences between male and female SLE patients might influence expression of some the
X-linked genes that were differentially expressed in Figure 7D. The list of X-linked genes overexpressed in
SLE patient T cells contain genes that are known to escape XCI (such as KDM5C and JPX) and also genes
that should be transcriptionally silenced (FOXP3 and IL2RG). Indeed, the X-linked genes overexpressed in
SLE are found distributed across the X-chromosome and do not cluster exclusively in XCI escape regions.
It is intriguing to speculate that particular regions are poised for reactivation or increased expression of
escape genes from the Xi and that loss of XIST RNA tethering at gene promoters or gene bodies facilitates
gene reactivation, suggestive of a potentially novel mechanism for gene escape from XCI.

These data have intriguing implications for understanding the mechanisms for Xist RNA reten-
tion at the Xi in lymphocytes. We found that T cell subsets exhibit differences with Xist RNA local-
ization patterns, and our RNA FISH and RNA-seq analyses using SLE patient samples suggest a cor-
relation between robust Xist RNA signals localized at the Xi and increased fidelity of transcriptional
repression. The Xist RNA-protein interactome was determined recently using proteomic and genetic
screens, which revealed more than 200 proteins with known roles in transcriptional repression, RNA
processing, RNA modifications, chromatin complexes, and nuclear architecture (31-34, 42). Curi-
ously, we found that the expression of XIST interactome genes was altered in SLE patient T cells,
with reduced expression of various nuclear matrix proteins important for XCI initiation. It is possible
that the nuclear organization of the Xi may be disrupted in SLE lymphocytes, perhaps leading to
selective gene reactivation. Future experiments will determine whether individuals with altered XIST
interactomes are predisposed for SLE and whether perturbed Xi localization initiates gene expression
changes that influence XIST interactome proteins to exacerbate disease.

Methods

Mice. Female mice (aged 2—6 months) of various backgrounds (C57BL/6, BALB/c) were purchased from
the Jackson Laboratory and were used to isolate bulk T cells (CD4*, CD8*), Thl cells, and BM-derived
macrophages (BMDM). Mice expressing Foxp3 and red fluorescent protein were purchased from The
Jackson Laboratory (C57Bl/6-Foxp3 tm1Flc/J; strain no. 008374) were used to isolate Tregs. NZB/
BINJ (strain no. 000684) and NZW/LacJ (strain no. 001058) animals were purchased from The Jackson
Laboratory and mated in the School of Veterinary Medicine (University of Pennsylvania) animal facility
to generate F1 mice, which spontaneous develop autoimmune phenotypes. Disease severity of NZB/W
F1 mice was determined by monitoring proteinuria levels using Albustrix Reagent Strips (Siemens Diag-
nostics), where predisease animals were defined as negative, trace, or +; early-stage—disease animals were
defined as + or ++; and late-stage—disease animals were defined as +++, ++++. All mice were main-
tained at the Penn Vet animal facility. Euthanasia via carbon dioxide was used for animal sacrifice prior
to spleen isolation.

Splenic T cell isolation and stimulation. Organs were harvested on ice, and splenic naive CD3* T cells
were isolated using CD3* T cell enrichment columns (R&D Systems). Mature naive CD4*/CD8* T
cells were cultured in RPMI-1640 (Invitrogen) containing 10% FBS (Gemini), 0.1% B-mercaptoethanol
(Invitrogen), 1% nonessential amino acids (Invitrogen), 1% sodium pyruvate (Invitrogen), 1% penicillin-
streptomycin (pen/strep) (Invitrogen), and 100 U/ml IL-2 (Thermo Pierce, PIRP75590). Bulk T cells
were stimulated with 1 pg/ml plate-bound anti-CD3 (Bio X cell, BE0001-1-5mg) and 10 pg/ml soluble
anti-CD28 (Bio X cell, clone 37.51) and then cultured for 3 days. Cells were harvested for slide prepara-
tion at days 0, 1, 2, and 3 after stimulation.
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Splenic CD8* T cell isolation. Splenic naive CD3* T cells were isolated using CD3* T cell enrichment
columns (R&D Systems), and enrichment for CD8" T cells was performed using a mouse CD8a* T cell
isolation kit (Miltenyi Biotec). Naive CD8* T cells were cultured in RPMI-1640 containing 10% FBS,
0.1% pB-mercaptoethanol, 1% nonessential amino acids, 1% sodium pyruvate, and 1% pen/strep. Cells
were stimulated with 1 pg/ml plate-bound anti-CD3 and 10 pg/ml soluble anti-CD28 for 4 days and
were harvested for slide preparation at days 0, 1, 2, 3, and 4 after activation.

Splenic Thl isolation and differentiation. Splenic naive CD3" T cells were isolated using CD3* T cell
enrichment columns (R&D Systems), and enrichment for CD4* T cells was performed using a mouse
CD4* T Cell Isolation Kit (Miltenyi Biotec). For in vitro conversion into Thl cells, CD4" naive T cells
were cultured in RPMI-1640 containing 10% FBS, 0.1% B-mercaptoethanol, 1% nonessential amino
acids, 1% sodium pyruvate, 1% pen/strep, and 100 U/ml IL-2 and stimulated with 1 pg/ml plate-bound
anti-CD3, 10 pg/ml soluble anti-CD28, 10 ng/ml IL-12 (Thermo Fisher Scientific, PHC1124), and 1 pg/
ml anti—IL-4 for 3 days. Cells were harvested for slide preparation at days 0, 1, 2, and 3 after stimulation.

Splenic Treg isolation. Treg cells were isolated 2 ways (yielding similar results): (a) by in vitro dif-
ferentiation using anti-IL-4 (Bio X Cell, 11B11), anti-IFN-y, and TGF-B1 (Thermo Fisher Scientific,
PHG9214) or (b) by purifying RFP-tagged Foxp3—expressing cells. For in vitro generation of Tregs,
splenic CD3* T cells were isolated using CD3* T cell enrichment columns, as described above (R&D
Systems), followed by CD4" T cell enrichment using CD4" isolation columns (Miltenyi Biotec). Cells
were cultured in RPMI-1640 containing 10% FBS, 0.1% B-mercaptoethanol, 1% nonessential amino
acids, 1% sodium pyruvate, 1% pen/strep, and 100 U/ml IL-2 and were activated for differentiation
with 1 pg/ml plate-bound anti-CD3, 10 pug/ml soluble anti-CD28, 1 ug/ml anti-IL-4, 1 pg/ml anti—
IFN-y, and 5 ng/ml TGF-B1 for 3 days. Cells were harvested for slide preparation at days 0, 1, 2, and
3 after stimulation. For isolation of mature Tregs using RFP-Foxp3 mice, splenic CD3* T cells were
isolated (CD3* T cell enrichment columns; R&D Systems), followed by enrichment for CD4* T cells
(Miltenyi Biotec). Foxp3* Tregs were sorted and cultured in RPMI-1640 containing 10% FBS, 0.1%
B-mercaptoethanol, 1% nonessential amino acids, 1% sodium pyruvate, 1% pen/strep, and 100 U/ml
IL-2, and cells were stimulated with 1 pg/ml plate-bound anti-CD3 and 10 pg/ml soluble anti-CD28
before being cultured for 3 days.

Flow cytometry and cell sorting. Organs were harvested on ice in FACS buffer (PBS/3% FCS), and sin-
gle cell suspensions were prepared by meshing through 40-um cell strainers; then, cells were stained with
antibodies for FACS analyses. Briefly, cells were stained with fluorochrome-conjugated or biotinylated anti-
bodies to mouse. Staining was performed in PBS/1%BSA containing mouse IgG Fc fragments (Jackson
Immunoresearch, catalog 115-006-020). Dead cells and doublets were excluded and sorting was performed
on a FACS Aria II machine using the following markers: Naive CD4 T cells: CD4*, CD62L*, CD44;
active CD4 T cells: CD4*, CD62L-, CD44*; naive CD8 T cells: CD8*, CD62L*, CD44; active CD8 T cells:
CD8*, CD62L-, CD44*; DN: CD4-, CD8"; DP: CD4*, CD8"; CD4 single positive (SP): CD4*, CD8"; CD8
SP: CD4-, CD8*; DN1: CD4-, CD§-, CD25, CD44*; DN2: CD4-, CD8", CD44*, CD25"; DN3: CD4,
CD8-, CD44-, CD25%; and DN4: CD4-, CD8", CD44-, CD25". Antibodies used included CD4 (H12.19,
BioLegend), CDS (53-6.7, eBioscience), CD25 (PC61, BioLegend), CD44 (IM7, BioLegend), and CD62L
(MEL-14, BioLegend). Intracellular detection of FOXP3 was performed by using a FOXP3 staining buffer
set (00-5523-00, eBioscience), following the protocol provided by the manufacturer.

Xist RNA FISH and IF for H3K27me3. Sequential RNA FISH and IF for splenocytes was performed following
established protocols (21), where Xist RNA was performed first, followed by IF. For Xist RNA FISH, 2 Cy3-
labeled 20-nucleotide oligo probes were designed to recognize regions within exon 1 (synthesized by IDT). For
IF, cells were blocked with 0.2% PBS-Tween, 0.5% BSA. Histone H3K27me3 (Active Motif; catalog 39155) was
diluted 1:100. Images were obtained using a Nikon Eclipse microscope and were categorized by the 4 types of
Xist RNA localization patterns, as described previously (21, 23). Statistical significance was calculated using
tests and one-way ANOVA.

Analysis of RNA-seq data sets in SLE patients and healthy controls. We downloaded fastq files for RNA-
seq data from NCBI (NCBI Bioproject Accession ID PRINA293549) (28). This study profiled periph-
eral unstimulated T cells from 2 male SLE samples, 12 female samples with SLEDAI scores ranging
from 0-26, and 4 healthy female controls. RNA-seq analyses were performed using the online CyVerse
platform (43, 44). Reads from each sample were aligned to human reference genome (GRCh38) using
HISAT?2 sequence aligner 2.1 (45) with default settings (for intron length between 20 nt and 15 kb), and
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transcripts were reconstructed using Stringtie 1.3.3 with default settings (46). Transcript counts were gen-
erated by Stringtie and used for DEseq2 analysis. Data normalization and identification of differentially
expressed transcripts was performed using DEseq2, which uses the median-of-ratio method of normal-
ization to correct for sequencing depth and RNA composition (47). Filtering was carried out manually
to remove unexpressed and lowly expressed transcript reads from both healthy controls and SLE samples
(reads per kilobase of transcript, per million mapped reads [RPKM] < 0.5 across every sample). Differen-
tially expressed gene transcripts (FDR < 0.05) were identified using DEseq2. Heatmaps of differentially
expressed X-linked transcripts were created using normalized expression value (G-scores) and visualized
using the MultiExperiment Viewer (MeV) tool (48). To identify the regions of the X-chromosome contain-
ing genes overexpressed in SLE T cells, we performed positional gene enrichment (PGE) analysis using
an online PGE analysis tool (http://silico.biotoul.fr/pge/) (49). We used our list of X-linked transcripts
overexpressed in all SLE patient T cells (Supplemental Table 1) (FDR < 0.05) and determined the percent
enrichment for chromosome regions that were considered significantly overrepresented at significance
threshold of FDR < 0.05. To identify whether regions of significant percent enrichment overlapped with
known XCI escape genes, we mapped the escape regions along the human X-chromosome previously
identified in ref. 50. The X-chromosome/autosome ratio was determined by calculating the RPKM for
each chromosome and then dividing the X-chromosome RPKM by the mean RPKM for all autosomes.

Statistics. Statistical analyses were performed using Prism software version 7.0 (GraphPad). Exper-
iments are reported as mean + SD. Data were analyzed using 2-tailed Student’s ¢ test for comparison
between 2 data sets or 1-way ANOVA for group comparisons for each type of Xist RNA localization
pattern. Differences were considered significant at a P value less than 0.05.

Study approval. The acquisition of blood samples from pediatric SLE patients and healthy age-matched
controls from the CHOP was approved by the IRB at CHOP. Written informed consent was received from
participants prior to inclusion in this study. Mice were bred and maintained in the School of Veterinary Med-
icine in accordance with the regulations of the American Association for the Accreditation of Laboratory
Animal Care. All protocols were approved by the Institutional Animal Care and Use Committee, and animal
experiments were approved by the University of Pennsylvania IACUC.
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