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I

n female mammals, one X chromosome is inactivated in early
embryogenesis to equalize X dosage between the sexes (1).
Initiation of X chromosome inactivation (XCI) requires a locus
that includes the Xist gene. At the onset of XCI, Xist RNA coats
the inactive X, the X is epigenetically modified, and gene
silencing is established and then maintained for all subsequent
cell divisions (1). Despite the chromosomal nature of X inactivation, some genes ‘‘escape’’ XCI and are expressed from both
active and inactive Xs (2, 3). How these escape genes remain
expressed on the largely inactivated X is an important question
that is not yet completely understood.
Many human escape genes cluster (3, 4), suggesting that they
are organized in coordinately controlled domains. Intriguingly,
mouse differs; escape genes are interspersed among inactivated
genes (1, 5). Nevertheless, higher-order chromatin may be
similar as several boundaries between escape and inactivated
genes in both mice and humans have insulators bound by the
CCCTC binding factor protein (CTCF) (6). CTCF is proposed
to isolate escape genes from the surrounding inactive heterochromatin (6). However, CTCF binding alone is not sufficient for
escape gene expression because a reporter gene flanked by
CTCF binding sites was silenced by XCI (7).
What other factors may regulate escape gene expression?
X-inactivated and escape domains differ in sequence composition, particularly repetitive element distribution (3, 5, 8–11).
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807765105

Sequences on the X are hypothesized to propagate XCI (12) and
to be depleted at escape genes (8, 9). LINE-1 repeats fit such
predictions, particularly on the human X (8–10). Distinct distributions of other repeats classify some mouse X genes (5).
X-linked transgenes also test the role of genomic sequences in
escape gene expression. Most transgenes are X-inactivated,
although a number escape XCI (e.g., refs. 13 and 14). Such
transgene studies indicate that, in addition to CTCF (6), locus
control regions and matrix attachment sites are also not sufficient to escape XCI (15, 16). It is unclear why some transgenes
do escape XCI, because each experiment assesses different
transgenes integrated at different X locations. Furthermore,
these transgenes do not originate from the X, and it is not clear
how nonmammalian sequences or mammalian autosomal genes
should respond to XCI. These data notwithstanding, at least 8
transgenes integrated into the X-inactivated Hprt locus are
subject to XCI (e.g., refs. 7 and 15), suggesting that chromosome
location may profoundly influence inactive X expression regardless of transgene composition.
To better understand escape gene regulation, we established
a transgene system in mouse XX embryonic stem cells and asked
whether a domain that escapes XCI is autonomous or instead
takes on properties of the region on the X in which it is located.
We specifically asked whether the escape gene Jarid1c, in the
context of adjacent genomic sequences, would retain its expression pattern upon relocation on the X.
Results
Isolation of Single-Copy X-Linked BAC Transgenes in Mouse Female ES
Cells. The locus selected for these studies is well characterized

with respect to XCI (5, 6, 17, 18). This region contains the escape
gene Jarid1c (formerly Smcx) flanked by X-inactivated transcripts (5). Large BACs were selected to include potential distant
regulatory sequences. BACs RP23-330G24 and RP23-391D18
incorporate the entire Jarid1c gene and adjacent transcripts
(Fig. 1A).
Transgenes were assessed in female mouse ES cells, a well
established ex vivo model for XCI studies (1). Using this system,
sequences can be introduced onto active X chromosomes in
undifferentiated ES cells and will insert into sites unrelated to
XCI response. Subsequently, transgenes are monitored after ES
cell differentiation and XCI. To investigate transgenes at multiple chromosome locations, BAC DNA was transfected into
undifferentiated ES cells and lines were screened by FISH to
identify random integrants on the X (Fig. 1B). Ten of 185 cell
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Although most genes on one X chromosome in mammalian females are silenced by X inactivation, some ‘‘escape’’ X inactivation
and are expressed from both active and inactive Xs. How these
escape genes are transcribed from a largely inactivated chromosome is not fully understood, but underlying genomic sequences
are likely involved. We developed a transgene approach to ask
whether an escape locus is autonomous or is instead influenced by
X chromosome location. Two BACs carrying the mouse Jarid1c gene
and adjacent X-inactivated transcripts were randomly integrated
into mouse XX embryonic stem cells. Four lines with single-copy,
X-linked transgenes were identified, and each was inserted into
regions that are normally X-inactivated. As expected for genes that
are normally subject to X inactivation, transgene transcripts Tspyl2
and Iqsec2 were X-inactivated. However, allelic expression and
RNA/DNA FISH indicate that transgenic Jarid1c escapes X inactivation. Therefore, transgenes at 4 different X locations recapitulate
endogenous inactive X expression patterns. We conclude that
escape from X inactivation is an intrinsic feature of the Jarid1c locus
and functionally delimit this escape domain to the 112-kb maximum overlap of the BACs tested. Additionally, although extensive
chromatin differences normally distinguish active and inactive loci,
unmodified BACs direct proper inactive X expression patterns,
establishing that primary DNA sequence alone, in a chromosome
position-independent manner, is sufficient to determine X chromosome inactivation status. This transgene approach will enable
further dissection of key elements of escape domains and allow
rigorous testing of specific genomic sequences on inactive X
expression.

Fig. 1. Isolation of X-linked BAC transgenes. (A) A 300-kb region on mouse
X chromosome at 148.52–148.82 Mb (UCSC Genome Browser, July 2007 assembly). Jarid1c escapes XCI (blue) and is surrounded by X-inactivated genes
(yellow) (5). (B) FISH to identify X-linked integrants. BAC DNA probes hybridize
to transgenic (arrowhead) and endogenous loci. (C) Enlarged Xs from 10
independent ES lines with transgenes (arrowheads). All transgenes were
derived from BAC RP23-391D18 except A314 (RP23-330G24).

lines carried a transgene on the X (Fig. 1C). Line A314 was
generated from BAC RP23-330G24, and the remaining 9 lines
were generated from BAC RP23-391D18.
ES lines were characterized to assess transgene integrity and
copy number. PCR identified properly linearized BACs with
intact vector sequences on both sides of the genomic insert (Fig.
2 B and E). By Southern, 4 of the 5 apparently intact lines had
a single BAC insert (Fig. 2 C and F). Altogether, lines B079,
B202, B259, and A314 carry intact or largely intact single-copy
transgenes and were pursued for subsequent analysis. Although
many transgenes are silenced by position effects that are unrelated to XCI response, in all 4 lines RNA FISH confirmed
expression of transgenic Jarid1c from active Xs in undifferentiated ES cells [supporting information (SI) Fig. S1].
BAC Transgenes Inserted into Regions That Are Normally X-Inactivated. Transgene insertion sites were identified by inverse PCR
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(19), and locations are indicated in Table 1. To monitor XCI
landscape we determined the normal XCI status of adjacent
genes on a nontransgenic X chromosome. XCI status was
assessed by measuring relative active and inactive X expression
of a transcribed polymorphism in the nonrandomly inactivated
primary fibroblast cell line B119 (17). The closest annotated
genes that were expressed in fibroblasts and ES cells were
assayed by using an allele-specific primer extension assay, QSNaPshot (3). All genes showed monoallelic expression indicating that they are X-inactivated (Table 1 and Fig. S2). These data
suggest that all 4 Jarid1c transgenes integrated into regions
that are normally X-inactivated, with the caveat that 2 insertion sites are relatively gene-poor. Notably, genome landscape
at all transgene integration sites, particularly repetitive element composition, differs from the endogenous Jarid1c locus
(Fig. S3A) (5).
Transgenic Iqsec2 and Tspyl2 Are Properly X-Inactivated. Because

either X in the ES cells can undergo XCI, before analyzing
17056 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807765105

Fig. 2. Characterization of X-linked BAC transgenes. (A) Cartoon of BAC
RP23-391D18 (not to scale) indicates relevant genes in BAC vector (thin line)
and genomic insert (thick line). Location of PCR products (gray bars), Southern
probe (black bar), linearization site (double hash mark), and relevant SacI
restriction sites (S) are also indicated. (B) PCR analysis of transgenes. Transgenic lines B079, B168, B176, B181, B202, B259, C014, C048, and C138 are
compared to BAC DNA (BAC) and the parental ES line. (C) Southern analysis to
evaluate transgene copy number in 6 subclones from each line. Intensity
differences between subclones reflect DNA loading differences. Similar results
were seen for 2 additional restriction enzymes (data not shown). (D) Cartoon
of BAC RP23-330G24 (not to scale) labeled as in A with relevant SacI (S) and NsiI
(N) restriction sites indicated. (E) PCR analysis of clone A314. (F) Southern
analysis indicates that the A314 transgene is single-copy. Integration site
sequencing after inverse PCR confirmed that the transgene linearized 4.0 kb
from the end of the genomic insert (hash marks). Consequently, by Southern
blot, the NsiI but not SacI band for A314 is slightly shifted compared with
purified BAC DNA.

transgene expression, sequential RNA and DNA FISH was
performed to determine how frequently the transgene was on
the inactive X (Fig. S4). The ES line contains Xs from 2 different
mouse strains, 129 and Mus castaneus (CAST), and upon ES cell
differentiation the 129 X is inactivated in ⬇75% of cells (20).
Therefore, the frequency that the transgene is on the inactive X
also infers strain origin. The transgenes in lines B079 and B259
were on the inactive X in ⬎70% of cells, indicating integration
onto the 129 X. The A314 and B202 transgenes were on the
inactive X in ⬍30% of cells, suggesting insertion into the CAST
X (Fig. S4). For line A314, sequence obtained at the integration
site contained SNPs between the 2 mouse strains and confirmed
integration into the CAST X.
Will transcripts that are normally X-inactivated still be subject
to XCI at an ectopic transgene location? Iqsec2 was first tested
in line A314 by sequential RNA and DNA FISH (Fig. 3 A and
B). Nuclei were hybridized with an Iqsec2 probe to detect nascent
transcripts and an Xist probe that marks the inactive X. Subsequently, after signal fixation and denaturation, a BAC probe was
used to detect both endogenous and transgene DNA loci. Iqsec2
transgene expression was identical to the endogenous gene; in
nearly all cells scored (97%), Iqsec2 RNA signals were detected
from the active X but not from the inactive X (Fig. 3B). These
results indicate that the Iqsec2 transgene, similar to the endogenous allele, is X-inactivated.
Li and Carrel

Table 1. Chromosomal location and XCI status of genes near transgene integration sites
Transgene line
B079

Transgenic X strain

BAC genes assayed

Adjacent genes assayed*

Location on X,† Mb

AK139935
Cul4b

36.67
35.83
35.93

Gria3
Birc4

38.75
39.45

EG547215

88.19
87.31

Zmat1

131.95
131.54

Gprasp1

132.28

129

Jarid1c
Tspyl2

B202

CAST
Jarid1c

B259

129
Jarid1c
Tspyl2

A314

CAST
Mid1
Jarid1c
Iqsec2

166.36‡
166.12

XCI status
Inactivated
Inactivated
Escape
Inactivated
Inactivated
Inactivated

Inactivated
Escape

Inactivated
Escape
Inactivated
Inactivated

Inactivated
Escape
Inactivated

*The closest single-copy annotated genes with expressed SNPs that were expressed in fibroblasts were tested. Using these criteria, very few transcripts were
excluded except in the B259 line. At least six transcripts near this gene-rich integration site showed tissue-restricted expression or were multicopy.
†Map locations are from the UCSC Genome Browser (http://genome.ucsc.edu/), build 37, July 2007 assembly.
‡A314 integrated into exon 2 of the Mid1 gene.

absent in these cells, suggesting that both are X-inactivated (an
example is shown in Fig. 3A). However, with few scorable cells,
results did not approach statistical significance (data not shown).
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By RNA FISH, Tspyl2 transcripts were detected from active
Xs in only a small proportion of cells (⬍5%). Inactive X Tspyl2
transcripts for both the endogenous and transgene loci were

Fig. 3. X inactivation status of transgene transcripts. (A) Representative nuclei from sequential RNA and DNA FISH. Iqsec2 transgene expression was tested in line A314,
and examples are shown with transgene on the active X (Xa) and inactive X (Xi). Tspyl2 expression is also shown in line B079 with the transgene on the Xi. (B) Summary
of Iqsec2 FISH results. Only Xist-positive cells with 3 clear BAC DNA foci and Iqsec2 RNA transcripts from all active X loci were scored. The hybridization patterns scored
are denoted with transgene (Tg) location and XCI status of transgene and/or endogenous (Edg) locus. The percentage of cells showing each pattern was compared with
expectations for a transgene that is inactivated or escapes XCI (⬎100 nuclei scored). (C and D) X inactivation status of transgenic Tspyl2 (C) and Jarid1c (D) in lines B079
and B259 was evaluated by allelic expression using a SNP that differentiates the 129 and transgene alleles from the CAST allele. Undifferentiated (U) and enriched
differentiated (D) cells were tested, and relative allelic expression levels are shown. The ratio between U and D for each line is indicated. The expected allelic expression
ratios corresponding to different levels of transgene inactive X expression (%esc indicated for 0%, 25%, 50%, 75%, and 100% of active X levels) are shown for
comparison with observed results. Experiments were performed in triplicate, and standard deviations are indicated.
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Therefore, XCI status of Tspyl2 was assessed by comparing
allelic expression in transgenic and nontransgenic cell lines.
Relative allelic expression was first quantitated in undifferentiated cells (Fig. 3C). As expected for lines with 2 active X
chromosomes, equivalent expression was seen for the 129 and
CAST alleles in nontransgenic ES lines. The polymorphism
assayed does not distinguish the endogenous 129 allele from the
C57BL/6-derived transgene allele, but both differ from the
CAST allele. The 2 lines tested have transgenes on the inactive
129 X in a large percentage of cells (⬇75%), allowing inactive
X transgene expression to be effectively detected. We compared
transgene and 129 expression on one X to CAST expression on
the other. In transgenic lines, the combined expression level of
the transgene and 129 allele was approximately twice that of the
CAST allele (Fig. 3C), suggesting that transgenic Tspyl2 is
similarly expressed before XCI. Expression was then tested in
enriched populations of differentiated ES cells in which most
cells (⬇83%) retain two X chromosomes and have undergone
XCI. Relative expression levels also reflect that the 129 allele is
on the inactive X in only ⬇75% of cells (Fig. S4). Using these
values in nontransgenic enriched differentiated cells, the escape
level, or the amount of 129 allelic expression from the inactive
X, could be determined and was compared with expected values.
This approach confirmed that Tspyl2 is X-inactivated (5). Importantly, in the 2 transgenic lines tested, the ratio of enriched
differentiated cells to undifferentiated cells was highly similar to
the ratio seen for the nontransgenic line, implying that the
transgene had the same XCI status as the endogenous allele.
Comparison of observed with expected ratios calculated for
different levels of XCI escape also suggests that the transgene
was X-inactivated (Fig. 3C). Therefore, we conclude that transgenic Tspyl2 in lines B079 and B259 is subject to XCI.
Jarid1c Transgenes Escape X Inactivation. We next asked whether
transgenic Jarid1c was subject to XCI or, like the endogenous
locus, would escape XCI. Jarid1c transgenes in lines B079 and
B259 were analyzed in the same manner as Tspyl2, by comparing
allelic expression in undifferentiated and differentiated cells
using a polymorphism that distinguishes transgene and 129
alleles from the CAST allele. As seen for Tspyl2, comparison of
undifferentiated transgenic and nontransgenic cells suggests that
before XCI, transgenic Jarid1c was expressed at levels that
approximate either endogenous allele (Fig. 3D). Endogenous
Jarid1c partially escapes XCI, with inactive X expression levels
at ⬇25–50% of active X levels (17, 21). Allelic expression was
tested upon differentiation and XCI. As expected, in nontransgenic ES cells, the relative ratio of 129 to CAST Jarid1c
expression was higher than for Tspyl2 but not identical to that in
undifferentiated cells (Fig. 3 C and D). These data are consistent
with Jarid1c partially escaping XCI, at levels calculated to be
40% of active X levels (Fig. 3D), similar to previous reports (17,
21). Importantly, for the transgenic lines, the allelic expression
ratio between differentiated cells and undifferentiated cells was
highly similar to the nontransgenic line, supporting the conclusion that transgenic Jarid1c escapes XCI with inactive X expression levels predicted to be ⬇36% of active X levels (Fig. 3D).
To confirm and extend these results, we directly examined
transgenic Jarid1c expression in differentiated cells by sequential
RNA and DNA FISH. At least 86% of nontransgenic cells
showed Jarid1c nascent transcripts from the inactive X (Fig. S5).
Transgenic lines were tested and scored using criteria that
ensured that only diploid nuclei with optimal hybridization were
analyzed. For all 4 transgenic cell lines, nascent Jarid1c RNA
transcripts were identified at each DNA locus (2 endogenous and
1 transgenic loci) in ⬎93% of cells (Fig. 4). These results clearly
demonstrate that transgenic Jarid1c at 4 ectopic locations escapes XCI in all, or at least the vast majority of, cells.
17058 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807765105

Fig. 4. Sequential RNA and DNA FISH analysis of Jarid1c transgene expression. (A) Representative nuclei. (B) Summary of FISH results. To ensure that
only diploid cells with optimal hybridization signals were considered, scored
cells showed 1 Xist signal, 3 Jarid1c DNA foci (1 transgenic and 2 endogenous),
and Jarid1c transcripts from all active X loci and at least 1 inactive X locus. The
percentage of cells showing each hybridization pattern was compared with
expectations for a transgene that is subject to or escapes XCI.

Discussion
BACs and other large-insert constructs have been instrumental
for transgenic animal models because they include long-range
elements that orchestrate proper spatial and temporal expression (22). BAC transgenes have modeled epigenetic events such
as genomic imprinting (23). Nevertheless, even large inserts can
be susceptible to integration site effects (24). In this study we
extend the use of BAC transgenes to evaluate escape genes,
because inactive X expression patterns are likely influenced by
genomic sequence environment (3, 9–11). We established that
transgenic Jarid1c escapes XCI at all 4 sites tested, whereas other
transgene transcripts were appropriately X-inactivated. We conclude that escape from XCI is an intrinsic property of the Jarid1c
locus, requiring sequences in the transgenes. To our knowledge,
these studies are the first to functionally define an escape domain
derived from an endogenous X-linked locus and give important
insight into mechanisms of XCI.
Inactive and escape genes are distinguished by chromatin
differences that include DNA methylation and histone modification (1). Reports differ as to whether Jarid1c escapes from the
onset of XCI or is initially inactivated (25, 26), although, notably,
Li and Carrel
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Materials and Methods
Cell Lines and Culture Conditions. The female mouse ES cell line EL16 was kindly
provided by En Li (Novartis Institute), and subclones have been used for XCI
studies (e.g., ref. 20). Subclone SA13 was isolated and stably retains two Xs for
⬎40 doublings (⬎94% cells are 40,XX). Cell lines were grown essentially as
described (20).
To isolate enriched populations of differentiated ES cells for RT-PCR experiments, 10-day differentiated cells were trypsinized, resuspended, and plated
for 10 min. Subsequently, media were changed to remove nonadherent cells,
and cells were grown for an additional 5–10 days before harvesting. FISH to
examine Xist RNA and a control X chromosome probe confirmed that ⬇83%
cells obtained by this method were differentiated and retained two Xs (data
not shown).

Li and Carrel

BAC Modification and Transfection. A neomycin selectable marker from plasmid PL451 (provided by N. Copeland, Institute of Molecular and Cell Biology,
Singapore) was inserted into each BAC vector backbone by recombineering as
described (29). BAC integrity was confirmed by PCR and pulsed-field gel
electrophoresis.
BAC DNA was linearized with SgrAI within the BAC backbone and was
transfected into undifferentiated ES cells by electroporation (30). Drug selection (250 g/ml G418) was initiated at 24 h, and resistant colonies were picked
after 8 days. After 1 additional passage, drug selection was removed for all
subsequent experiments. Substantial cell death upon reintroduction of G418,
despite retention of two Xs in a high percentage of cells, argues that neomycin
is not constitutively expressed in all cells and is unlikely to influence transgene
expression.
FISH. Probes for DNA FISH included the X-specific repeat DXWas70 (31) and
BAC DNA. Probes for RNA FISH were an Xist subclone that includes a 7.6-kb
genomic XbaI fragment covering most of exon 1, Jarid1c genomic sequence
from a 19-kb EcoRI subclone that encompasses exons 5–12, an Iqsec2 genomic
probe from 3 overlapping SpeI fragments that include exons 3– 8, and an
amplified Tspyl2 probe that encompasses all genomic sequence for the gene.
For both RNA and DNA FISH, double-stranded DNA probes were directly
labeled with Alexa Fluor 488, 546, 594, or 647 by nick translation using ARES
DNA labeling kits (Invitrogen).
Metaphase spreads and DNA FISH analysis were performed as described (4).
For each slide, ⬎20 spreads were examined. RNA FISH was performed essentially as described (32). Undifferentiated ES cells were harvested and cytospun
onto L-polylysine (Sigma)-treated glass slides. For differentiated cells, embyroid bodies were plated and grown directly on glass slides.
Sequential RNA and DNA FISH experiments were performed by slightly
modifying established methods (32). Briefly, after RNA FISH hybridization and
washes, signals were fixed in 4% paraformaldehyde in PBS (15 min, 25 °C).
Subsequently, slides were denatured in 70% formamide, 2⫻ SSC for 5 min at
75 °C, and DNA FISH was then performed as described (4). RNaseA pretreatment abolished RNA signals, confirming that hybridization conditions specifically detected RNA, not DNA (Fig. S6).
Slides were analyzed on a Nikon ECLIPSE E1000 epifluorescence microscope
equipped with a Hamamatsu CCD camera and ImagePro3 software (MediaCybernetics) or a Nikon TE2000-U microscope outfitted with a Roper Scientific
CCD camera and NIS elements software. Each fluorophore was captured
individually, pseudocolored, and merged in Photoshop (Adobe Systems). FISH
experiments were performed in duplicate, and ⬎100 nuclei were analyzed.
Results were evaluated by using the 2 statistic.
Inactive X Expression Analysis. RNA was isolated and cDNA was synthesized as
described (3). Two strategies were used to evaluate inactive X gene expression. To assess the normal inactive X expression pattern of transcripts in
nontransgenic lines, expression was tested in the B119 cell line, an earlypassage primary fibroblast cell line derived from a (T16H ⫻ CAST) F1 female
newborn mouse in which the CAST X chromosome is inactive in all cells (17).
Allele-specific expression was assessed by Q-SNaPshot (3). Primer sequences
for all allele-specific assays are indicated in Table S1.
To determine inactive X expression for the Jarid1c and Tspyl2 transgene
transcripts, enriched populations of differentiated cells were isolated. Allelic
expression was examined by Q-SNaPshot (3). Allelic expression ratios could be
used to determine inactive X expression by normalizing for the percentage of
cells that were clearly differentiated and the frequency that either X is
inactivated. The ‘‘enriched differentiated’’ cells tested are mixed cell populations composed of ⬇83% of cells that are differentiated and retain two X
chromosomes [as determined by FISH (data not shown)]. Furthermore, for the
lines tested, B259 and B079, only 75% inactivate the 129 X chromosome (Fig.
S4). Assays were repeated 3 times and evaluated by 2-tailed t tests. Expected
escape values (%esc) were calculated that correspond to varying levels (from
0% to 100%) of inactive X expression relative to levels on the active X
chromosome. Because results indicated some variation between the 2 transgene lines, expected values were computed separately for each line.
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the Jarid1c promoter remains unmethylated throughout the
onset and establishment of XCI (6). It is unclear what initially
differentiates this promoter from others that become heavily
methylated and transcriptionally inactive. Our transgenes were
generated from BAC DNA lacking epigenetic modification, and
appropriate XCI expression patterns were established. These
data indicate that DNA sequence alone, in a chromosome
position-independent manner, sufficiently directs Xi expression.
What transgene sequences drive proper inactive X regulation?
Escape gene expression likely involves both gene-specific and
long-range regulatory elements (1, 5, 10, 18). The BACs overlap
to share 112 kb (Fig. 1 A), and it is likely that this 112 kb defines
the maximum Jarid1c escape domain. Because repetitive element distribution correlates with XCI response (3, 9–11), it is
notable that repeat composition at Jarid1c is unique compared
with the transgene integration sites, the rest of the X, and the
mouse genome (Fig. S3A) (5). This suggests that the sequence
composition of each BAC is adequate to direct inactive X
expression, although this may not be surprising because the
transgenes used in these studies are quite large. Nonetheless,
these studies now delimit the amount of genomic sequence that
may influence X expression.
Transcripts immediately adjacent to Jarid1c are X-inactivated,
and, therefore, repetitive sequence environment alone cannot
explain why genes escape XCI. It is hypothesized that escape
genes reside in domains flanked by CTCF (6); CTCF sites are
found in the promoter and 5⬘ UTR of Jarid1c (6) and are present
in the BAC transgenes. CTCF binding sites are also predicted
downstream of Jarid1c (http://insulatordb.utmem.edu/) (27),
within the transgenes (Fig. S3B). Additional experimentation,
aided by the transgene system reported here, will be useful to
determine whether these putative binding sites and/or other
promoter or long-range sites are important for escape gene
regulation.
Jarid1c also assumes a more peripheral inactive X location
than inactivated genes (26), suggesting that 3-dimensional architecture influences XCI status. If positioning is critical for
escape gene expression, transgenic Jarid1c should localize similarly. Both endogenous and transgenic Jarid1c FISH signals
were frequently seen at the periphery of the Xist RNA-marked
inactive X domain (e.g., Fig. 4A), yet more critical analysis will
be necessary to confirm this observation. CTCF may aid this
function by tethering chromatin loops (26), but other sequences
must facilitate exterior localization. Perhaps repetitive sequences are involved, because transcriptionally silenced interspersed repeats are the most internalized sequences within the
inactive X domain (26, 28).
From these and other studies, it is clear that regulation on the
inactive X chromosome is complex, and the transgene approach
described here establishes a tractable system to directly address
long-range factors influencing XCI expression. By narrowing
sequences necessary for Jarid1c expression and functionally
defining an inactive X escape domain that is autonomous and
chromosome-position-independent, future work can now address the role of specific sequences in escape gene regulation.
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