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ABSTRACT During the development of female mammals, one of the two X chromosomes is inactivated, serving as a dosage-
compensation mechanism to equalize the expression of X-linked genes in females and males. While the choice of which X
chromosome to inactivate is normally random, X chromosome inactivation can be skewed in F1 hybrid mice, as determined by alleles at
the X chromosome controlling element (Xce), a locus defined genetically by Cattanach over 40 years ago. Four Xce alleles have been
defined in inbred mice in order of the tendency of the X chromosome to remain active: Xce? < Xceb < Xce® < Xce?. While the identity
of the Xce locus remains unknown, previous efforts to map sequences responsible for the Xce effect in hybrid mice have localized the
Xce to candidate regions that overlap the X chromosome inactivation center (Xic), which includes the Xist and Tsix genes. Here, we
have intercrossed 12951/SvimJ, which carries the Xce? allele, and Mus musculus castaneus EiJ, which carries the Xcec allele, to generate
recombinant lines with single or double recombinant breakpoints near or within the Xce candidate region. In female progeny of 12951/
SvimJ females mated to recombinant males, we have measured the X chromosome inactivation ratio using allele-specific expression
assays of genes on the X chromosome. We have identified regions, both proximal and distal to Xist/Tsix, that contribute to the choice

of which X chromosome to inactivate, indicating that multiple elements on the X chromosome contribute to the Xce.

N female mammals, either one of the two X chromosomes

becomes inactivated during development of the embryo.
This random form of X chromosome inactivation (XCI) was
first proposed by Lyon (1961) to explain the mosaic pattern
of X-linked phenotypes observed in coats of various mam-
mals. XCI serves as a dosage-compensation mechanism to
equalize the expression of most X-linked genes in females
and males. The steps to random XCI during development of
the embryonic lineage are thought to include counting of the
number of X chromosomes and the choice of which will be
active or inactive, followed by initiation, spreading and fi-
nally maintenance of the inactive state throughout develop-
ment (Heard et al. 1997; Wutz 2011). While choice of which
X to inactivate is known to be a primary event occurring

Copyright © 2012 by the Genetics Society of America

doi: 10.1534/genetics.112.144477

Manuscript received May 18, 2012; accepted for publication August 2, 2012
Supporting information is available online at http:/Awww.genetics.org/lookup/suppl/

doi:10.1534/genetics.112.144477/-/DC1.

'Corresponding author: Department of Cell and Developmental Biology, Perelman
School of Medicine at the University of Pennsylvania, Philadelphia, PA 19104. E-mail:
bartolom@mail.med.upenn.edu

early in development, when one X chromosome carries a det-
rimental mutation, preferential inactivation of the X chro-
mosome with the mutation is typically observed (Morey and
Avner 2010). This form of skewed XCI is exemplified in
human cells and is most likely due to a secondary cell sur-
vival effect in choice (Puck and Willard 1998; Amos-Landgraf
et al. 2006). In mice, random XCI is observed in homozygous
females carrying X chromosomes from the same genetic back-
ground, whereas skewed XCI can be observed when females
are heterozygous for X chromosomes from different back-
grounds. In contrast to the situation observed in many human
females, the process of this skewed XCI in mice is considered
to be a primary event in the choice of which X chromosome
will remain active (Rastan 1982; Morey and Avner 2010).
Early studies on various structural anomalies of the X
chromosome, including X autosome translocations (t(X;A))
in both human and mouse cells, led to the genetic identifi-
cation of the X inactivation center (XIC/Xic) region (reviewed
by Heard et al. 1997). The XIC/Xic was defined as the region
on the X chromosome that contains the elements required for
XCI. Within the XIC/Xic, the X-inactivation-specific transcript
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locus (XIST/Xist) was cloned—first in human (Brown et al.
1991) and then in mice (Borsani et al. 1991; Brockdorff et al.
1991). XIST/Xist encodes a long noncoding RNA that is ex-
clusively expressed on the inactive X chromosome. Upon XCI,
Xist expression is induced on the future inactive X chromo-
some, where Xist RNA coats the X chromosome and facilitates
spreading of inactivation of genes in cis. On the future active
X chromosome, Xist is silenced during XCI. In mice, Lee and
colleagues identified an antisense regulator of Xist, Tsix,
whose product is also a noncoding RNA (Lee et al. 1999).
Tsix expression represses Xist in cis and was shown to be
involved in the choice process (Lee and Lu 1999). Numerous
targeting and mutation studies of Xist and Tsix have shown
the requirement for Xist and Tsix expression in regulating XCI
(Payer and Lee 2008). Notably, however, single-copy trans-
genes spanning Xist/Tsix and integrated at autosomal loci in
male ES cells did not initiate XCI upon differentiation (Heard
et al. 1999), suggesting that Xist and Tsix alone do not define
all of the cis elements of the Xic required for XCI. Further-
more, despite the apparent requirement for Tsix in choice, the
relationship between Xist/Tsix and skewing of X inactivation
is not well understood.

To explain the skewed XCI detected in mice heterozygous
for X chromosomes of divergent backgrounds, Cattanach
proposed the presence of the X-chromosome-controlling
element (Xce) (Cattanach 1970). The Xce is defined as the
cis element influencing choice in XCI in mice. Thus far, four
variants of the Xce locus have been described: Xce?, XceP,
Xce®, and Xce? (Cattanach and Rasberry 1991). The alleles
are ordered in their tendency to remain active: Xce? < XceP
< Xce¢ < Xced (Cattanach and Williams 1972; West and
Chapman 1978; Johnston and Cattanach 1981). In hetero-
zygous Xce?/Xce¢ mice, for example, the X inactivation ratio
is approximately 0.25, reflecting that ~25% of cells will
have an active X chromosome with the Xce? allele and
~75% of the cells will have an active X chromosome with
the Xce¢ allele (Plenge et al. 2000). In contrast, in mice
homozygous for Xce?/Xce® or Xce¢/Xce¢, where XCI is ran-
dom, the X inactivation ratio is ~0.50, reflecting that
~50% of cells will have one X chromosome active and the
other ~50% of cells will have the other X chromosome ac-
tive. It has been proposed that a hypothetical blocking fac-
tor, originally proposed to function in counting of X
chromosomes, may interact at the Xce locus on the future
active X where it blocks X chromosome from inactivation
and thereby contributes to choice during XCI (Lyon 1971;
Brown and Chandra 1973; Russell and Cacheiro 1978;
Rastan 1983; Avner and Heard 2001; Percec et al. 2003).
One interpretation of this model is that the Xce is defined
by a discrete locus to which a trans-acting blocking factor
binds and thereby blocks XCI and that allelic differences
in binding affinity explain the differing activities of the
Xce alleles (Percec et al. 2003). It is therefore of great
interest to define the X chromosome region responsible
for the Xce and the nature of the alleles that determine
the Xce effect.
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Mapping of Xce was initially performed in mice with an X
chromosome recombinant for the Xce® and Xce? alleles. Orig-
inal studies placed the Xce between the tabby (Ta) and the
phosphoglycerate kinase (Pgk-1) genes (Cattanach et al. 1970,
1982, 1989; Cattanach and Papworth 1981). The Xce region
was subsequently narrowed to the sequence between Ta and
blotchy (Mob°) (Cattanach and Papworth 1981; Cattanach
et al. 1989; Simmler et al. 1993). Further fine mapping of
recombinant alleles with new microsatellite markers sug-
gested that Xist and Xce were distinct elements (Simmler
et al. 1993). Chadwick et al. (2006) refined Xce to a region
<2 Mb that included the Xist/Tsix genes. The simplest inter-
pretation of these two studies is that the Xce is a single locus
within the X chromosome sequence common to both candi-
date Xce regions. Within the Xic, several protein-coding and
noncoding genes and genetic elements have been identified
and shown to affect XCI (Clerc and Avner 2003; Lee 2011;
Morey and Avner 2011; Pontier and Gribnau 2011); however,
none of these has been shown to contribute to the Xce effect.

Here we further analyze and map the Xce in mice carrying
the 129S1/SvimJ (129S1) Xce? allele and the Mus musculus
castaneus (Cast) Xce® allele (Courtier et al. 1995; Plenge et al.
2000). We generated male mice recombinant for portions of
the 129S1 (Xce®) and Cast (Xce®) X chromosomes. We prog-
eny tested these males by mating them to 129S1 females and
determining the X chromosome inactivation ratio by measur-
ing allele-specific expression of X-linked genes in female prog-
eny. By comparing X inactivation ratios in females inheriting
the recombinant alleles and control females that are hetero-
zygous or homozygous for Xce, we identify multiple X chro-
mosome loci that contribute to the Xce effect. We show that
both sequences proximal and distal to and spanning Xist/Tsix
affect skewing/choice of XCI. Our results, therefore, indicate
that for the 129S1 (Xce%) and Cast (Xce®) alleles, “Xce” may be
defined by multiple X chromosome strain-specific differences
including differences within the Xist/Tsix region.

Materials and Methods
Mice

New X chromosome recombinant lines were generated to
map Xce (Figure 1). Male and female 129S1/SvimJ (129S1)
mice, with an Xce® allele, and Mus musculus castaneus EiJ
(Cast) males, with an Xce® allele, were purchased from JAX.
Because Cast breeding pairs are difficult to maintain, we gen-
erated mice with a Cast X chromosome (CastX) on an other-
wise mixed 129S1/Cast background. 129S1 females were
first mated to Cast males and then F1 female progeny were
mated to Cast males. N2 progeny with a Cast X chromosome
were identified. The N2 CastX females were then mated to
129S1 males, to isolate additional CastX males. These CastX
males (CastXm) were mated to N2 CastX females (CastXf) to
maintain the CastX mice. We also saved and progeny tested
N2 progeny with a recombinant breakpoint at the very distal
ends of the X chromosome (recombinant males 246m and
88m; Figure 2 and Supporting Information, Table S1).
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Figure 1 RX1 and RX2 breeding schemes. In the RX1 breeding scheme,
12951 females were first mated to Cast males and then F1 female prog-
eny were mated to Cast or CastX males. Male progeny with a recombi-
nant X chromosome were mated to 12951 females for progeny testing.
Tail tips were collected from 2- to 3-week-old females to measure the X
inactivation ratios. Mice were bred to 12951 mice to maintain the existing
recombinant X chromosome. In the RX2 breeding scheme, CastX females
were mated to a male with a double recombinant X chromosome that
was Cast at distal ends and 12951 in the middle region. Female progeny
with a CastX and the double recombinant X chromosome were mated
with CastX males to maintain existing and to generate new recombinant
alleles. Male progeny with a recombinant X chromosome were mated
with 12951 females and toe and ear samples were collected from female
progeny to measure the X inactivation ratio. To maintain existing or to
generate new recombinant X chromosomes, males with the recombinant
X chromosome were crossed to CastX females and then female progeny
were mated with CastX males. 12951 and Cast DNA are designated by
solid and shaded bars, respectively.

Recombinant male 246m was Cast at the proximal end of the
X chromosome and otherwise 129S1. In female progeny of
246m mated to 129S1 females, Xce should be homozygous.
These female progeny were then bred with 129S1 males to
progeny test inheritance of recombinant allele from the
mother (246f; Figure 2 and Table S1). For mapping of the
Xce, we used the 129S1, Cast, and CastX mice to establish,
maintain, and progeny test new recombinant lines (see below).
We designated the mating schemes to generate recombinant
X chromosomes as RX1 and RX2. All animal work was con-
ducted in accordance with the Institutional Animal Care and
Use Committee.

RX1 mating scheme

129S1 females were mated to Cast males. F1 females were
mated to Cast or CastX males to isolate males with recombinant

X. These males were progeny tested by breeding with 129S1
females and measuring the X inactivation ratio in female
progeny. The RX1 female progeny were also bred to 129S1
males to maintain the RX1 allele. The breeding scheme is
illustrated in Figure 1. The RX1 recombinant X chromosomes are
summarized in Table S1. Each name corresponds to the mouse
in which the recombinant chromosome was initially identified.

RX2 mating scheme

The founding double recombinant male was the offspring of
a mating between a CastX male and a mixed background
female heterozygous for Cast and 129S1. This recombinant
male was mated to a Cast X female. Subsequent female
progeny were then mated to CastX males and the original X
chromosome recombinant was maintained, or new recombi-
nants were identified that mapped near the Xce boundaries
identified by Chadwick et al. (2006). Recombinant males
generated by the RX2 breeding scheme were progeny tested
by mating to 129S1 females. Mice with new and existing
recombinant X chromosomes were established or maintained
by crossing to CastX mice. The breeding scheme is illustrated
in Figure 1. The RX2 recombinant X chromosomes are sum-
marized in Table S1. Each name corresponds to the mouse in
which the recombinant chromosome was initially identified.

Progeny test breeding

RX1- and RX2-derived male mice were mated to 129S1
females. Tissues from 2- to 3-week old female progeny were
collected for measuring the X inactivation ratio, which we
previously referred to as the X inactivation pattern (Plenge
et al. 2000; Percec et al. 2003). The X inactivation ratio was
calculated as the fraction of RNA expressed from the 129S1
(or Cast) allele relative to the total level of RNA expressed
from the 129S1 and Cast alleles for the designated X-linked
genes. From progeny of RX1-derived males, tail tips were
collected for RNA analysis and ear clips for DNA analysis.
From killed progeny of RX2-derived males, toe and ear sam-
ples were collected for RNA analysis and toe samples for
DNA analysis, as previously described (Percec et al. 2003).

RNA isolation

From 2- to 3-week old mice, toe and ear samples or tail
samples were collected and stored at —80° for RNA isolation.
Tissues were first pulverized with a pestle in an Eppendorf
tube on dry ice/ethanol bath and then RNA was isolated
using the High Pure RNA tissue kit (Roche) as previously
described (Percec et al. 2003). Toe and ear (TE) RNAs were
eluted in 90 wl of kit elution buffer (EB) and tail (t) RNAs
were eluted in 50 pl of EB. RNA concentrations were mea-
sured on the NanoDrop (Thermo Scientific). cDNA was syn-
thesized from 500 ng RNA using M-MLV RT (Invitrogen) in
a 20-pl reaction as previously described (Percec et al. 2003).

Allele-specific expression assays

The Pctkl (renamed Cdk16 for cyclin-dependent kinase 16)
expression assay was conducted as previously described
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Figure 2 Measuring the X inac-
tivation ratios in progeny of mice
with control vs. RX1 and RX2
chromosomes suggests that mul-
tiple regions comprise the Xce.
(A) Schematic of X chromosome
and previously defined candidate
Xce regions designated as Xcel
(solid and cross-hatched bar be-
neath X chromosome; Simmler
et al. 1993) and Xce2 (solid
bar beneath X chromosome;
Chadwick et al. 2006). For Xce1,
the solid and cross-hatched bar
refers to the initially reported
candidate Xce region and the
solid bar refers to the candidate
Xce region based on the geno-
type analysis of mice phenotyped
that contained Xce? and XceP
alleles (Cattanach and Williams
1972; Simmler et al. 1993). Chro-
mosomal boundaries of Xcel,
Xce2, and recombinant chromo-
somes analyzed below are in Ta-
ble S1. Right and left arrowheads
indicate orientation and location
of Tsix and Xist, respectively.
Genes that were used to mea-
sure the X inactivation ratio are
also indicated. (B) Schematic of
control chromosomes that were
progeny tested. Here and below,
light gray indicates Cast DNA
and dark gray indicates 12951
DNA. “m” and “f” noted after
a number indicates a male or fe-
male was progeny tested, respec-
tively. Recombinant alleles 246m
and 88m were isolated during
the establishment of CastX mice
and 246f was derived from mat-
ing the 246m male to a 12951
female. Female offspring from
the CastXm control cross are het-
erozygous at the Xce whereas
female progeny from the 246m
control cross are homozogous
at the Xce. Note that offspring
from both crosses are heterozy-
gous at Pctk?, which is used for

the phenotyping (the X inactivation ratio) of Xce. Males (CastXm, 88m and 246m) were progeny tested by mating with 12951 females. Females (CastXf
and 246f) were progeny tested by mating with 12951 males. The mean X inactivation ratio in female progeny using designated assay is reported to the
right (Pctk1 and Mecp2 ratios are percentage expression from 12951 allele; Xist ratios are percentage expression from Cast allele). The ratios were
compared to ratios in progeny of control males (CastXm and 246m) and P-values (P) of the ratio comparison are also shown to the right. (C) RX1- and (D)
RX2-derived recombinant X chromosomes. All males were progeny tested by mating with 12951 females. As described in B, the mean X inactivation
ratio(s) and significance (P) are reported to the right. When the ratio differs (P < 0.05) from the CastXm progeny ratio, this indicates that Xce of the RX1/
RX2 recombinant allele is no longer fully heterozygous (i.e., there is 12951 sequence in the Xce region on the RX1/RX2 recombinant chromosome).
When the X inactivation ratio differs from the 246m progeny ratio (homozygous Xce), this indicates that Xce regions are within the Cast sequence of the
RX1 or RX2 derived alleles (i.e., Xce is at least partially heterozygous). In the allele designation to the left, the labels in parentheses refer to the

grandparental allele.

(Percec et al. 2002 and Figure S1). For all other assays,
0.5 uM of each primer and 1 pl of ¢cDNA were added to
RubyTaq PCR master mix per manufacturer’s guidelines
(Affymetrix). Allele-specific expression assays for Mecp2,
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Xist, Hprt, Abc7 (current name Abcb7), and JaridIc (current
name Kdmb5c) were designed. Table S2 provides the se-
quence and location of primers, SNPs assayed, annealing
conditions for PCR reaction, and enzyme used to detect
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the SNP within PCR product. Digested PCR products were
resolved on a 12% polyacrylamide gel.

Mecp2 and Xist were used for allele-specific expression in
addition to genotyping of recombinant alleles (Figure S1).
The Hprt, Abc7, and Jarid1c assays were used for genotyping
of recombinant alleles.

DNA isolation and genotyping

DNA was extracted from tail, toe, or ear samples of 2- to 3-
week old mice, as previously described (Percec et al. 2002).
Supernatant was stored at —20°. Genotyping was carried out
using X chromosome microsatellite markers and SNPs listed
in Table S1 and Table S2. (All chromosomal locations are in
accordance with the UCSC genome browser July 2007
(NCBI37/mm9) assembly.) We initially genotyped the X
chromosome with DXMit53, DXMit62, DXMit18, DXMit64,
and DXMit249 map pairs and then fine mapped recombi-
nant alleles as shown in Table S1. Table S2 lists SNP and
restriction fragment length polymorphism (RFLP) assays.
SNPs used were originally identified by Perlegen (presently
curated at http://www.ncbi.nlm.nih.gov/projects/SNP/) or
identified by sequencing of genomic Cast and 129S1 ampli-
fied DNA. For genotyping PCR, 1 pl of supernatant and
0.5 uM of each primer were added to GoTaq Green PCR
master mix according to manufacturer’s recommendations
(Promega). After an initial denaturing step at 94° for
2 min, amplification was performed for 35 cycles at 94°
for 15 sec, 57° for 15 sec, and 72° for 20 sec. For SNP
analysis, PCR products were either sequenced or digested
with appropriate restriction enzyme for RFLP analysis. The
PCR products were resolved on a 12% polyacrylamide gel.

Statistical analysis

Mean and standard deviation of X inactivation ratios were
determined and graphically illustrated using Microsoft Excel
data analysis tools. Assuming the null hypothesis, the dif-
ference of two means was determined using a two-tail t-test
assuming unequal variances.

Preserving CastX, RX1, and RX2 lines

We maintained the CastX mice for subsequent studies, but it
was not feasible to maintain the RX1 and RX2 mice. We did,
however, cryopreserve sperm isolated from many of the RX1
and RX2 mice. Using these sperm, mice with the recombi-
nant RX1 X chromosome can most readily be rederived by
intracytoplasmic sperm injection (ICSI) of 129S1 oocytes
and mice with the recombinant RX2 X chromosome can
most readily be rederived by ICSI of CastX oocytes. In
addition, we have isolated early passage female mouse
embryonic fibroblasts (MEFs) from 12.5 to 14.5 days post
coitum embryos from 129S1 females crossed to CastX, RX1,
or RX2 males. These MEFs could be used to derive induced
pluripotent stem cell (iPSC) lines that may be used to study
initial steps of random XCI, provided iPSC clones become
fully reprogrammed and are capable of undergoing random
XCI upon differentiation.

Results
Strategy for defining Xce

To define more precisely the genetic location of Xce, we
generated new mouse strains with recombinant X chromo-
somes. Previous studies have shown that Xce is linked to
Xist/Tsix sequences within or near the Xic (Simmler et al.
1993; Chadwick et al. 2006). Figure 2A and Table S1 show
previously defined Xce candidate regions. However, one
study has suggested that X chromosome sequences proximal
to the Xist/Tsix region may contribute to the Xce effect
(Simmler et al. 1993). These studies typically employed
mice with a single recombination along the X chromosome
to progeny test and define boundaries of the Xce candidate
region by QTL analysis (Simmler et al. 1993). Here, we have
used mice with Cast (Xce¢ allele) and 129S1 (Xce® allele) X
chromosomes to generate X chromosome alleles with single
or double recombination breakpoints. We mapped the
breakpoint(s) using microsatellite markers and sequencing.
The breakpoint(s) of several of the recombinant X chromo-
somes coincided with the previously proposed proximal or
distal Xce candidate region boundaries (Cattanach and
Papworth 1981; Cattanach et al. 1991; Simmler et al
1993; Chadwick et al. 2006). We progeny tested males with
the recombinant X chromosomes by mating them to 129S1
females and assessing the X inactivation ratio in female
progeny, measuring allele-specific expression analysis of at
least one gene on the X chromosome that undergoes XCI.
Furthermore, we compared these ratios to X inactivation
ratios in progeny of control mice in which Xce is either
heterozygous (ratio ~0.25) or homozygous (ratio ~0.50)
(Plenge et al. 2000).

In summary, we progeny tested numerous males with
different recombinant X chromosomes that are described in
Figure 2 and testing of several of the recombinants indicate
that the Xce is a dispersed element. The most direct evidence
that regions proximal to Xist/Tsix contribute to the Xce effect
is concluded from the analysis of the 217m, 228m, 6443m,
830m recombinant males. The most direct evidence that
regions distal to Xist/Tsix contribute to the Xce effect is con-
cluded from the analysis of the 218m, 800m, and 1114m
recombinant males.

Establishing mouse lines to map Xce using mice
with Xce? and Xce® alleles

Using 129S1 and Cast mice, we generated control and
recombinant lines to identify discrete regions along the X
chromosome that could define the location of sequences that
contribute to the Xce QTL. Specifically, we generated males
with single and double recombinant X chromosomes using
two mating schemes designated as recombinant X chromo-
some 1 and 2 (RX1 and RX2) (Figure 1; see Materials and
Methods). During the generation of the CastX mice, we also
identified mice with breakpoints near the proximal and dis-
tal ends of the X chromosome, 246m and 88m, respectively
(Figure 2B and Table S1). As described below, the 246m
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mice were especially useful for control progeny testing, by
measuring the X inactivation ratio when Xce is homozygous
by descent.

Analysis of control mice

Multiple factors may affect the X inactivation ratio measure-
ment in addition to the Xce alleles. These include the direc-
tion of mating, strain background, tissue chosen for the gene
expression measurements, as well as variations detected for
a specific gene expression assay (Plenge et al. 2000; Percec
et al. 2002; Chadwick and Willard 2005). We performed
a series of control experiments to determine how these fac-
tors may affect the outcome of our progeny testing of RX1-
and RX2-derived X chromosome recombinant mice. For
these experiments we used the previously established Pctk1
assay to measure the X inactivation ratio ((Percec et al.
2002) and Figure S1A). This assay requires that the very
proximal end of the X chromosomes is heterozygous for Cast
and 129S1, in a region not likely to affect the X inactivation
ratio (Figure 2A), as previously reported (Plenge et al.
2000).

For control experiments, we isolated both males (m) and
females (f) with designated X chromosomes for progeny
testing. Mice with the CastXm, CastXf, 88m, 246m, and 246f
chromosomes were isolated from 129S1 and Cast breeding
(Figure 2B). The male 199m with a CastX chromosome
(Table S1) was generated from the RX1 breeding scheme.
The female 2175f with CastX chromosomes (Table S1) was
the offspring of a first-generation recombinant female mated
to CastX male in the RX2 breeding scheme. For reasons
explained below, 199m and 2175f mice were separately
progeny tested from CastXm and CastXf, respectively.

For control progeny testing experiments, we mated males
with the Cast Pctk] allele to 129S1 females, mated females
with a Cast Pctk1 allele to 129S1 males, and assayed the X
inactivation ratio in female progeny from each mating. First
we assayed progeny in which Xce is heterozygous (progeny
of CastXm, CastXf, 88m, 199m, and 2175f; Figures 2B and
3A and Table S1). The mean X inactivation ratio in progeny
inheriting the CastX chromosome from the father (CastXm,
ratio = 0.24, SD = 0.054) did not significantly differ from
the ratio in progeny inheriting the CastX chromosome from
the mother (CastXf, ratio = 0.21, SD = 0.066, P-value, P, =
0.10), suggesting that direction of mating did not affect the
X inactivation ratio. The mean ratios in progeny inheriting
the CastXm vs. the 88m (ratio = 0.25, SD = 0.061, P =
0.75) paternal X chromosomes did not differ, indicating that
the distal 129S1 sequence on the 88m X chromosome was
not contributing to the Xce QTL (Figures 2B and 3A and
Table S1). The ratios in progeny inheriting the maternal X
chromosome from different mating schemes did not differ
(Figure 3A; compare CastXf vs. 2175f [ratio = 0.21, SD =
0.038, P = 0.93]). Using toe and ear RNA (CastXm progeny)
vs. tail RNA (199m progeny [ratio = 0.22, SD = 0.081, P =
0.30]) for the analysis did not affect the X inactivation ratio.
The latter two control experiments indicated that strain
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background differences and tissues chosen for the analysis
did not affect the outcome. However, there was a greater
variance in gene expression measurements when tail RNA
was used for the analysis instead of toe and ear RNA (Figure
3A; compare CastXm vs. 199m). We therefore used toe and
ear RNA for gene expression measurements in RX2 progeny.

We also performed control experiments in progeny in
which the Xce is homozygous (progeny of 246m and 246f;
Figures 2B and 3A and Table S1), to further test if direction-
ality of cross affects the X inactivation ratio. Although the
assays to determine the Xce QTL were quite different, pre-
vious studies have found that the direction of mating either
did not affect the ratio (Johnston and Cattanach 1981) or
did influence the X inactivation ratios in heterozygous
females (Chadwick and Willard 2005). As noted above,
the direction of mating did not affect such measurements
in our study of Xce heterozygous progeny. In contrast, the
ratios significantly differed in Xce homozygous progeny of
246m (ratio = 0.50, SD = 0.054) and 246f (ratio = 0.44,
SD = 0.079, P = 0.033) mice (Figures 2B and 3A), suggest-
ing that the direction of the mating can affect the ratios.

The observation that the ratio is higher when the Cast
Pctk1 allele is inherited from the father (246m) than when
inherited from the mother (246f) suggests that there still
remains some memory of the paternal mark for the
imprinted XCI during random XCI (see Lee 2011 for review
of imprinted and random XCI). Hence, we progeny tested all
of the RX1- and RX2-derived mice in one direction: recombi-
nant males crossed to 129S1 females. For all analyses we
compared X inactivation ratios to the heterozygous Xce
(CastXm) and, when possible, to Xce homozygous (246m)
offspring.

Progeny testing of recombinant males derived from RX1
and RX2 schemes indicates that sequences proximal and
distal to Xist/Tsix affect the X inactivation ratio

The RX1 breeding scheme produced male mice with five
different recombinant X chromosome breakpoints (Figures 1
and 2C and Table S1). Genotyping revealed that four lines
were the result of a single recombination and one line
(218m) was the consequence of a double recombination
event between the Cast and 129S1 chromosomes. To prog-
eny test RX1-derived mice, recombinant males were mated
to 12951 females and the X inactivation ratio was determined
in female progeny. For each of these five recombinants several
mice (from the same or multiple generations) were generally
progeny tested. We did not observe differences in X inactiva-
tion ratios in progeny from males from different generations
with the same X chromosome (data not shown). The same
was true for RX2 mice (below). Therefore, we combined all of
the measurements for mice with the same recombinant X
chromosome.

Two of the RX1-derived chromosomes (109m and 217m)
were Cast at Pctk1, thus enabling us to use Pctk1 to measure
X inactivation ratios in female progeny. The recombination
site of the 109m chromosome coincides with the proximal
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t-test (P-values are noted below). (A)
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mice. The mean X inactivation ratio of
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0.30), 88m (P =0.75), CastXf (P=0.10),
and 2175f (P = 0.09), but it did differ
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and 246f (P < 107%). The ratio of
246m (P < 10713) and 246f (P <
1076) both significantly differed from ra-
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trol vs. RX1 mice. The ratio in CastXm progeny significantly differed from the ratio in 109m (P < 10~7) and 217m (P < 10~'9) progeny. The ratio in
246m progeny also significantly differed from ratio in 109m (P < 10=4) and 217m (P =0.017) progeny. (C) Pctk1 in progeny of control vs. RX2 mice. The
ratio in CastXm and 183m progeny did not differ (P = 0.35). The ratio in CastXm significantly differed from the ratio in 137m (P < 1078), 2173m (P <
1076), 3695m (P < 10~ '), 6443m (P < 1073), 2181m (P < 10~ '2), 5005m (P < 10~7), 6570m (P < 10—%), 830m (P < 10~4), 800m (P =0.011), and
1114m (P = 0.012) progeny. The ratio in 246m progeny significantly differed from the ratio in 137m (P < 1073), 2173m (P < 1078), 183m(P < 1079),
3695m (P < 107°), 6443m (P < 10~7), 2181m (P = 0.013), 5005m (P = 0.011), 6570m (P = 0.031), 830m (P < 10~7), 800m (P < 107°), and 1114m

(P < 107%) progeny.

boundary for the Xce candidate region proposed by Simmler
et al. (1993) (Xcel in Figure 2A and Table S1). The recom-
bination site of the 217m allele coincides with the Xce candi-
date region boundary determined by Chadwick et al. (2006)
(Xce2 in Figure 2A and Table S1). The mean X inactivation
ratios measured in both 109m (ratio = 0.39; SD = 0.113)
and 217m (ratio = 0.44; SD = 0.117) progeny were signif-
icantly greater than the X inactivation ratio measured in the
offspring from the CastXm control mating (ratio = 0.24;
SD = 0.054; P < 1077) (Figure 2C and 3B). The loss of
skewing in XCI indicated that Xce was homozygous in 109m
and 217m progeny. However, the X inactivation ratios in the
109m and 217m offspring were significantly less than in the
progeny of 246m control mice (ratio = 0.50; SD = 0.054;

P < 0.02) (Figure 2C and 3B), indicating that the Xce was not
entirely homozygous in both the 109m or 217m progeny. This
was surprising since the proposed Xce candidate regions Xcel
and Xce2 (Figure 2A and Table S1) were homozygous for
129S1 in the 109m and 217m progeny, respectively.

The other RX1-derived recombinant males were also of
great interest because the 78m and 218m X chromosome
breakpoints coincided with an Xcel and Xce2 boundary,
respectively, and the 228m breakpoint was within the Xce2
candidate interval, just proximal to Xist/Tsix (Figure 2C and
Table S1). Because mice with these X chromosomes were
129S1 at Pctkl, we could not measure the X inactivation
ratio by the Pctkl assay. We therefore established allele-
specific expression assays at Mecp2 and Xist (Figure S1, B
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and C). The mean X inactivation ratios as measured by
Xist in the progeny of mice with the 78m (Xist ratio =
0.34; SD = 0.090) and the CastXm (Xist ratio = 0.31;
SD = 0.067; P = 0.35) X chromosomes were not different
(Figures 2C and 4A). Therefore, sequences proximal to the
78m X chromosome breakpoint did not contribute to the Xce
effect. In contrast, the mean X inactivation ratio as measured
by Mecp2 and/or Xist in progeny of mice with the 218m (Xist
ratio = 0.40 and SD = 0.084; Mecp2 ratio = 0.40 and SD =
0.095) or 228m (Xist ratio = 0.44; SD = 0.058) X chromo-
somes did differ significantly from the ratios measured in
CastXm (Mecp2 ratio = 0.277; SD = 0.053; P < 0.003)
control progeny (Figures 2C and 4). These results indicate
that sequences proximal to the 228m X chromosome break-
point and distal to the 218m X chromosome breakpoint are
contributing to the Xce effect.

Progeny testing of recombinant males derived from the
RX2 scheme confirms that sequences proximal and distal to
Xist/Tsix affect the X inactivation ratio. The RX2 breeding
scheme was used to establish and progeny test mice with 11
different recombinant X chromosomes (Figures 1 and 2D
and Table S1). Many of these lines had recombination sites
that coincided with or were within the Xcel and Xce2 can-
didate intervals (Figure 2 and Table S1). RX2 males were
mated with 129S1 females and the X inactivation ratio was
measured in female progeny, typically scoring offspring from
more than one mouse. All recombinant X chromosomes in
progeny-tested mice were Cast at Pctk1, and therefore the X
inactivation ratios of progeny were compared to that of Xce
heterozygous control (CastXm) progeny and Xce homozy-
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RX1 and RX2 progeny. The y-axis provides the ratio, mea-
sured as the fraction of total RNA that is expressed from
the Cast allele. The mean X inactivation ratio in CastXm
and 78m progeny did not differ (P = 0.35). The ratio in
CastXm progeny significantly differed from the ratio in
228m (P < 1073), 218m (P = 0.003), and 6443m (P <
1073) progeny. (B) Mecp2 in progeny of control, RX1 and
RX2 progeny. The y-axis provides the ratio, measured as
the fraction of total RNA that is expressed from the 12951
allele. The ratio in CastXm progeny differed from the ratio
in 218m (P < 10~4) and 3695m (P < 10~4) progeny.

gous control (246m) progeny. Only in progeny inheriting
the 183m (ratio = 0.26; SD = 0.066) X chromosome was
the X inactivation ratio similar to that measured in CastXm
progeny (P = 0.35), suggesting therefore that Xce is hetero-
zygous in such mice (Figures 2D and 3C). Thus our analysis
of the 183m allele supported the analysis of RX1-derived
78m offspring showing that sequences proximal to the
Xcel boundary were not affecting the Xce QTL (Figure 2).

The X inactivation ratio as measured by Pctkl in the
progeny of 10 of the RX2 lines (mean ratios ranges from
0.30 to 0.45) was significantly greater (i.e., less skewed)
than that measured in CastXm control progeny (P-values
ranged from 0.012 to 107'2), which are heterozygous for
Xce (Figures 2D, 3C, and 4). This indicated that in the prog-
eny of these RX2-derived mice, the Xce was at least partly
homozygous. Because Xist/Tsix sequences were heterozygous
in many of the progeny (6443m [ratio = 0.33; SD = 0.064],
830m [ratio = 0.35; SD = 0.063], 800m [ratio = 0.31; SD =
0.074] and 1114m [ratio = 0.30; SD = 0.044] in Figure 2D
and Table S1), these results support the analysis of the RX1-
derived 228m and 218m chromosomes, suggesting that
sequences both proximal and distal to Xist/Tsix contribute
to the Xce effect. The mean X inactivation ratios in progeny
tended to be higher when sequences spanning Xist/Tsix
were homozygous (137m [ratio = 0.42; SD = 0.061]),
2173m [ratio = 0.36; S.D.=0.073], 3695m [ratio =
0.40; S.D.=0.068], 2181m [ratio = 0.45; SD = 0.070],
5005m [ratio = 0.44; SD = 0.061], 6570m [ratio =
0.42; SD = 0.090]), indicating that Xist/Tsix sequences
did, however, contribute to the Xce effect.
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The X inactivation ratio in progeny of all 11 RX2-derived
lines was also significantly smaller than the ratios of the
246m control progeny (P-value ranged from 0.031 to 10™9),
which are homozygous for Xce (Figures 2D and 3C). These
results indicate that sequences that remain heterozygous in
the progeny are contributing to the Xce QTL. This is difficult
to explain in the context of the 137m progeny testing results
and, as discussed above, the RX1 109m progeny testing
results. Previous mapping studies of the Xce (Simmler
et al. 1993; Chadwick et al. 2006; and Figure 2A) indicate
that 137m and 109m progeny should be entirely homozy-
gous for Xce and that XCI should, therefore, be random
(~50:50). Our results suggest that elements outside of the
originally mapped Xce candidate interval are somehow con-
tributing to skewed XCI in mice with 129S1 and Cast X
chromosomes.

Discussion

The Xce has been defined as an X chromosome locus that
influences the randomness of XCI in female mice (Cattanach
and Williams 1972; Cattanach 1975), scored originally as
a QTL by vibrissae counts and coat color variegation and
more recently by direct measurements of X-linked allele-
specific gene expression. We set out to map the Xce in mice
heterozygous for the 129S1 Xce? allele and the Cast Xce¢
allele. Two breeding schemes (RX1 and RX2; see Figure 1)
produced mice with single and double recombinant X chro-
mosomes, which were subsequently used in test crosses to
map the Xce QTL. We compared the X inactivation ratio to
control progeny in which the entire X was either nearly
completely heterozygous for the 12951 and Cast X chromo-
somes (thus heterozygous for Xce? and Xce¢; skewed ratio
~0.25) or nearly completely homozygous for the 129S1 X
chromosome (homozygous for Xce?; ratio ~0.50). To our
surprise, we identified multiple regions on the X chromo-
some that influence the randomness of XCI in female mice,
including a region proximal to and another distal to Xist/
Tsix (6443m, 830m, 800m, and 1114m in Figures 2D and
3C and Figure 5). Our data, however, indicate that sequen-
ces spanning Xist/Tsix also contribute to the Xce effect be-
cause X inactivation ratios tended to be higher (that is, XCI
showed less skewing) when sequences including Xist/Tsix
were homozygous for 12951 (Figures 2D and 3C). As we
found multiple regions that affected the X inactivation ratio,
we conclude that no single discrete region defines the full
Xce QTL.

At first glance, our conclusions appear to contradict the
original definition and earlier mapping studies of Xce. Re-
view of the Xce and Xic literature, however, indicates other-
wise. Evidence of nonrandom XCI and definition of the Xce®
and XceP alleles was first reported by Cattanach and Williams
(1972). In this careful genetic study, different strains of in-
bred mice were mated with tester mice either carrying an
X-linked Tabby (Eda) or Vbr (Atp7A) mutation. The degree
of nonrandomness in XCI was reflected in the scoring of

secondary vibrissae number in Ta progeny and measuring
coat color variegation in Vbr progeny. Findings from this
study led to the conclusion that, in Xce?/Xce? heterozygotes,
the X chromosome with the Xce? allele is more likely to be
the inactive X. Subsequently, in matings between a wild-
derived M. M. musculus mouse with Xce¢ and inbred Xce®
or Xceb strains of mice, using the polymorphism within
Pgk-1 to detect allele-specific protein expression, West and
Chapman (1978) demonstrated that the X chromosome
with the Xce? allele is more likely to be inactivated in
Xceb/Xce® heterozygotes. While X;autosome translocations
[T(X;A)] and X chromosome deletions in mice have de-
fined the Xic (Rastan 1983; Rastan and Robertson 1985;
Cattanach et al. 1991; Heard et al. 1997), these studies did
not necessarily define the location of Xce, as this depends
on heterozygosity for the sequences responsible for the Xce
effect. Nevertheless, analysis of Xce phenotype in T(X;A)
mice and X-linked Tabby (Eda), Mottled (Atp7A), and
Pgk-1 phenotypes led to the conclusion that the Xce is be-
tween Ta (Eda) and Pgk-1 (Cattanach and Papworth 1981;
Simmler et al. 1993). If Xce is absolutely required for choice
(that is, deciding which X chromosome to inactivate) then
the Xic may define the Xce. However, if Xce merely influen-
ces choice (that is, skewing XCI depending on the two Xce
alleles present), then approaches used to define the Xic
may not define the Xce.

Simmler et al. (1993) further mapped Xce within the
candidate interval spanning Ta (Eda) and Mottled (Atp7A),
which includes Xist/Tsix, by identifying three new microsa-
tellite markers: DXPas28 and DXPas29 downstream of Xist
and DXPas31 upstream of Xist. With these markers, they
genotyped the inbred mice that were used by Cattanach
and Williams (1972) to characterize nonrandom XCI in mice
with Xce® and Xce? alleles. To their surprise, they observed
that one inbred strain phenotyped as Xce? (JU/Ct) exhibited
an Xce® genotype at DXPas28 but Xce® at DXpas29 and
DXpas31. This led them to conclude that Xce was distinct
from Xist.

Some of our recombinant lines (RX1 228m and RX2
6443m and 830m; Figure 2) also suggested that Xce lies
proximal to Xist and distal to Eda (Table S1 and Figure
5A). However, using allele-specific expression as a measure
of the X inactivation ratio, we were also able to detect gra-
dations indicating that (1) the Xce QTL is not an all or none
effect and (2) sequences spanning Xist/Tsix seem to contrib-
ute to the Xce effect (e.g., ratios in 3695m tended to be
higher than those in 6443m progeny and higher in 6570m
than those in 830m progeny; Figures 2D and 3C). Our data
also indicate that sequences distal to Xist can affect the X
inactivation ratio and therefore contribute to the Xce effect.
As we discuss below, there are multiple candidates within
this region that may contribute to the Xce QTL (Figure 5A).

Is there a discrepancy between the Simmler et al. (1993)
study and our mapping data? Not necessarily. The difference
in results might be explained by the different Xce alleles that
were used for each mapping study (Cattanach and Williams
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females with an Xce? and Xce® chromosome. Our analysis indicates that Xce® Xist/Tsix spanning sequence (%) contributes to the Xce effect. The minimal
Xce region proximal to Xist/Tsix is defined by the RX2 830m X chromosome 12951 sequence spanning DXMit168 and DXpas28. The minimal Xce region
distal to % is defined by the RX2 1114m chromosome with 12951 sequence spanning ss49779045 and DXMit171. (B(3)) As depicted by the
corresponding regions (open) on the Xce? chromosome and (shaded) on Xce® chromosome, if multiple X chromosome Xce loci contribute to the
Xce effect, then perhaps one locus promotes preferential inactivation the Xce® chromosome.

1972; Simmler et al. 1993; Chadwick et al. 2006; and Figure
5B.) All the mapping studies culminating with the Simmler
et al. (1993) analysis had been performed using mice with
Xce® and Xceb alleles that are far more related to each
other than to mice with Xce¢ allele. While Xce mapping by
Chadwick et al. (2006) used Xce® and Xce¢ recombinant lines
and Xce? and Xce® recombinant lines, in these cases, mapping
of the Xce candidate interval was always associated with
Xist, which is in agreement with our observation that Xist/
Tsix sequences also contributes to the Xce effect. This Xce
candidate interval was, however, contiguous with part of
the interval mapped by Simmler et al. (1993) and therefore
mostly validates the region proximal to Xist/Tsix as includ-
ing the Xce (Figure 5A). Thus the present study is first to
show that more than one X chromosome region may con-
tribute to the Xce QTL.

With the identification of Xist, subsequent generation of
targeted deletions at the Xist locus and the analysis of Xist
spanning trangenes have uncovered essential elements of
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the Xic (Payer and Lee 2008; Morey and Avner 2011). The
Xce, however, has remained elusive. In female cells inherit-
ing an Xist deletion allele, skewed XCI of the wild-type allele
occurs (Marahrens et al. 1998). By contrast, in female cells
inheriting a deletion allele of Tsix, the antisense repressor of
Xist, skewed XCI of the deletion allele occurs (Lee and Lu
1999). Furthermore, deletion of Xite, which is required for
full expression of Tsix, also results in skewed XCI of the
deletion allele. The latter study led Lee and colleagues
(Ogawa and Lee 2003) to speculate that Xite is a candidate
for the Xce. The CG-rich DXPas34 sequence, however, de-
spite being a major regulator of Tsix transcription, was less
attractive as a candidate for Xce, because it does not carry
allele-specific DNA methylation marks at the time in devel-
opment when choice is made (Prissette et al. 2001; Vigneau
et al. 2006). Nevertheless, Tsix is a major determinant of
choice, and Xce alleles that are distinct from the Xist/Tsix
locus may exert their role in XCI by modifying the function/
expression of Tsix in cis.
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We have demonstrated that sequences proximal and
distal to Xist/Tsix contribute to the Xce effect. Recently iden-
tified elements within the broad Xic candidate region have
been shown to affect XCI by affecting choice. Distal to Xist,
the noncoding genes Jpx and Ftx and the protein-coding
gene Rnf12 have been shown to influence XCI by affecting
Xist expression (Jonkers et al. 2009; Tian et al. 2010; Chureau
et al. 2011; Pontier and Gribnau 2011) (Figure 5A). SNPs in
any of these genes may contribute to the loss of skewing
observed in progeny of the RX2-derived male 1114m. Proxi-
mal to Xist, there are multiple genes within the overlapping
candidate Xce region identified by Simmler et al. (1993) and
Chadwick et al. (2006) and our RX2-derived 830m X chro-
mosome (Figure 5A). The distal recombination breakpoint for
RX2-derived male 830m (and 3695m) lies between DXPas28
and Exon 4 of Tsx (Table S1 and Table S2); therefore, Xite
can be excluded but Tsx may still be part of this Xce candidate
region. This is interesting because Tsx is reported to affect
Tsix expression (Anguera et al. 2011). In addition, the expres-
sion and transgenic analysis of the noncoding gene Linx,
which is within the 830m X chromosome distal recombina-
tion breakpoint, suggests that Linx expression affects XCI
choice and therefore Linx may also be a candidate for the
Xce QTL (Figure 5A) (Nora et al. 2012).

We observed an unanticipated trend when comparing the
X inactivation ratios in the progeny from RX1-derived males
109m (ratio = 0.39) and 217m (ratio = 0.44) and the X
inactivation ratios in the progeny of RX2-derived males
2173m (ratio = 0.36) and 3695m (ratio = 0.40) (Figure 2
and 3). In the progeny of 109m and 2173m males, a longer
region was homozygous for 129S1 proximal to Xist than in
the progeny of 217m and 3695m males. We therefore
expected to measure higher X inactivation rations in prog-
eny of 109m and 2173m relative to ratios measured in prog-
eny of 217m and 3695m males, respectively. We observed
the opposite trend. Although not anticipated, this is consis-
tent with Xce being a QTL defined by multiple X-linked loci.
Our results could be explained by an Xce locus that promotes
preferential XCI of the Cast allele rather than the 129S1
allele [Figure 5B(3)]. Closely linked loci may have opposite
effects as was reported for QTL on chromosome 2 that affect
body weight (Mollah and Ishikawa 2011). We cannot rule
out that this trend is due to background effects in the RX1-
and RX2-derived mice but because we observed this trend in
both RX1- and RX2-derived mice, which were generated and
maintained in different backgrounds (Figure 1), an X-linked
locus may best explain our observation. Thus, to define and
characterize X-linked sequences that define the Xce QTL,
each candidate locus needs to be tested independently.

Finally there are numerous models to consider to explain
how and when Xce alleles function. Binding of a blocking
factor to a unique entity on the future active X chromosome
has long been proposed to contribute to choice in XCI (Lyon
1971; Brown and Chandra 1973; Russell and Cacheiro
1978; Rastan 1983). Under this model, skewed XCI would
result from the preferential binding of the blocking factor to

one or the other Xce allele (Percec et al. 2003). Hence,
“strong” Xce alleles are preferentially associated with the
future active X chromosome and “weak” Xce alleles are pref-
erentially associated with the future inactive X chromosome.
A simple model for skewed XCI in which a blocking factor
binds to a unique Xce element, however, is not supported by
our Xce mapping study of Xce® 12951 and Xce¢ Cast X chro-
mosomes. This model may need to be broadened to consider
multiple binding sites that could act additively or synergis-
tically to influence the choice of one or the other X for X
inactivation. Another possibility is that Xce alleles contribute
to the stochastic process Monkhorst et al. (2008) proposed
to regulate counting and choice during XCI. The stochastic
model predicts that SNPs found within cis-acting activators
or repressors of XCI that are external to the Xist/Tsix locus
can affect choice during XCI and could be within Xce candi-
date regions we have mapped. Moreover, there may be nu-
merous times during development when Xce alleles
function: before X-inactivation is triggered as alluded X
chromosome analyses in ES cell (Mlynarczyk-Evans et al.
2006; Monkhorst et al. 2008), when X-chromosome pairing
that occurs at the beginning stages of XCI (Bacher et al.
2006; Xu et al. 2006), or even during the short time after
XCI is initiated when XCI is reversible (Wutz and Jaenisch
2000).

In conclusion, we demonstrate that X chromosome re-
gions proximal to, including and distal to Xist/Tsix, con-
tribute to the choice in XCI in mice with Xce* 129S1 and
Xce¢ Cast X chromosomes, consistent with Xce being a QTL.
In these mice, XCI is highly skewed with preferential in-
activation of the Xce? 129S1 X chromosome. In contrast,
Xce mapping using mice with relatively closer Xce® and Xce?
X chromosomes, in which XCI is less skewed with prefer-
ential inactivation of the Xce?, led to mapping of Xce to
a region proximal Xist/Tsix (Cattanach and Williams
1972; Simmler et al. 1993). This is consistent with the pro-
posal that “only one locus is involved” in Xce if Xce acts
upon the XCI process vs. cell selection (Cattanach and
Williams 1972). With the recent identification of numerous
X-linked genes and genetic elements that contribute to the
XCI process and uncovering the stochastic nature of this
process (Monkhorst et al. 2008; Jonkers et al. 2009; Tian
et al. 2010; Chureau et al. 2011; Pontier and Gribnau 2011;
Nora et al. 2012); however, the number and diversity of loci
that define Xce may be more complex than originally envi-
sioned and vary with the relatedness of the X chromosomes
being evaluated.
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Figure S1 Allele-specific Expression Assays to Measure the X Inactivation Ratio. (A) Location of genes on the X chromosome with assays for allele-specific expression. (B) Pctk1
analysis using previously described Light Cycler Assay (PerRcec et al. 2002). The left panel shows the amplification curve of two control progeny samples: CastXm-3 is heterozygous
for entire X chromosome; 246-1 is homozygous for 12951 for the entire X chromosome except for the proximal end of the paternal X chromosome, which is Cast. The right panel
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depicts the corresponding melting curves: peak at 60°C corresponds to the Cast allele product; peak at 65°C corresponds to 12951 allele product. Peak heights were used to
calculate the X inactivation ratio (12951 /(Cast + 12951)). The ratio for CastXm-3 = 0.23; the ratio for 246-1= 0.50. (C) Mecp2 and Xist assays using RFLPs. Lanes shown are
pBR322 DNA-Mspl Digest (M), uncut PCR product (U) and cut PCR product (using Tsp509! for Mecp2 and Sml for Xist) for control and RX2 progeny samples. Mecp2 Tsp509I
12951 digested fragment is 217 bp and Cast digested fragments are 155 bp and 62 bp. Xist Sm/l 12951 digested fragments are 279 bp, 82 bp and 24 bp, and the Cast digested
fragments are 361 bp and 24 bp. Progeny tested in lanes 1-6 are CastXm-1, CastXm-7, 6443-1, 6443-3, 3695-1 and 3695-2, respectively. The ratio as measured by Mecp2 for
corresponding lanes are 0.31 (1), 0.22 (2), 0.40 (3), 0.28 (4), 0.58 (5) and 0.62 (6), and as measured by Xist for corresponding lanes are 0.31 (1), 0.21 (2), 0.46 (3) and 0.33 (4).
Progeny tested in (B) and lanes 1-6 in (C) were from control or RX2-derived male mated with 12951 female.
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Table S1 Genotype of X chromsome of progeny tested mice

Control Lines RX1 Lines RX2 Lines
X Marker/Gene | Mb Xce1°|Xce2® | CastXf [2175f |CastXm |199m 109m [217m |78m [228m [218m |137m |183m |2173m [3695m |6443m |2181m [5005m |6570m
DXMit53 16.5
Pctk1 20.3
Hprt1 50.3
DXMit73 57
DXMit144 61.2
Mecp2 71.3
DXMit62 90.1
DXMit63 90.4
DXMit113 91.8/92.1
DXMit114 95.3
DXMit96 96.4
Eda Exon8 97.59
DXMit229 97.9
DXMit41 98.3
DXMit17 98.4
DXMit230 98.7
DXMit168 98.9
Snp 846 99.135
$538408987 99.35
DXMit115 99.8
DXMit148 99.9
DXMit95 100.1/3
DXMit170 100.2
DXPas28 100.5
Tsx 100.61/62 |ND
Xite 100.63 ND
DXPas29 100.63
Tsix 100.63/68
Xist 100.66/68
Xist exon3 100.66
Xlsnpg Ex1 100.67
Xist Ex1 100.68 ND
$538407822 100.69 ND
s§s49779045 100.7 ND
DXPas31 100.8
DXMit18 100.83
DXMit171 101.05
DXMit40 101.35
Abc7 101.5
DXMit64 103
DXMit97 116.47
DXMit234 138.5
DXMit152 1441
Jarididic 148.7
DXMit249/31 160.4

“Simmler et al. and see Figure 2A
*Chadwick et al. and see Figure 2A
Not Determned

Cast L]

12981
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Table S2 PCR primers and conditions

PCR
onditions
Product (Anneal

Gene or X Chr NCBI SNP size /SNP |Restriction |Allele specific Temp. /cycle
Location Primer Sequence 5' to 3' /Polymorphism location |[site fragments (bp) |number)
Hprt1 cDNA Hprt F3 |TGCTGACCTGCTGGATTACA 5546946097 303bp SfaNI 303-129S1 61°C

Hprt R2 |GGCCTGTATCCAACACTTCG A-129/G-Cast Exon6 | 201bp 192,111-Cast 26-28 cycles
Mecp2 cDNA Mecp2F3 |CCAGTTCCTGCTTTGATGTG NA 217bp Tsp509I 217-129S1 58°C

Mecp2R3 |[TTGTAGTGGCTCATGCTTGC G-129/A-Cast 157bp 155,62-Cast 26-28 cycles
'Eda X97.59f |AGAGGCATTCTTGCTGCATT 5538410803 156bp Styl 156-12951 57°C

X97.59r |TAGGCATGCATGTGGTCATT G-129S1,C-Cast 120bp 120,36-Cast 35 cycles
X99.35MB X99.35f |CGGTTGGCGAGTTAGAAAGA 5538408987 250bp Tsp45l 93,157-129S1 57°C

X99.35r |CTGGCCGAGAGTTACCTGAG G-129S1,T-Cast 96bp 250-Cast 35 cycles
Tsx Tsx g1f ATCATTTATTTGGCCCCTGA 549779081 209pb ApeKI 129,80-129S1 57°C

Tsx g2r AGCTTGGCAAGTGTCCTCAT T-129S1,C-Cast Exon4 |131bp 209-Cast 35 cycles
Xist cDNA Xist E2F1 |[TGGAGTCTGTTTTGTGCTCCTGCC 5538407831 385bp Smll 24,82,279-129S1 58°C

Xist E4R1 | CCTTGCTGGGTTCAGGAAAGCGTC  |G-129S1,A-Cast Exon3 | 106bp 24,361-Cast 26-28 cycles
Xist Xist IN2F1 [TCCGTTACTTGGTTGACTGAGA $s38407831 245bp Smll 168,77-129S1 57°C

Xist EBR3 |[TGTTCAGAGTAGCGAGGACTTG G-129S1,A-Cast Exon3 | 168bp 245-Cast 35 cycles
Xist-LC Exon1 XistF2 CTCGTTTCCCGTGGATGTG NA 489bp No site NA 57°C

XistR2 CCGATGGGCTAAGGAGAAG A-129S1,T-Cast Exon1 |172bp 35 cycles
XChr100.69MB | X100.69f |ATATAGCGCCCGAGACTCAA 5538407822 165bp Taqal 165-129S1 57°C

X100.69r |TCTCGTTGGGACCACACATA C-129, T-Cast 63bp 63,102-Cast 35 cycles
XChr100.7MB X100.7f |TTTCTCCTGTGTGATAGGGTCTT ss49779045 158bp Bsrl 60,98-129S1 57°C

X100.7r |AGGAAGTACCCAGGCTCCTC T-129, G-Cast 64bp 158-Cast 35 cycles
Abcb7 cDNA Abc F4 TTCGAAAAGCACAAGCATTC NA 219bp Hsp92li 51,158,10-129S1 58°C

Abc R4 TATCAATGGCCATGTCTGGA G 12951,C Cast Exont | 51bp 209,10-Cast 26-28 cycles
Jaridic cDNA Jarid F5 |TTCCCGAGGAGATGAAGATG 5538488639 291bp Hpy188lI 292-129S1 58°C

Jarid R2 |CCGCCAAAACTCCTTCTCTA C-12951,T-Cast Exon 8| 94bp 96,196-Cast 26-28 cycles

NA Not Applicable
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Figure S1 Allele-specific Expression Assays to Measure the X Inactivation Ratio. (A) Location of genes on the X chromosome with assays for allele-specific expression. (B) Pctk1
analysis using previously described Light Cycler Assay (PerRcec et al. 2002). The left panel shows the amplification curve of two control progeny samples: CastXm-3 is heterozygous
for entire X chromosome; 246-1 is homozygous for 12951 for the entire X chromosome except for the proximal end of the paternal X chromosome, which is Cast. The right panel
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depicts the corresponding melting curves: peak at 60°C corresponds to the Cast allele product; peak at 65°C corresponds to 12951 allele product. Peak heights were used to
calculate the X inactivation ratio (12951 /(Cast + 12951)). The ratio for CastXm-3 = 0.23; the ratio for 246-1= 0.50. (C) Mecp2 and Xist assays using RFLPs. Lanes shown are
pBR322 DNA-Mspl Digest (M), uncut PCR product (U) and cut PCR product (using Tsp509! for Mecp2 and Sml for Xist) for control and RX2 progeny samples. Mecp2 Tsp509I
12951 digested fragment is 217 bp and Cast digested fragments are 155 bp and 62 bp. Xist Sm/l 12951 digested fragments are 279 bp, 82 bp and 24 bp, and the Cast digested
fragments are 361 bp and 24 bp. Progeny tested in lanes 1-6 are CastXm-1, CastXm-7, 6443-1, 6443-3, 3695-1 and 3695-2, respectively. The ratio as measured by Mecp2 for
corresponding lanes are 0.31 (1), 0.22 (2), 0.40 (3), 0.28 (4), 0.58 (5) and 0.62 (6), and as measured by Xist for corresponding lanes are 0.31 (1), 0.21 (2), 0.46 (3) and 0.33 (4).
Progeny tested in (B) and lanes 1-6 in (C) were from control or RX2-derived male mated with 12951 female.
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Table S1 Genotype of X chromsome of progeny tested mice

Control Lines RX1 Lines RX2 Lines
X Marker/Gene | Mb Xce1°|Xce2® | CastXf [2175f |CastXm |199m 109m [217m |78m [228m [218m |137m |183m |2173m [3695m |6443m |2181m [5005m |6570m
DXMit53 16.5
Pctk1 20.3
Hprt1 50.3
DXMit73 57
DXMit144 61.2
Mecp2 71.3
DXMit62 90.1
DXMit63 90.4
DXMit113 91.8/92.1
DXMit114 95.3
DXMit96 96.4
Eda Exon8 97.59
DXMit229 97.9
DXMit41 98.3
DXMit17 98.4
DXMit230 98.7
DXMit168 98.9
Snp 846 99.135
$538408987 99.35
DXMit115 99.8
DXMit148 99.9
DXMit95 100.1/3
DXMit170 100.2
DXPas28 100.5
Tsx 100.61/62 |ND
Xite 100.63 ND
DXPas29 100.63
Tsix 100.63/68
Xist 100.66/68
Xist exon3 100.66
Xlsnpg Ex1 100.67
Xist Ex1 100.68 ND
$538407822 100.69 ND
s§s49779045 100.7 ND
DXPas31 100.8
DXMit18 100.83
DXMit171 101.05
DXMit40 101.35
Abc7 101.5
DXMit64 103
DXMit97 116.47
DXMit234 138.5
DXMit152 1441
Jarididic 148.7
DXMit249/31 160.4

“Simmler et al. and see Figure 2A
*Chadwick et al. and see Figure 2A
Not Determned

Cast L]
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Table S2 PCR primers and conditions

PCR
onditions
Product (Anneal

Gene or X Chr NCBI SNP size /SNP |Restriction |Allele specific Temp. /cycle
Location Primer Sequence 5' to 3' /Polymorphism location |[site fragments (bp) |number)
Hprt1 cDNA Hprt F3 |TGCTGACCTGCTGGATTACA 5546946097 303bp SfaNI 303-129S1 61°C

Hprt R2 |GGCCTGTATCCAACACTTCG A-129/G-Cast Exon6 | 201bp 192,111-Cast 26-28 cycles
Mecp2 cDNA Mecp2F3 |CCAGTTCCTGCTTTGATGTG NA 217bp Tsp509I 217-129S1 58°C

Mecp2R3 |[TTGTAGTGGCTCATGCTTGC G-129/A-Cast 157bp 155,62-Cast 26-28 cycles
'Eda X97.59f |AGAGGCATTCTTGCTGCATT 5538410803 156bp Styl 156-12951 57°C

X97.59r |TAGGCATGCATGTGGTCATT G-129S1,C-Cast 120bp 120,36-Cast 35 cycles
X99.35MB X99.35f |CGGTTGGCGAGTTAGAAAGA 5538408987 250bp Tsp45l 93,157-129S1 57°C

X99.35r |CTGGCCGAGAGTTACCTGAG G-129S1,T-Cast 96bp 250-Cast 35 cycles
Tsx Tsx g1f ATCATTTATTTGGCCCCTGA 549779081 209pb ApeKI 129,80-129S1 57°C

Tsx g2r AGCTTGGCAAGTGTCCTCAT T-129S1,C-Cast Exon4 |131bp 209-Cast 35 cycles
Xist cDNA Xist E2F1 |[TGGAGTCTGTTTTGTGCTCCTGCC 5538407831 385bp Smll 24,82,279-129S1 58°C

Xist E4R1 | CCTTGCTGGGTTCAGGAAAGCGTC  |G-129S1,A-Cast Exon3 | 106bp 24,361-Cast 26-28 cycles
Xist Xist IN2F1 [TCCGTTACTTGGTTGACTGAGA $s38407831 245bp Smll 168,77-129S1 57°C

Xist EBR3 |[TGTTCAGAGTAGCGAGGACTTG G-129S1,A-Cast Exon3 | 168bp 245-Cast 35 cycles
Xist-LC Exon1 XistF2 CTCGTTTCCCGTGGATGTG NA 489bp No site NA 57°C

XistR2 CCGATGGGCTAAGGAGAAG A-129S1,T-Cast Exon1 |172bp 35 cycles
XChr100.69MB | X100.69f |ATATAGCGCCCGAGACTCAA 5538407822 165bp Taqal 165-129S1 57°C

X100.69r |TCTCGTTGGGACCACACATA C-129, T-Cast 63bp 63,102-Cast 35 cycles
XChr100.7MB X100.7f |TTTCTCCTGTGTGATAGGGTCTT ss49779045 158bp Bsrl 60,98-129S1 57°C

X100.7r |AGGAAGTACCCAGGCTCCTC T-129, G-Cast 64bp 158-Cast 35 cycles
Abcb7 cDNA Abc F4 TTCGAAAAGCACAAGCATTC NA 219bp Hsp92li 51,158,10-129S1 58°C

Abc R4 TATCAATGGCCATGTCTGGA G 12951,C Cast Exont | 51bp 209,10-Cast 26-28 cycles
Jaridic cDNA Jarid F5 |TTCCCGAGGAGATGAAGATG 5538488639 291bp Hpy188lI 292-129S1 58°C

Jarid R2 |CCGCCAAAACTCCTTCTCTA C-12951,T-Cast Exon 8| 94bp 96,196-Cast 26-28 cycles

NA Not Applicable
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