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Abstract. In normal female mammals, one of the two X Chro- al. 1991). The human X Chr contains genes at several non
mosome (Chr) homologs per cell is silenced coordinately duringpseudoautosomal locations that appear to escigieactivation;
early embryogenesis. The genes located on the inactivated X hdrowever, only a single mouse gene is similar (Ballabio and Willard
molog are predicted to be influenced by the same underlying re1992; Wu et al. 1994).
pression mechanism. To test the uniformity @é-acting gene Inactivation occurs early in female embryogenesis, leaving &
repression, 32 genetically identicaj female mice were analyzed single X Chr active in every cell. Once made, the inactive state
for differential expression of homologous alleles at three X-linkeddecision is mitotically inherited by all of the cell’s progeny. Con-
genes—Otc, Atp7a(=Mottled), andHprt. Gene expression was sequently, X inactivation also represents an important model o
assayed by the single-nucleotide primer extension (SNuPEpitotic cell memory occurring at the level of chromosome orga-
method, thereby allowing the three genes to be quantitated fromjzation (Willard 1995). Analysis of X inactivation stability has
the same RNA sample. Although variable between individual ani-gemonstrated that for some tissue-specific genes such as ornithil
ma}ls, the relative expression of the two aIIeIaBgQK_: expression  ranscarbamylasec) and Mottled Mo = Atp73), the process of
ratio) of the genes is significantly correlated within each steady-x inactivation may be mitotically reversible, as detected by reac-
state RNA pool. When examined by animal age (3 months to 1% ati0n of the silent allele (Wareham et al. 1987; Brown and
months), no statistically significant differences were observed ing,gan 1988). In contrast, housekeeping genes such as hypoxz
the mean or variance of allelic expression ratio. Together, thgnine nhosphoribosyl transferasept) and phosphoglycerate ki-
results confirm that X inactivation is co_ordlnately controlled and is nase Pgk) appear to remain stably inactivated with progressive
stable across the early- to mid-adult life span. age (Moore et al. 1992; Tsukada et al. 1991). As expected, the ’
inactivation process appears to be fully reversible in the female
germline.
Introduction In eutherian mammals, the choice of which X Chr homolog is
inactivated is random, with the exception of the cells comprising
Mammalian X Chr inactivation is one of the best studied examplegh€ Primitive endoderm and trophectoderm, which preferentially
of large-scale coordinate gene regulation. The stable inactivatiofflactivate the paternal X Chr (West et al. 1977). Random choice o
of one X Chr homolog in female mammals maintains the dose ofX inactivation generates mosaic animals with approximately 50%
X-linked genes between XX females and XY males (Lyon 1961,0f cells paternal-derived X active and 50% maternal-derived X
1988). Transcriptional repression of an inactive X occurs over active, in all tissues. However, in heterozygous females produce
greater than 100 megabasescis silencing most X-linked genes. from interstrain or interspecific mouse crosses, consistent non
Three observations support the hypothesis of X inactivation actingandom X inactivation selection is sometimes observed (that is, n
over long genetic distances: (1) autosomal loci adjacent to X-1:1, maternal:paternal active). Coat color polymorphism, PGK1
autosome translocation breakpoints can be inactivated, (2) autosallozyme analysis, and Kanda staining of morphologically distinct
mal genes integrated into the X can be inactivated, and (3) a singl& Chrs have been used to observe heritable, non-random inact
genetic locus—the X inactivation centétic—appears to be the vation patterns (Cattanach and Williams 1972; Johnston and Ca
initiation point for inactivation of the entire chromosome (Russell tanach 1981; Rastan 1982). Nonrandom X inactivation is con.
and Montgomery 1970; Krumlauf et al. 1986; Rastan 1983; Mi-trolled, in part, by an X-linked locus termed the X chromosome
geon 1994; Willard 1995). controlling element Xce. Female animals heterozygous féce
X-linked genes that fail to be inactivated have been noted forinactivate one X preferentially and give skewed distributions of
specific chromosomal regions and in different species (Disteché&nosaicism (Cattanach and Rasberry 1989). The molecular basis |
1995). For example, the pseudoautosomal region, which is hothe Xceeffect is not known, but may represent an important com-
mologous on the X and Y Chrs, contains genes excluded fronponent of the X inactivation process.
inactivation. Also, the X inactive specific transcripit) is In this study, 32 (C57BL/6J Mus spretusEi) F, hybrid fe-
known not to be expressed from an otherwise active X Chr, but ignale mice were examined for the relative expression of the
transcribed from the inactive X (Brown et al. 1991; Brockdorff et C57BL/6J- orMus spretusierived alleles at thElprt, Otc,andMo
genes in liver RNA. The animals were analyzed in matched co.
—_— horts, at 2, 3, 9, and 12 months of age. The complete data s
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Materials and methods statistics were calculated at the 95% confidence limit. All calculations anc

graphical displays were produced with the Statistica computer software

. . . . package (SAS Institute, Statsoft, Tulsa, Okla., USA).
Experimental animalsHybrid F, animals were generated from C57BL/

6J (B6) female byMus spretukEi (SP) male matings in a specific patho-

gen-free environment and fed ad libitum. The parental animals were alResults

obtained directly from The Jackson Laboratory (Bar Harbor, Me., USA)

breeding stock over a 12-month period. (B6 x SHgmale mice of known

age were euthanized, dissected, and tissues snap frozen in liquid nitrogefllelic expression of HprtThirty-two (B6 x SP) K hybrid fe-

No evidence of cancer or other gross pathology was observed upon disnales of different ages were analyzed for relative expression o

section for any of the animals. Hprt from the two X Chrs. For each anim&lprt SNuPE assays of

liver RNA were performed at least in triplicate. The allelic expres-

RNA preparation and reverse transcriptioApproximately one-half ~ SION ratios are given in Figure 1, grouped by animal age cohort. T¢

of the liver was used for each animal RNA preparation. Total RNA was@ssess the variation induced by the reverse transcription and PC

prepared by the acid guanidinium thiocyanate/phenol/chloroform methodteps, ten RNA samples were reverse transcribed a second tim

(Chomczynski and Sacchi 1987). Two ethanol precipitations were perPCR amplified, and SNUPE analyzed fdprt (Figure 1, columns

formed after an initial isopropanol precipitation. All RNA samples were marked with an asterisk). In the ten replicate samples, the ratio

stored at —20°C as suspensions in 70% ethanol. _ obtained fell within the range obtained with the initial reverse
Single-stranded, poly(dT) primed cDNAs were generated as descr'befjranscription and SNUPE assay. It should be noted that althoug

Pwonty nit of avian mysloblastosi vins reverse hanscrpiase was d® animals were sacrificed to generate four age cohorts, the v
luted tenfold in dilution buffer (10% glycerol, 10nmpotassium phosphate, RNAs were prepared and analyzed in a random order based c

pH 7.4, 0.2% Triton X-100, 2 m dithiothreitol) and placed on ice 30 min @nimal cage number rather than age. Also, extreme care was tak
prior to addition to the reactions as recommended by the supplier (MoWith all solutions and equipment to reduce the probability of cross-
lecular Genetics Resources, Tampa, Fla., USA). contaminating samples.

TheHprt overall mean B6:SP ratio value, taken as the average
. i . ) ) of the mean experimental ratios obtained for each animal, wa
PCR amplification.Gene-specific oligodeoxynucleotide primers for 0.37. The result confirms a stronger expression for the SP alleli

PCR amplification were designed on the basis of published genomic se="~"" f h . i0s h hiah f .
quence. Each primer pair is specific for a single gene sequence and an{€rsion o Hprt. The expression ratios have a high degree of vari-

plifies across at least one intron/exon junction in the transcript-derivec@bility, both within each age group and between age groups, rang
cDNA. All amplification reactions were performed as previously describeding from a B6:SP ratio of 0.14 to 0.92.
(Greenwood and Burke 1996).

Allelic expression of Otc and Mottledzrom the same initial
Single nucleotide primer extension assays (SNulREyerse tran-  poly(dT)-primed reverse transcriptions used in Hyart analysis,
scription-PCR products were purified by electroelution into polyethyleneOtc and Mottled Atp7g cDNA sequences were amplified and
glycol (PEG)/Tris-acetate/EDTA buffer wells as described (Zhen andgnyPE was analyzed. In the caseQ@tt, additional experiments
Swank 1993), except that 10% PEG was substituted for 15% PEG. All., 1 ring the SNUPE ratio values with RNase protection experi

oligodeoxynucleotides were gel purified before use in the SNUPE assay L . .
and primer extensions were performed as described previously (Greermfa‘ntS indicated that the SP allele had a consistent and reproducib

wood and Burke 1996). Analysis of radioactive events from each allele;Primer extension bias (not shown). The ratio value for each sampl.
specific extension reaction was accomplished with a Phosphorimager syfvas corrected to account for the assay skewing. The adjuste
tem and ImageQuant Software (Molecular Dynamics, Sunnyvale, Calif. SNUPE mean allelic ratio of the full set of animals fotc was
USA). slightly greater than 1.0, and ranged from 2.5 to O\V& is a
low-abundance transcript in liver (Levinson et al. 1994); never-
Statistical methodsAllelic expression ratio values were log trans- theless, it was supcessfully _analyz_ed by-the SNuPE meth_od. h
formed owing to a non-Gaussian distribution of data in all three geneOVerall mean allelic expression ratio (B6:SP) for te reaction
assays. Among-group means were compared for the three genes by useWs 1.1, and ranged from 2.2 to 0.5. o
multiple analysis of variance methods (MANOVA). The Levene statistic ~ Each of the two-gene expression combinations was analyze
was used to compare among-group variances. Both mean and varianger coordinate X Chr regulation. Figure 2 presents the non-
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1.8 tical significance (p= 0.02) for age-dependent change in vari-
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o } { { { }036 Quantitative allelic ratio assaysPrior to this study, the simulta-
'0 ‘ neous analysis of steady-state mRNA levels from multiple X-
2months  3months  9months  12months  all ages linked genes has not been performed in a large population o

Fig. 3. B6:SP allelic expression ratios fétprt, Otc,andMo, analyzed by
age cohort. The mean and standard deviation for each age and gene
indicated. Triangles &) representHprt data, squaresl) representOtc

genetically identical animals. The analysis of relative proportion of
.Chr homolog expression requires assay methods that are qua
titative, consistent between different genes, and amenable to prc

data, and circles®) represenMo data. Numerical values of each mean are c€ssing large numbers of RNA samples. In the single nucleotid
given. No statistically significant changes (p < 0.05) were observed beprimer extension (SNUPE) procedure, mRNA transcripts originat-

tween age cohorts for means or variance.

ing from the two alleles are distinguished by single-nucleotide
polymorphisms identified within the transcribed sequence. SNuPE
assays for detection of B6 and SP alleles were developeddr

parametric statistical analysis of the three comparisons. The scako, and Otc (Greenwood and Burke 1996; Singer-Sam et al.
terplots of the complete set of animals, with a best fit line, are1992a), and for each of the three gene-specific assays the respor
shown forHprt versusOtc, Hprt versusMo, and Otc versusMo. is linear across a range of B6:SP allelic ratios from 1:50 to 50:1.
The stability of mean allelic ratios is reinforced by the strong Consequently, the assay is useful within the expected range ¢

correlation ofHprt and Otc data sets, R= 0.84 p < 0.0001.Mo
also demonstrated pronounced correlation Wit andOtc: R =
0.85 p < 0.0001, foHprt, and R= 0.74 p < 0.0001, forOtc.

Age-related changesMultivariate analysis of variance
(MANOVA) did not reveal statistically significant differences in
the SNUPE means between age cohorts Hprt, Otc, or Mo
(Wilks lambda= 0.82, Rao’s R= 0.59, p= 0.799). Although a

allelic ratios from female Fhybrid animals.

Coordinate control of three X-linked loci across adult lifQuan-

titative expression assays of the three X-linked genes confirme
the prediction of regulated coordinate control on X Chr homologs.
In each pairwise gene comparison, statistically robust correlatior
coefficients were observed for the full population (Fig. 2). This
effect is independent of the absolute values observed for the gene

minor trend toward increasing mean allelic ratios is observed for The strong correlation across the four age groups (Fig. 3) i
Mo, it is clear that forHprt, Otc,andMo the mean and variance is suggestive of highly stable coordinate X inactivation across adul
stable (Fig. 3). The Levene test for homogeneity of variance refife. Previous experimental evidence has suggested that reactiv:
vealed no statistically significant differences in the variance betion of the silent homolog of X-linked genes occurs progressively
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with age for some genes (Wareham et al. 1987; Brown and Rastaof methylation could lead to significant variation in X inactivation
1988; Tsukada et al. 1991; Moore et al. 1992). In these experiratios. A similar minor variation in binding of chromosomal orga-
ments, reactivation was measured for individual genes, in animalsizational proteins at the critical decision time-point may have the
with a constitutively active, translocated X Chr (T16H) as onesame effect.
homolog. The method of analysis differed for each gene and study, The data in this study provide an accurate assessment of .
with most assays occurring at the level of protein product or gros$nactivation patterns in hybrid animals. The animals are pheno
phenotype. In contrast, the current work uses a molecular assdypically normal, genetically identical, and contain no X-autosome
that is essentially identical for all genes and directly gauges steadytanslocations. Future studies on X inactivation are encouraged t
state mRNA pools. employ biological samples of comparable uniformity, and to assay
In this study involving interspecific Fhybrid female mice, ~Multiple X-linked genes. The quantitative measurement of the al
age-dependent X reactivation might be observed as a progressif@ic transcript pools of specific genes is a powerful method for
change in the mean allelic expression ratio toward 1. In the contexdetermining subtle changes in gene regulation. The SNUPE tect
of a “strong” Xceallele paired with a weak allele, the initial ratios Nique for assessing relative allelic expression values should b
of allelic transcripts in the RNA pool will be skewed in favor of the @Pplicable to the study of other X-linked or autosomal imprinted
X Chr bearing the stronger allele (for example, such an effect iJenes that vary in allelic expression during development, patho
seen in theHprt data). For example, if one were to examine 100 9€nesis, or over the life span.
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variance in a population of animals would decrease as the ratio (1991) Current Protocols in Molecular Biology(New York, NY:
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Experimenta”y' the allelic expression ratio data show no staBaIIabio A, Willard HF (1992) Mammalian X-chromosome inactivation
tistically significant change across age, in either mean or variance.rgggdt:r?f>’<\:Slsghfl\rl‘;-thC“A”-K%Fj“(‘éIfeé‘ggpgf‘; st rﬁig—g‘lKAcCabe M
The variation observed in the early age cohorts, however, tends t% Norris DP, Penny GD, Patel D, Rastan S (1991) Conservation of positior

obscure any age-dependent effects that may be occurring. POSt'hocand exclusive expression of mouXest from the inactive X chromo-

power calculations indicate that for this study design, approxi- gpme Nature 351, 329-331

mately 70 animals per age cohort would be required to detecgrown CJ, Ballabio A, Rupert JL, Lafreniere RG, Grompe M, Tonlorenzi

changes in the meathprt allelic ratio of >28% with power of 80%, R, Willard HF (1991) A gene from the region of the human X inacti-

« = 0.05. Within the current data set, a high degree of X Chr vation centre is expressed exclusively from the inactive X chromosome
reactivation could have occurred without being detected. However, Nature 349, 38-44 o .

the strong age-independent correlation of allelic expression beBrown S, Rastan S (1988) Age-related reactivation of an X-linked gene

tween genes analyzed suggests that X inactivation is stable at leastc/ose to the inactivation centre in the mouse. Genet Res 52, 151-154
to 12 months of age. Cattanach BM, Rasberry C (1991) Identification of fles spretus Xce

allele. Mouse Genome 89, 565-566
Cattanach BM, Williams CE (1972) Evidence of non-random X chromo-
Inter-individual variation. The observed inter-individual variation ~ some activity in the mouse. Genet Res 19, 229-240 S
in X homolog inactivation ratio is somewhat surprising, given that Chomezynski P, Sacchi N (1987) Single-step method of RNA isolation by
the animals are genetically identical. The use of liver tissue as the 2ﬁ|edmgﬁgldggmlggocyanate-phenol-chIoroform extraction. Anal Bio-
sample for the study may have some influence on variation, SinC@., it 5 Heard E, Avner P (199%)cehaplotypes show modified meth-
the number of (_aarly emb_ryonlc precursors may be relat!vely small. ylation in a region of the active X chromosome lyingt8 Xist. Proc Natl
However, previous studies of PGK1 allozyme expressionXice Acad Sci USA 92, 3531-3535
effects indicated no significant difference between tissue typespisteche C (1995) Escape from X inactivation in mouse and human
including liver (West et al. 1977). Consequently, the allelic ex- Trends Genet 11, 17-22
pression ratio values may be presumed to reflect general X inadsreenwood AD, Burke DT (1996) Single nucleotide primer extension:
tivation homolog choice occurring throughout the animal. quantitative range, variability, and multiplex analysis. Genome Res 6,

The variation between animals could result from stochastic, 336-348 . .

factors operating on the X Chr inactivation center at the time 0fJohnston PG, Cattanach BM (1981) Controlling elements in the mouse IV

homolog inactivation choice. The X inactive specific transcript Evidence of non-random X-inactivation. Genet Res 37, 151-160
’ Konecki DS, Brennand J, Fuscoe J, Caskey CT, Chinault AC (1982) Hy-

(Xist)_has _recently been demonstrated to be required f_or iniFiation poxanthine-guanine phosphoribosyltransferase genes of mouse and Clt
of X inactivation (Penny et al. 1996), and its control is a likely nese hamster: construction and sequence analysis of cDNA recomb
candidate for the target of the inactivation-choice developmental nants. Nucleic Acids Res 10, 67636775
program. A 2.5-kb cluster of tandem repeats 15 kb downstream okrumlauf R, Chapman VM, Hammer RE, Brinster R, Tilghman SM (1986)
the Xistgene varies in methylation status and has been proposed to Differential expression of alpha-fetoprotein genes on the inactive X
be concordant with the strength of tixee allele (Courtier et al. chromosome in extraembryonic and somatic tissues of a transgeni
1995). If this, or a similar, DNA sequence element is the genetic Mouse line. r\llatu(r:e 3|1de 224-226 C Verl kman S. Gitschi
target of Xce and other components of the inactivation system,-€vinson B, Vulpe C, Elder B, Martin C, Verley F, Packman S, Gitschier

VP - . J (1994) Themottled gene is the mouse homologue of the Menkes
variation in the methylation status of the element may provide a .

. L disease gene. Nature Genet 6, 369-373

source fo_r the stoc_hastlc response. T_h_e degr_ee of me_thyla_tlon_ln 3%on MF (1961) Gene action in the X-chromosome of the moudas(
embryonic progenitor cell at the decision point for X inactivation “mysculug..). Nature 190, 372-373
may vary over some range, yet the X inactivation choice outcome.yon MF (1988) X-chromosome inactivation and the location and expres-
must be all-or-none. Consequently, minor differences in the degree sion of X-linked genes. Am J Hum Genet 42, 8-16
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