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Noninactivation of a Selectable Human X-linked Gene That
Complements a Murine Temperature-sensitive Cell Cycle Defect
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Summary

The human gene A1S9T, which complements the temperature-sensitive cell-cycle defect in the murine cell
line tsA1S9 and which has previously been assigned to the X-chromosome short arm, is expressed from the
inactive X chromosome in human/tsA1S9 somatic cell hybrids grown at the nonpermissive temperature.
The Y chromosome cannot complement the defect; thus, unlike at least two other noninactivated X loci,
A1S89T has no functional Y-linked homologue. As A1S9T is readily selectable in somatic cell hybrids with
the tsA1S9 mouse line, this marker should be useful in isolating somatic cell hybrids containing inactive X
chromosomes, or abnormal X’s (active or inactive) retaining the short arm.

Introduction

Genes located on the X chromosome in eutherian fe-
males are subject to a unique form of developmental
gene regulation, known as X-chromosome inactivation
(Lyon 1972, 1988; Gartler and Riggs 1983). This inac-
tivation event is a cis-acting regulatory process affect-
ing nearly the entire chromosome —in the case of the
human X chromosome about 160 megabase pairs of
DNA. Previously four genes have been shown to es-
cape this chromosome-wide inactivation. These are the
genes for the MIC2 cell surface antigen (MIC2) (Good-
fellow et al. 1984), the microsomal enzyme steroid sul-
fatase (STS) (Shapiro et al. 1979), the Xg red cell anti-
gen (XG) (Race and Sanger 1975), and ZFX, an X-linked
homologue of the putative sex-determining gene ZFY
(Schneider-Gadicke et al., in press). Three of these genes
are clustered in the distal short arm of the X chromo-
some, in or near the “pseudoautosomal” region which
is shared by the X and Y chromosomes and known to
undergo recombination during male meiosis (Burgoyne
1982). The fourth, ZFX, is located more proximally
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in Xp21.3-Xp22.1 (Page et al. 1987; Schneider-Gadicke
et al., in press).

The mechanism of X inactivation is not known, al-
though it has been shown that the inactive X chromo-
some (Xi) is heteropyknotic, late-replicating, and meth-
ylated differently relative to the active X chromosome
(Gartler and Andina 1976; Gartler and Riggs 1983).
These characteristics do not seem to apply to the genes
which escape X inactivation, as the pseudoautosomal
region has been observed to be early replicating (Schempp
and Meer 1983), and the MIC2 gene does not show
the methylation differences seen with X-linked house-
keeping genes which are inactivated (Goodfellow et al.
1988).

Elsewhere we have described a gene located on the
short arm of the X chromosome which complements
the temperature-sensitive defect of the mutant murine
cell line tsA1S9 (Brown et al. 1989). At the nonpermis-
sive temperature (npt) of 39°C, tsA1S9 cells are unable
to synthesize high-molecular-weight DNA from newly
replicated single-stranded DNA, and thus they fail to
survive (Sheinin 1976). We created somatic cell hybrids
by fusing the mutant murine line with human fibro-
blasts at the permissive temperature. Only hybrids con-
taining the human X chromosome short arm were able
to grow at the npt, and thus the AIS9T gene could be
assigned to the X short arm (Brown et al. 1989).

In the present study we have determined that this gene
escapes the process of X-chromosome inactivation. We
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also show that the gene has no functional Y-linked
homologue and thus must not be pseudoautosomal.
The A1S9T gene is readily selectable in mouse/human
hybrid cell lines, allowing for both the selection of the
short arm of the X chromosome and inactive X chro-
mosomes which should be important both for X-chro-
mosome mapping and studying the inactivation process.

Material and Methods

Murine/Human Somatic Cell Hybrids

Human skin fibroblasts were grown at 37°C in alpha-
MEM supplemented with 15% FBS. tsA159az31B,
a hypoxanthine guanine phosphoribosyltransferase-
deficient (HPRT -) derivative of the mutant murine
line (Brown et al. 1989), was maintained at 34°C in
alpha-MEM supplemented with 7.5% FBS. Somatic
cell hybrids were created by fusing tsA1$9az31B with
various human fibroblasts. Fusions and subsequent
chromosome analysis were as described elsewhere
(Brown et al. 1989). Selection for fusants used HAT
medium (10-# M hypoxanthine, 1.6 x 10~ thymi-
dine, 4.2 x 10-* aminopterin) or the npt to select
against the murine parental line and ouabain to select
against the human parental line. For direct selection
of hybrids containing an inactive X chromosome,
growth at the npt selected against the tsA1S9 parental
line and growth in azaguanine and thioguanine (AG/
TG; 2 x 10-* M 8-azaguanine, 6 x 10-5 M 6-thio-
guanine) selected against both the human parental lines
and hybrids containing an active X chromosome. The
human parental lines for each hybrid series are outlined
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in table 1. Back-selection against the active human X
chromosome was accomplished by selection against
HPRT expression from the long arm of the chromo-
some by growth in media containing AG/TG.

Assays for X-Chromosome Activity

Replication analysis of the X chromosome was per-
formed after growth in medium supplemented with 5-
bromodeoxyuridine (BrdUrd) (Willard and Latt 1976).
Hoescht 33258-Giemsa staining for replication bands
was performed according to a method described else-
where (Willard 1977). HPRT activity was analyzed by
growth in selective media. As the parental mouse line
was HPRT -, all HPRT activity was presumed to be
due to the human gene. Hybrids with HPRT activity
were able to grow in HAT medium and not in AG/TG
medium, while hybrids which were not expressing
HPRT could survive in AG/TG medium but not in HAT
medium. Expression of the human glucose-6-phosphate
dehydrogenase (G6PD) gene was determined by elec-
trophoresis of whole-cell extracts (Meera Khan 1971).
To analyze methylation at the 5’ end of the phos-
phoglycerate kinase gene (PGK1), genomic DNA (10
ng) was digested either with Sau3 A or with BamHI and
EcoRl, alone or with Hpall, according to a method
described by Keith et al. (1986). Southern blots of this
DNA were hybridized with an 800-bp BamHI/EcoRI
fragment from the 5" end of the PGK1 gene. The condi-
tions for Southern transfer and hybridization have been
described elsewhere (Willard et al. 1983). Steroid sul-
fatase activity in whole-cell sonicates was assayed ac-
cording to a method described elsewhere (Willard and
Holmes 1984).

Derivative X Chromosomes Reference?

No detectable cytological alteration

No detectable cytological alteration

11q/Xq (11qter=11p13::Xp11.1—=>Xqter) 1
Xp/11p (Xpter—=Xp11.1::11p13—>11pter)P

Xg-(Xpter=>Xq13:)°

Table |

Chromosome Complement of Human Fibroblasts Used in Fusions
Hybrid Series Karyotype

t60.......... 46,XX

13 15 46,XX

t48 .......... 46,X,t(X;11) (p11.1;p13) [GM2859]

81.......... 46,X,del(X)

86 .......... 46,X,t(X;11) (p2105;q13) [GM1695]

| 47,Y,1(X;14) (q13;q932), + der(14)

[GMO0074]

11q/Xp (11pter—>11q13::Xp2105—Xpter) 1
Xq/11p (Xqter—Xp2105::11q13—~11qter)®
Xp/14q (Xpter>Xq13::14q32—>14qter) 1

14p/Xq (14pter—>14q32::Xql13—=>Xqter)
(Two copies of 14p/Xq)¢

21 = NIGMS Human Genetic Mutant Cell Repository (1986); 2 = Tantravahi et al. (1983).
b In the balanced X/autosome translocations the normal X chromosome is inactive.

¢ The deleted X chromosome is inactive in line 81.

4 One of the 14p/Xq chromosomes is inactivated in cell line 4.
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Results

AIS9T Is Expressed from the Inactive X Chromosome

We have demonstrated elsewhere that tsA1S9-human
somatic cell hybrids which contain an X chromosome
are able to survive at the npt, while back-selection
against the X results in hybrids without the X that are
unable to survive at the npt (Brown et al. 1989). How-
ever, we isolated one hybrid, t11-4Aaz5, which con-
tinued to survive at the npt in AG/TG media. This hy-
brid continued to express human STS which is expressed
from both active and inactive X chromosomes, but it
did not express the human X-linked enzyme G6PD,
which is known to be subject to X inactivation (David-
son et al. 1963) (table 2). Cytogenetic analysis of
t11-4Aaz5 showed that it contained an inactive X chro-
mosome, as judged by replication analysis after growth
in BrdUrd (Willard and Latt 1976) (data not shown).

Four independent sets of tsA159-human somatic cell
hybrids have yielded hybrids which contain an inactive
X (Xi) and not an active X (Xa) and which are able
to grow at the npt (table 2). There is no other human

Table 2
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chromosome in common in these hybrids. In contrast,
we have never isolated a temperature-sensitive hybrid
with an inactive X chromosome. Even at the permis-
sive temperature, we have observed a high frequency
of hybrids maintaining the Xi, and at the npt many
of the Xi hybrid cell lines contain more than one Xi
per cell. One hybrid was observed to have as many as
seven late-replicating Xi’s per cell (see fig. 1).

Table 2 outlines both the X-chromosomal material
present in these cell lines and the evidence for the Xi
being inactive. The X-linked genes for the enzymes
HPRT, G6PD, and PGK are known to be subject to
X-chromosome inactivation (Davidson et al. 1963;
Migeon et al. 1968; Gartler et al. 1972). We assessed
the activity of these enzymes by three different tech-
niques. To monitor the activity state of the X-linked
human PGK1 gene, we analyzed methylation at the §’
region of the gene, which is known to reflect activity
of the X chromosome (Keith et al. 1986) (fig. 2A). Meth-
ylation was assessed by using the methylation-sensitive
enzyme Hpall, which can only digest DNA if the inter-
nal C of its CCGG recognition site is unmethylated.

Characteristics of Inactive X-Chromosome-containing Somatic Cell Hybrids

X-CHROMOSOMAL MATERIALP

GROWTH METHYLATION HPRT G6PD

Hysrip CELL LINE? Xa Xi AT 39°C¢ AT PGK14 AcCTIVITY® AcTiviTy!
t60-12 ............. + - + A + +
t11-4A ... ... .. ..., + + A/l + +
t11-4Aaz§ .......... - + + 1 - -
t48-1a-1D . ......... +(11q/Xq) + + A/l + +
t48-1a-2a........... +(11q9/Xq) - - A + +
t48-1a-1Daz4A ... ... - + + | -

81 .. .. + +(Xq-) + A/l + +
t81-az1D ........... - +(Xq-) + 1 - -
t86-Blm ............ +(11q/Xp) + + A/l + +
t86-Blmazlb ........ - + + I - -

2 Hybrid cell lines were derived from somatic cell fusion of the tsA1S9 murine line with different human parental lines, as described
in Material and Methods and outlined in table 1.

b Chromosomal material present in each hybrid was determined by analysis of trypsin-Giemsa karyotypes of metaphase chromosomes.
Presence of a chromosome is indicated by a plus sign ( + ), followed by a description of the chromosome if it is not cytologically normal.
The derivative X chromosomes were as described in table 1. Xa = active X chromosomes; Xi = inactive X chromosomes. Activity status
was determined by cytological examination for those hybrids in which the Xi has previously been demonstrated and is cytologically unique.
For the t11 cell line, activity was determined by replication analysis.

¢ Ability of a cell line to grow was determined both by plating efficiency and by determining the ratio of tritiated thymidine incorporat-
ed at the npt vs. the pt (Brown et al. 1989).

4 Assay for methylation in the 5 region of the PGK1 gene is shown in fig. 2A. I = methylated/inactive X chromosome; A = unmethylat-
ed/active X chromosome; A/l = intermediate pattern (Keith et al. 1986).

¢ Determined by the ability of the hybrid to grow in selective media. A plus sign ( + ) indicates resistance to HAT medium and sensitivi-
ty to AG/TG medium, while a minus sign (- ) indicates HAT sensitivity and AG/TG resistance.

f Determined by the presence of the human-specific isozyme on protein gel electrophoresis (see fig. 2B).
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Figure |
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Micrograph of a Hoechst 33258-Giemsa-stained metaphase spread of chromosomes from a subclone of the t48 hybrid after

growth in BrdUrd. The normal Xi’s are indicated by solid arrows, and the translocated Xq/11q is indicated by the open arrow. Cells were

grown at 39°C before chromosome analysis.

Restriction-enzyme digests without Hpall yield a frag-
ment of 807 bp (for BamHI/EcoRI digests) or 662 bp
(for Sau3A digests). These fragments from the §’ end
of the PGK1 gene contain multiple Hpall sites, so that,
when Hpallis included in the digests, they are digested
into many smaller, unresolved bands. However, if Hpall
is unable to cut because the Hpall sites are methylated
(as they are on inactive chromosomes), then digestion

at the multiple Hpall sites is prevented and the full-size
fragment is detected (Keith et al. 1986). On the basis
of the results of this assay, this region was methylated
(and therefore inactive) in all four Xi hybrids examined
(fig. 2A). Consistent with this result, human G6PD ac-
tivity could not be demonstrated in any of the Xi hybrids
(fig. 2B). On the basis of (1) these data, (2) failure of
any of the Xi hybrids to survive in HAT medium, and
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A, Methylation at the 5’ end of the PGK1 gene has been correlated with activity of the X chromosome (Keith et al. 1986).

Using an 800-bp BamHI/EcoRI fragment as a probe for Southern blotting, we assessed methylation by cutting with BamHI and EcoRI
(lanes 1-5) or Sau3A (lanes 6-8) with (lanes marked “H”) or without Hpall. Methylation of the dinucleotide CpG inhibits cutting of the
Hpall enzyme, resulting in release of the intact fragment (807 bp for lanes 1-5 and 662 bp for lanes 6-8; marked by triangle). However,
if the Hpall sites are unmethylated, as they are on active chromosomes, then digestion at the multiple Hpall sites within this region occurs,
and no band is detected. The DNA samples are as follows: 1 = female; 2 = male; 3 = t48-1a-1D; 4 = t48-1a-1Daz4A; 5 = tl1-4A; 6
= t11-4Aaz5; 7 = male; 8 = t60-12. B, Expression of the X-linked enzyme G6PD. Cellogel electrophoresis separates the human (H) and
mouse (M) isozymes, as well as a human/mouse heterodimer (H/M), all of which are detected by histochemical staining (Meera Khan 1971).
Sources of the cell extracts were as follows: 1 = tsA1S9 mouse parental line; 2 = t81; 3 = t8l-azID; 4 = t86Blm; 5 = t86-Blmazlb.

(3) late replication of the X chromosomes maintained
in these hybrids, we conclude that the X’s are inactive
(table 2).

AIS9T Is Not Pseudoautosomal

To determine whether the Y chromosome can com-
plement the tsA1S9 defect, we created somatic cell
hybrids between tsA1S9 and a male cell line, GM074
(hybrid series t4; table 1). Of 13 hybrids able to survive
the npt (selected by virtue of the A1S9T locus), all re-
tained the X-chromosome short arm (as part of a X;14
translocation; see table 1), but only three retained the
Y chromosome. One additional hybrid, isolated at the
permissive temperature, retained a Y chromosome but
no X-chromosome short arm. This hybrid was unable
to grow at the npt, indicating that the Y chromosome
does not contain a functional A1S9T gene.

Discussion

Three of the genes previously reported to be expressed
from the Xi are located near the distal tip of the
X-chromosome short arm. One of these genes, MIC2,
is pseudoautosomal and is expressed from both the X
and Y chromosomes. We have reported elsewhere that
the A1S9T gene maps to the short arm of the X chro-
mosome (Brown et al. 1989); however, since our fu-
sions were performed with female cell lines, we had not
addressed whether the Y chromosome could also com-
plement the tsA1S9 defect. In the present study, we have
created fusions with a male cell line and have observed
no evidence that the Y chromosome is capable of com-
plementing the defect. Thus, the A1S9T locus is not
expressed from the Y chromosome and must, there-
fore, be located below the pseudoautosomal boundary
in Xp22.3 (Ellis et al. 1989). It is unlikely that A1S9T
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is distal to XG and STS, since males with deletions or
unbalanced translocations resulting in nullisomy for the
distal portion of the X are asymptomatic except for
ichthyosis from the loss of STS (Geller et al. 1986). Thus,
A1S9T must be more proximal than these other noninac-
tivated X-linked genes. Studies are in progress to fur-
ther localize the complementing activity by fusion of
tsA1S9 with human cell lines carrying breakpoints in
the short arm of the X chromosome, proximal to STS.
While it is generally assumed that most of the esti-
mated several thousand X-linked genes are subject to
X inactivation, there is only firm evidence that approx-
imately 35 genes are inactivated, less than 10-fold more
than the number known to escape inactivation. This
estimate is based primarily either on the number of genes
showing clinical expression of disease phenotypes in
heterozygotes with X/autosome translocations (reviewed
in Harper et al. 1988) or by demonstrated clonality in
cultured cells from heterozygotes (e.g., see Salzmann
et al. 1968; Meyer et al. 1975; Migeon et al. 1981).
There is also evidence from patchy expression in het-
erozygous females (Passerge and Fries 1973), from ex-
pression studies in somatic cell hybrids (e.g., see Graves
and Gartler 1986; Nadon et al. 1988), and from the
demonstration of allelic exclusion (e.g., see Gealy et
al. 1980; Fearon et al. 1987). In addition to the X-linked
genes for which direct evidence of X inactivation ex-
ists, there are a considerably larger number of X-linked
clinical defects that show limited expression in females,
a finding that may suggest that they are also subject
to X inactivation (McKusick 1988). Nonetheless, it
seems reasonable to expect that, as the number of genes
identified on the X increases, more genes will be found
to escape X-chromosome inactivation. The identifica-
tion of these genes may be of practical importance for
individuals who have only one X chromosome (Turner
syndrome) or multiple X chromosomes, since females
with only one X chromosome will have expression simi-
lar to males rather than to females, while individuals
with multiple X chromosomes will have overexpression
of these genes. The molecular characterization of A1S9T
and other genes which escape X inactivation could help
determine the mechanism by which genes escape inac-
tivation and therefore, perhaps, how the process of in-
activation itself effects gene expression on the X.
A1S9T is unique among the genes known to escape
X inactivation, because it allows for the direct selec-
tion of inactive X chromosomes in tsA1S9-human so-
matic cell hybrids. The observation that there is often
more than one Xi retained per cell at the npt demon-
strates the strength of the selective pressure to retain
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the Xi in tsA1S9-human somatic cell hybrids, and it
may suggest an underexpression of the gene from the
Xi, as has been shown for some X-linked genes (Migeon
et al. 19824, 1982b) but apparently not for others
(Schneider-Gadicke et al., in press). The isolation of
Xi hybrids should be useful for furthering the study
of many aspects of the process of X-chromosome inac-
tivation.

In addition, AI1S9T provides a second selectable
marker for the X chromosome, this one on the short arm
of the chromosome, which should enhance mapping
efforts on the X. With this system, one can select for
structurally abnormal inactive X chromosomes, as dem-
onstrated here by one of the Xi hybrids isolated con-
taining a deleted Xi. These hybrids should prove useful
in localizing regions necessary for X-chromosome in-
activation, including the putative X inactivation center(s).
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