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Mammals achieve gene dosage control by (1) random X-chromosome inactivation in females, (2) parental
origin-specific imprinting of selected autosomal genes, and (3) random autosomal inactivation. Genes belonging
to the third category of epigenetic phenomenon are just now emerging, with only six identified so far. Here we
report three additional genes, Nubp2, Igfals, and Jsap1, that show 50%-methylated CpG sites by Southern blot
analyses and primarily monoallelic expression in single-cell allele-specific RT-PCR analysis of bone marrow
stromal cells and hepatocytes. Furthermore, we show that, in contrast to X inactivation, alleles can switch
between active and inactive states during the formation of daughter cells. These three genes are the first in their
category to exist as a tight cluster, in the proximal region of mouse chromosome 17, providing a thus far unique
example of a region of autosomal random monoallelic expression.

The mouse t complex encompasses a 20- to 30-Mb region of
proximal chromosome 17 and contains many loci required
for embryonic development and male germ cell function
(Bennett 1975; Silver 1993; Fraser and Dudley 1999; Schi-
menti 2000). Its puzzling features have been attracting mouse
geneticists for more than 75 yr, since the discovery of the
tailless mouse mutant (Silver 1993; Schimenti 2000). One of
the most interesting mutant loci, called Tme, causes embry-
onic lethality in heterozygous animals when it is inherited
from the mother, but not from the father (Winking and Silver
1984). A reasonable candidate for the Tme gene, Igf2r, has
been identified and shown to be expressed only from the
maternal allele (Barlow et al. 1991). However, other genetic
evidence indicates that another gene may be mutated in Tme
mice (Forejt and Gregorova 1992; Rogers et al. 1997). A large
anti-sense transcript, called Air, is paternally imprinted, but is
most likely a transcript involved in imprinting regulation of
Igf2r (Lyle et al. 2000). A neighboring gene, Mas1, may (Villar
and Pedersen 1994), or may not be imprinted (Schweifer et al.
1997). Thus, it is not yet clear if this region contains a cluster
of imprinted genes, like other imprinted regions (Constancia
et al. 1998; Tilghman 1999; John and Surani 2000; Sleutels et
al. 2000; Reik and Walter 2001). The search for other im-
printed genes in the t complex continues, and may help to
understand the complicated Tme phenotype.

Recently, genes that are located on autosomes, like im-
printed genes, but show random monoallelic expressions, like

the X chromosome (Lyon 1961; Avner and Heard 2001), have
been discovered. This has added a novel category to monoal-
lelically expressed genes (Chess et al. 1994; Watanabe and
Barlow 1996; Ohlsson et al. 1998). The immunoglobulin gene
was long the only one showing autosomal random monoal-
lelic expression, but it has now been joined by T-cell receptor
genes (Malissen et al. 1992); olfactory receptor genes (Chess et
al. 1994); Natural Killer (NK) cell receptor genes (Held et al.
1995); and IL2 (Hollander et al. 1998), IL4 (Bix and Locksley
1998), Pax5 (Nutt and Busslinger 1999; Nutt et al. 1999), IL5
and IL13 (Kelly and Locksley 2000) genes. Initially these genes
were discussed in the same category as immunoglobulin and
olfactory receptor genes (Chess et al. 1994; Watanabe and
Barlow 1996; Ohlsson et al. 1998). However, more recent find-
ings have modified this interpretation (Held and Kunz 1998;
Hollander et al. 1998; Riviere et al. 1998). Unlike the “allelic
exclusion” of immunoglobulin and olfactory receptor genes,
inactivation of alleles for these genes is not stable, and they
do not remain inactive in descendent cells. In addition, the
random monoallelic expression of autosomal genes found
thus far shows rather independent activation/inactivation of
each allele (Bix and Locksley 1998; Nutt et al. 1999). Very
recent careful reexamination of the IL2 and Pax5 genes has
confirmed random monoallelic expression for IL2, but re-
jected it for Pax5 (Rhoades et al. 2000). The investigators have
proposed that apparent monoallelic expression may simply
be due to the low level of gene expression, with stochastic
amplification of one allele by PCR (Rhoades et al. 2000).

We have sought to identify new candidate imprinted
genes through the analysis of genes expressed in placenta,
based on the finding that almost all imprinted genes uncov-
ered thus far are expressed in placenta (Reik and Walter 2001).
We constructed a cDNA library from nascent placenta of E7.5
mouse embryo and performed large-scale sequencing and
mapping of genes from this library (Ko et al. 1998). To our
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surprise, genes sampled from the placenta showed unusual
clustering in the t complex region of the mouse genome (Ko
et al. 1998). We report here our unexpected evidence that
three genes, Nubp2, Igfals, and Jsap1, show X-like random
monoallelic expression at single-cell levels, but in contrast to
X inactivation, alleles can switch between active and inactive
states during the formation of daughter cells. We discuss a
possible mechanism for such gene expression patterns, and
their possible involvement in the biology of the t complex.

RESULTS
We earlier mapped 155 genes sampled from E7.5 extraembry-
onic tissue cDNA library on the Interspecific Backcross Mouse
Panels, and found that 10 genes are mapped in the t complex
region (Ko et al. 1998) (Fig. 1a). To assess whether they are
candidates for imprinted genes, we first performed Southern
blot analyses of genomic DNAs from a spleen of 129SV/J in-
bred mouse with methylation-sensitive HpaII and methyl-
ation-insensitive MspI restriction enzymes. Of three genes
tested, two, D17Wsu11e (Fig. 1b,c) and D17Wsu15e (Fig. 1d),
showed partial methylation at CCGG sites. Two other genes
(D17Wsu160e and D17Wsu164e), which are located outside of
the t complex in chromosome 17, were also examined, but
did not show the partial methylation pattern (Fig. 1a). An
interesting feature of this partial methylation at CpG sites is
that the methylation-sensitive HpaII enzyme seems to cut
only about 50% of genomic DNA (see Fig. 1b, BglII digestion,
compare HpaII digestion with undigested control DNA; or Fig.
1b, EcoRV digestion, compare HpaII digestion with undigested
control DNA). The presence of roughly equal amounts of DNA
as methylated or unmethylated indicates that one allele is
methylated and the other allele is unmethylated in single
cells. However, the possibility remains that both alleles are
methylated in 50% of the cells, and both are unmethylated in
the remaining cells.

D17Wsu11e, later named nucleotide binding protein 2
(Nubp2), encodes a protein bearing an ATP/GTP binding motif
(Nakashima et al. 1999). The knockout of the orthologous
gene in yeast is lethal, indicating that the gene is essential for
a basic cellular function, possibly in cell proliferation (Na-
kashima et al. 1999). D17Wsu15e was very recently identified
as jun N-terminal kinase (JNK)/stress-activated protein kinase-
associated protein 1 (Jsap1) by a yeast two-hybrid screen using
JNK3 MAPK as bait (Ito et al. 1999). The protein shows very
high binding affinity to JNK3, and overexpression of full-
length JSAP1 in COS-7 cells leads to a considerable enhance-

ment of JNK3 activation, indicating that Jsap1 functions as a
scaffold protein in the JNK3 signaling cascade (Ito et al. 1999).

To characterize further the methylation state of CpG
sites in this region, we screened BAC libraries with Nubp2 and
Jsap1. One BAC clone (126C8) carrying 175 kb of genomic
DNA was identified and completely sequenced (Kargul et al.
2000). Among six novel genes and four known genes deduced
from the BAC sequence, a gene encoding the acid-labile sub-
unit of insulin-like growth factor (IGF)-binding proteins (Ig-
fals) (Boisclair et al. 1996) was identified 700 bp downstream
of the Nubp2 gene (Fig. 1f). IGFALS binds to and dramatically
extends the half-life of the IGF–IGF-binding protein complex,
indicating that it plays an important role in the control of cell
growth (Boisclair et al. 1996). Southern blot analysis revealed
that Igfals also showed 50%-methylated CpG sites (Fig. 1e).
Because the complete sequence information of the BAC126C8
was available, all MspI sites were identified and compared
with the MspI or HpaII digestion patterns in the Southern
blots (e.g., Fig. 1g). This analysis allowed us to clearly identify
the methylation status of each MspI site (Fig. 1f).

The presence of 50%-methylated CpG sites indicates
these three genes, Nubp2, Igfals, and Jsap1, as candidates for
imprinted genes with monoallelic expression. To test this no-
tion, we performed allele-distinguishing RT-PCR analyses on
RNAs derived from various organs of an F1 hybrid adult
mouse obtained by crossing female C57BL/6J (B6) to male
Mus spretus (Spr). PCR primers were designed to cross introns,
so that any genomic DNA contamination could not influence
the results. Both parental alleles of the Igfals gene were ex-
pressed in the organs where the gene is expressed (Fig. 2).
Similarly, both Nubp2 and Jsap1 were also biallelically ex-
pressed in the tissues where these genes are expressed (Fig. 2).
These results indicate that the gene is not imprinted, at least
in the tissues we have examined. An alternative hypothesis
that is consistent with both 50%-methylation status of these
genes and biallelic gene expressions is that these genes show
random monoallelic expression at the single-cell level, analo-
gous to that seen in X-chromosome inactivation.

To examine this possibility, gene-specific RT-PCR and
subsequent single nucleotide primer extension (SNuPE) assays
(Singer-Sam 1995) were performed on single bone marrow
stromal cells isolated from F1 hybrid mice (B6 � Spr). As con-
trols, we chose Gabra6 (Takahashi and Ko 1993) as an auto-
somal biallelically expressed gene, Hprt (Konecki et al. 1982)
as an X-chromosome random monoallelically expressed gene,
and Zfp127 (Jong et al. 1999) as a paternally expressed im-
printed gene. Expression of Gabra6 was biallelic, as expected

Figure 1 DNA methylation assay. (a) Genetic map of chromosome 17 on the Jackson Laboratory BSS backcross panel (top) compared with the
composite map of t complex region with important landmarks (bottom). Open circles indicates a gene whose methylation status was examined,
but did not show partial methylation pattern. Filled circles indicate genes that show partial methylation patterns. (b–d) Southern blot of 129SV/J
mouse genomic DNA digested first with BglII, EcoRV, HindIII, and SacI, followed by the second digestion with HpaII (H), MspI (M), and no digestion
(–). (b) A 531-bp cDNA fragment containing exons 1–5 of Nubp2 was used as a probe. The schematic diagram with DNA fragment sizes (bp) is
shown (right).(c) A 1378-bp cDNA fragment (a full-length C0001C09 clone) containing exons 1–7 of Nubp2 was used as a probe. The schematic
diagram with DNA fragment sizes (bp) is shown (right). (d) Southern blot of M. musculus molosinus, Mus spretus, 129SV/J, and C57BL/6J mouse
genomic DNAs, digested first with BamHI, followed by the digestion with MspI (M), HpaII (H), and no digestion (–). A 2046-bp cDNA fragment
containing exons 36–34 of Jsap1 was used as a probe. (e) A 2141-bp HindIII–EcoRI genomic DNA fragment containing exon 3 of Igfals was used
as a probe. (f) A schematic organization of genes (Rsp29, Igfals, Nubp2, Tce1, Tce2, Ndk3, Jsap1, and D17Ertd441e) on the completely sequenced
BAC clone (126c8: [Kargul et al. 2000]) and the location of the DNA probes, which were used for the DNA methylation assay (top). Black box
indicates coding exon and white box indicates noncoding exons (Kargul et al. 2000). A magnified view of the exon–intron structures for Igfals,
Nubp2, and Jsap1, with the restriction enzyme sites of MspI, BglII, SacI, HindIII, and BamHI, is also shown (middle). Positions of polymorphic MspI
site in the 3�-UTR of Jsap1 are indicated by the mouse strain name in parentheses. Methylation status (methylated, black circle; unmethylated,
white circle) of each MspI site deduced from Southern blot analyses (b–e) are shown (bottom). (g) To correlate Southern blot results (b–e) to the
methylation status of the MspI site (f), expected genomic fragments and their sizes (bp) are shown. Bold letters and lines indicate the DNA
fragments in (c), and the others indicate the DNA fragments in (e).
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(although 6% of the cells showed predominant expression of
the paternal allele; Fig. 3 shows examples, Table 1shows a
summary). The Zfp127 gene showed predominant expression
of paternal allele in 94% of the cells, as expected. In contrast,
the Igfals gene showed biallelic expression in only 18% of the
cells, but monoallelic expression, maternal (41%) or paternal
(41%), in most cells. Nubp2 and Jsap1 showed similar results
(Fig. 3, Table 1). These expression patterns were similar to
those for the Hprt gene, which showed biallelic expression in
24% of the cells, predominant expression of the maternal
allele in 28% of the cells, and predominant expression of the
paternal allele in 48% of the cells.

In additional experiments, we also performed gene-
specific RT-PCR and subsequent SNuPE assays on single he-
patocytes of F1 hybrid animals. The results are essentially the
same, though the fraction of cells that show biallelic expres-
sion is consistently higher in hepatocytes than in the bone
marrow stromal cells (data now shown). This is perhaps due
to the polyploidy of more than 80% of adult liver hepatocytes
(Severin et al. 1984).

One concern about single-cell RT-PCR analysis was that
the apparent monoallelic expression might not truly reflect
the expression pattern of the gene, but might rather be an
artifact caused by stochastic variations of PCR amplification.
It has recently been shown that this is indeed the case for Pax5
(Rhoades et al. 2000), in which the expression of the gene is
very low, so that RT-PCR may selectively amplify either allele
by chance and provide a false indication of random monoal-
lelic expression (Rhoades et al. 2000). To address this possi-
bility, we first compared the level of RT-PCR products among
the examined genes, and found that amplifiable expression
levels of genes consistently gave gene-specific monoallelic or
biallelic expression. For example, in Figure 4a, the PCR prod-
ucts of Jsap1, Nubp2, and Igfals were comparable with that of

control biallelically expressed gene, Gabra6. The
Hprt gene also shows a similar level. Zfp127 gives
much less RT-PCR product. To further verify this,
we measured the relative mRNA abundance of
each gene in the bone marrow stromal cells by
real-time RT-PCR analysis. First, a standard curve
was generated using Jsap1-specific PCR product
as a template (Fig. 4b,c). The standard curve was
linear, as shown by a correlation coefficient (R2)
value of >0.99 over a wide range of template
DNA input (Fig. 4c). The narrow standard devia-
tion (0.03–0.25) and small coefficient of varia-
tion (<1) of triplicate determinations also indi-
cate that the measurement is highly reproduc-
ible. Similar amplification plots and standard
curves were obtained for Igfals, Nubp2, and
Gabra6 (Fig. 4c). Statistical analysis using a mul-
tiple regression model to compare two standard
curves did not reveal any significant difference
in the sensitivity (y intercept) and amplification
efficiency (slope) between Gabra6 and other
genes. Therefore, these assays satisfy the critical
standard to ensure the proper comparison of
mRNA abundance by real-time RT-PCR (Bustin
2000). We then performed real-time RT-PCR
analyses of these genes on RNAs from bone-
marrow stromal cells. Based on the standard
curve, the amounts of mRNA for each gene was
calculated as 4.6 � 10�5 ng (Igfals), 8.4 � 10�5

ng (Nubp2), 1.5 � 10�4 ng (Jsap1), and 1.0 � 10�4

ng (Gabra6). Taken together, three genes, Igfals, Nubp2, and
Jsap1, show expression levels similar to that of Gabra6, which
clearly showed biallelic expression patterns in the single-cell

Figure 3 Allele-specific gene expression analyses by SNuPE assays.
Each assay consists of two primer–extension reactions with allele-
specific radiolabeled nucleotide (e.g, in case of Hprt, C [�32P-dCTP]
represents paternal Mus spretus allele and T [�32P-cTTP] represents
maternal C57BL/6J [B6] allele). For each gene, the first six lanes are
controls (lanes 1, 2: M. spretus cDNA only; lanes 3, 4: B6 cDNA only;
lanes 5, 6: equal mixture of M. spretus and B6 cDNAs). Lanes 7–18
show six representative results of SNuPE assay on single cells isolated
from bone marrow stromal cells of adult F1 (C57BL/6 female � M.
spretus male) hybrid mice.

Figure 2 Allele-specific gene expression analysis at organ level. Gene-specific cDNA
fragments were amplified by RT-PCR from total RNAs prepared from various organs of
adult F1 (C57BL/6J female � Mus spretus male) hybrid mice. To distinguish each pa-
rental allele, the PCR products were digested with restriction enzymes (MspI for Igfals,
MspI for Nubp2, BamHI for Jsap1) and run on the agarose gels.
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SNuPE assay. Therefore, it is highly unlikely that monoallelic
expression patterns of the comparably expressed Igfals,
Nubp2, and Jsap1 are due to selective RT-PCR amplification of
one or another allele.

A second concern is the presence of cells showing bial-
lelic expression of even the X-linked Hprt gene in some stro-
mal cells. It has been accepted that X-linked genes show clear
random monoallelic expression and do not show the biallelic
expression in single cells. One possible explanation is the in-
clusion of more than one cell in a single PCR tube during the
preparative pipetting procedure. Alternatively, biallelic ex-
pression may arise because epigenetic modification of genes is
partially relaxed by the age of this F1 hybrid (1 yr). Indeed, it
has been reported that X-chromosome inactivation becomes
looser and reactivation occurs with age (Wareham et al.
1987). Nonetheless, Hprt, as well as Nubp2, Igfals, and Jsap1,
shows a decisive statistically significant difference from the
biallelically expressed Gabra6 gene (p < 0.01), but with no sta-
tistically significant difference between these three genes and
Hprt (p > 0.2; Table 1; see also Methods section). Taken to-
gether, the results strongly indicate that the autosomally lo-
cated Nubp2, Jsap1, and Igfals genes show random monoallelic
expression that is similar to X-linked genes.

Are the Nubp2, Jsap1, and Igfals genes “like” X-linked
genes? One of the characteristic features of X-linked genes is
that the inactivation status of alleles is stably maintained
throughout many cell divisions. To examine whether the in-
activated status of alleles of Nubp2, Igfals, and Jsap1 is stably
maintained, we performed allele-specific expression analyses
of clonal cell populations. Bone marrow stromal cells from an
F1 hybrid mouse were dissociated and cultured at very low
cell density. Single cells were cultured to form small colonies
of ∼100 cells. Six colonies were further separately cultured
until they became confluent in 10-cm dishes, and were then
used for SNuPE assays. As shown in Figure 5, the X-linked Hprt
gene and imprinted Zfp127 gene showed monoallelic expres-
sion, as expected. In contrast, all three genes identified in this
study showed biallelic expression. This indicates that epige-
netic control of these monoallelically expressed genes is not
stable, but changes during the course of multiple cell divi-
sions. Thus, clearly distinct from X-linked gene inactivation,
Nubp2, Igfals, and Jsap1 belong to a category of monoallelic

gene expression, also exemplified by IL2 (Hollander et al.
1998) and IL4 (Bix and Locksley 1998).

DISCUSSION
In this paper, we have shown that three genes, Igfals, Nubp2,
and Jsap1, which are clustered in the t complex of the mouse
chromosome 17, showed random monoallelic gene expres-
sion in single cells. In general, there are four different types of
monoallelic gene expression: X inactivation, genomic im-
printing, allelic exclusion, and autosomal random monoalle-
lic expression. Three genes reported here appear to fall into
the fourth category of monoallelic gene expression. We have
provided evidence that this monoallelic gene expression is
not due to experimental artifacts such as preferential ampli-
fication of one allele by single-cell RT-PCR.

These three new genes provide the first example of clus-
tering of unrelated genes regulated in this way, a common
feature of other monoallelically expressed genes such as X-
linked and imprinted genes (Sleutels et al. 2000). Previous
studies of random monoallelic gene expression did not ex-
tend to the methylation status of genome alleles. This work
provides the first evidence that correlates autosomal random
monoallelic expressions with the 50%-methylation status of
the genomic region, as seen in X-linked and imprinted genes.
It may be relevant that two reciprocally imprinted genes, Igf2
and H19, show random monoallelic expression in certain cell
types (Ohlsson et al. 1999) and sometimes biallelic expression
of either or both genes at the single-cell level by RNA-FISH
analysis (Jouvenot et al. 1999). Even for X-linked genes, it has
been recently reported that escape of some X-linked genes
from inactivation varies among individuals (Carrel and
Willard 1999). It is conceivable that all monoallelic gene ex-
pressions are maintained by similar mechanisms, with very
small differences among them.

Among monoallelic gene expressions, only X-chromosome
inactivation has a clear biological rationale, because X-
chromosome inactivation is necessary to compensate gene
dosage with two X chromosomes in females and one X chro-
mosome in males. Evolutionary reasons for the existence of
imprinted genes have also been extensively discussed (Reik
and Walter 2001), although an answer as clear as that for X
chromosome inactivation has not been addressed. Allelic ex-

Table 1. Summary of Allele-Specific Gene Expression Analysis in Single Cells

Expression ratio
(Maternal allele/paternal allele)

Number of cells with corresponding expression patterns

Regular gene:
Gabra6

X-linked gene:
Hprt

Imprinted gene:
Zfp127 Igfals Nubp2 Jsap1

Paternal > Maternal
<0.0625 0 0 0 2 1 1
0.0625–0.125 0 0 6 2 0 0
0.125–0.25 0 6 7 0 3 1
0.25–0.5 1 6 2 3 6 2

Paternal = Maternal
0.5–1 13 2 0 2 7 4
1–2 3 4 1 1 8 0

Paternal < Maternal
2–4 0 5 0 6 6 1
4–8 0 2 0 1 3 2
8–16 0 0 0 0 1 0
>16 0 0 0 0 0 1

Total number of cells 17 25 16 17 35 12
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clusion on immunoglobulin and TCR genes prevents the de-
velopment of single B and T lymphocytes with both alleles
expressed. Similarly, olfactory receptors have a good reason to
be monoallelic, because single olfactory cells should express a
unique single receptor (Chess et al. 1994). Other known au-
tosomally coded random monoallelic genes, such as IL2 and
IL4, have less clear justification except for their immune func-
tion. In the case of three genes reported here, the reason for
random monoallelic expression is even less clear. Three genes,
Igfals, Nubp2, and Jsap1, have no apparent common feature,
apart from a common involvement in cell growth controls.

Indeed, this could be the case, especially because Igfals is in-
volved in the IGF pathway, which includes two well-
established imprinted genes, Igf2 and Igf2r.

What is then the raison d’être for autosomal random
monoallelic expression in general? First, it is possible that
genes important for critical developmental decisions may
need to be regulated by monoallelic expression (Holliday
1990). When shutting off a particular gene is critical for cell
fate, a single active gene will be easier to close down than two
active genes. Second, one can also argue that autosomal ran-
dom monoallelic expression is a bystander effect spreading
from nearby imprinted genes. Although the exact physical
distance between this gene cluster and Igf2r is not known,
genetic mapping data indicate that they are at most within a
few megabases (Ko et al. 1998; R. Nagaraja and D. Schless-
inger, pers. comm.). Third, monoallelic gene expression may
be a natural phenomenon for genes with a low level of ex-
pression. A gene driven by a limited amount of a critical tran-
scription factor shows stochastic expression (Ko 1992; McAd-
ams and Arkin 1997), which can lead to monoallelic gene
expression (Cook et al. 1998). In a similar way, all monoallelic
gene expression may originate from intrinsically stochastic
features of gene expression regulation, as recently proposed
(Ohlsson et al. 2001).

It has been postulated that monoallelically expressed
genes will be more sensitive to reduced dosage, because gene
dosage is already a half of the normal amount, which will be
further reduced to one-fourth of that by loss-of-function mu-
tation in one allele (Watanabe and Barlow 1996; Cook et al.
1998; Nutt and Busslinger 1999). In fact, some mutants de-
fective in one allele may show a null phenotype, called hap-
loinsufficiency (e.g., cleidocranial dysplasia [Lee et al. 1997;
Mundlos et al. 1997]). Therefore, it will be interesting to see

Figure 5 Allele-specific gene expression analyses of clonal cells by
SNuPE assays. Each assay consists of two primer–extension reactions
with allele-specific radiolabeled nucleotide (see Fig. 4). For each gene,
the left panel shows controls (Mus spretus cDNA only; B6 cDNA only;
equal mixture of M. spretus and B6 cDNAs). The right panel shows
SNuPE assays on cell clones derived from single bone marrow stromal
cells of adult F1 (C57BL/6 female � M. spretus male) hybrid mice.
SNuPE assays are performed by using the same number of the clonal
cell population for each gene.

Figure 4 Quantitation of gene expression levels. (a) RT-PCR prod-
ucts from cell clones, which were used to perform a SNuPE assay for
each gene. (b) Normalized reporter signal (�Rn) versus cycle number
is plotted for the input of Jsap1 template ranging from 3.2 � 10–4,
1.6 � 10–3, 8 � 10–3, 4 � 10–2, 2 � 10–1, 1, and 5 ng. The ampli-
fication curves represent the highest to lowest PCR products from left
to right. Three replicates for each point are performed with no tem-
plate control shown at the baseline through 40 cycles. (c) The stan-
dard curves of Igfals, Nubp2, Jsap1, and Gabra6. Ct versus log nano-
grams of the template input is plotted.
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whether the knockout of these three genes will show haplo-
insufficiency phenotypes. If this is the case, random monoal-
lelic expression of these genes may indeed contribute to the
complicated genetic behavior of the Tme locus or t complex as
a whole.

Finally, we would like to point out that the “switching”
or “relaxing” of active allele status could provide organisms
with a safeguard against loss-of-function mutations in genes
with dosage-controlled expression; at least 50% of descendent
cells would always have an active allele even if one allele were
damaged.

METHODS

DNA Methylation Assay
For Igfals and Nubp2, 40 µg genomic DNA from 129SV/J
mouse spleen was digested with BglII, EcoRV, HindIII, and
SacI. One-third of the products were digested with HpaII and
another one-third were digested with MspI. After gel electro-
phoresis on 1% agarose gels, the DNAs were blotted onto ny-
lon membranes. For Jsap1, genomic DNA from a spleen of M.
musculus molosinus, M. spretus, 129SV/J, and C57BL/6J was
digested with BamHI with HpaII or MspI. A DNA probe for
Igfals was prepared by PCR amplification of genomic DNAs. A
probe for Nubp2 was prepared by PCR amplification of cDNA
clone (C0001C09) with a primer pair (5�-CTGTGCGGTC
CCAGCATACC-3�, 5�-GGCTGGACGAAAGCCTATAG-3�). A
full-insert of cDNA clones, C0001C09 as a probe for Nubp2
and C0001A08 as a probe for Jsap1, were used (Ko et al. 1998).
Hybridization, washing, and detection were performed by the
standard method.

Allele-Specific Gene Expression Analysis at the
Organ Level
PCR was performed in a 25-µL reaction mixture containing a
0.5-µM gene-specific primer pair spanning the intron/exon
boundary (5�-TGCCAGCCGGTGTACACTTACA-3�, 5�-CCC
TATTTAGGCCACATCGCTTC-3� for Igfals, 5�-GGTCATAG
AGAACATGAGCGGCTT-3�, 5�-TGTAGGGGAATCAAGAGTC
ACC-3� for Nubp2, and 5�-GTGACAAGGCCGCCAGTAGTT
TC-3�, 5�-GGACAATCTTGGGTTGACGGGTATTT-3� for Jsap1)
and cDNA from F1 (C57BL/6J � M. spretus) mice organs. The
PCR conditions were as follows: preheating step at 95°C for 3
min, followed by 35 cycles of denaturing step at 95°C for 30
sec, annealing step at 57°C (Igfals), 65°C (Nubp2), and 62°C
(Jsap1) for 45 sec, and extension step at 72°C for 45 sec with
3 min final extension. The 4 µL PCR product was digested
with MspI, MspI, and BamHI for Igfals, Nubp2, and Jsap1, re-
spectively, at 37°C.

Allele-Specific Gene Expression Analysis on
Single Cells
A primary culture of bone marrow stromal cells was prepared
from an adult female F1 (C57BL/6J � M. spretus) hybrid by the
standard method. The cells at 80% confluence were trypsin-
ized and washed three times with phosphate buffered saline
(PBS). After dissociating cells into single cells by trypsin, the
cells were individually aspirated under the microscope by
mouth pipette with 1.0-mm-diameter capillary pipettes
drawn out to 60–70 µm diameter. Single cells were stored in a
0.2-mL reaction tube (MicroAmp Perkin Elmer) containing
0.05% NP-40 and immediately chilled on ice. Samples were
stored at �80°C before use.

The RT-PCR was performed on the single cell by the
EzrTth RNA PCR kit (Perkin-Elmer) in a 50-µL reaction mix-
ture containing 0.05% NP-40 (Calbiochem), 2.5 mM Mn
(OAc)2, 0.2 units of rTth DNA polymerase, 300 µM each

dNTPs, 250 mM Bicine (pH 8.2), 575 mM KOAc, and 0.5 µM
primer pairs (5�-TGGAACTCGATCTTACCGCCAA-3�, 5�-GTT
ATTCCTGAGGTTGAGGTAGCGAA-3� for Igfals; 5�-CGTC
CAGCCCTAGTCACTTC-3�, 5�-TGTAGGGGAATCAAGAGTC
ACC-3� for Nubp2; 5�-GGCAACCCTAGGCACTTAGTACG
TGT-3�, 5�-CAGAAGCCCCAAGGGTAGAATTTC-3� for Jsap1;
5�-CAAAGCCTAAGATGAGCGCAAGT-3�, 5�-CAAATCA
AAAGTCTGGGGACGCA-3� for Hprt; 5�-TGTGGTCTGGTCTG
CTAAAGCTC-3�, 5�-ACACAGAGAAACATCACAATCCTAGC
AA-3� for Zfp127; and 5�-CTGCAATACTGTTGCTATTTCC-3�,
5�-AAGTGTAGATATGATGGTAGCC-3’ for Gabra6). The reac-
tion mixtures were incubated at 60°C for 30 min for reverse
transcription, followed by the PCR reaction (preheating at
94°C for 1 min, 40 cycles of heating at 94°C for 15 sec, an-
nealing and extension at 60°C (Igfals), 68°C (Nubp2), 60°C
(Jsap1), 60°C (Hprt), 60°C (Zfp127), and 55°C (Gabra6) for 30
sec, with the final extension for 7 min. For Zfp127, an addi-
tional 20 cycles of PCR was performed. The PCR products
were run on 3% agarose gel and purified by cutting out the
DNA band. An aliquot of purified DNAs were run on 3% aga-
rose gel and stained with SYBRGreen (FMC). The amount of
DNAs was estimated by comparing the band intensities to
those of DNA size markers.

SNuPE assays were performed according to the well-
established method (Singer-Sam 1995). For each reaction,
equal amounts of template DNAs, as described earlier, were
combined with the following 10-µL reaction mixture: 2 µCi of
�32P-labeled d-TTP or d-CTP (d-ATP or d-CTP in the case of
Jsap1), 1� SNuPE buffer (10 mM Tris-HCl [pH 8.3], 50 mM
KCl, 15 mM MgCl2), 0.65 units of Taq DNA polymerase, and
1 µM SNuPE primer: 5�-CAGCGGGCCTTCTGGCTGGAC-3�
for Igfals; 5�-GAGCAGCCTGTTGACCTGGGG-3� for Nubp2;
5�-TGCCTCCTGCACAGGGCTCCA-3� for Jsap1; 5�-GCAT
GAACCTTCTATGAA-3� for Hprt5 (Greenwood and Burke
1996), 5�-TGCCTCAGTAGCCTTTGAAAG-3� for Zfp127, and
5�-ACCAAGTGACCTTGCTAGAAC-3� for Gabra6 (Takahashi
and Ko 1993). SNuPE assays were performed with a single
cycle of denaturation at 95°C for 1 min, annealing at 50°C (for
Nubp2 at 60°C) for 2 min, and primer extension at 72°C for 1
min. After 15% denaturing polyacrylamide gel electrophoresis
at 250 V for 20 min, the radioactive gels were exposed to a
Phosphorscreen (Molecular Dynamics) for 20 min. The screen
was read by PhosphorImager (Molecular Dynamics) and sig-
nal intensities determined by the ImageQuant software (Mo-
lecular Dynamics). Each band on a scanned gel image was
circumscribed with an equivalent size box. Signal intensity
was transferred to Microsoft Excel and converted to allele-
specific gene expression levels according to the established
calculation method (Singer-Sam 1995). When the expression
ratio of B6/Spr is higher than 2, it is considered as B6 allele-
predominant monoallelic expression. When the expression
ratio of B6/Spr is lower than 0.5, it is considered as Spr allele-
predominant monoallelic expression. When the expression
ratio of B6/Spr is between 0.5 and 2, it is considered as biallelic
gene expression. Statistical analysis was performed on the SAS
program package by applying Fisher’s (3 � 2) exact test (2-
tail, 5% significance level) to the expression ratio of B6/Spr of
each gene versus the expression ratio of B6/Spr of Hprt or
versus that of B6/Spr of Gabra6.

Allele-Specific Gene Expression Analyses on
Clonal Cells
The 80% confluent bone marrow stromal cells were diluted
105-fold and plated into a 35-mm culture dish. After 12 h,
single cells were marked on the surface of dishes. After 7 d of
culture, colonies containing more than 50 cells were isolated
by a cloning cylinder (Bel-Art Products) and transferred to an
85-mm culture dish individually. After an additional 14 d of
culture, cells were trypsinized, washed three times with PBS,
and lysed in 5 mL of Trizol Reagent (GIBCO BRL) to isolate

Monoallelic Gene Expression in Mouse t Complex

Genome Research 1839
www.genome.org



RNAs. To remove potential contamination of genomic DNA,
we digested total RNAs with 1 unit of DNaseI (Boehringer
Mannheim) for 15 min at 37°C, followed by phenol/
chloroform extraction, and ethanol precipitation. RT-PCR
and SNuPE assays were performed as described earlier.

Real-Time RT-PCR
PCR primers and fluorescent probes were designed by Prim-
erExpress software (PE Applied Biosystems). To prepare a con-
trol DNA for each gene, we performed PCR in a 25-µL reaction
mixture containing a 0.5-µM gene-specific primer pair: 5�-
GACAACAGCATCTCCAGCATCGAAG-3�, 5�-GTTCTGTA
GGGCAAAGTCACGAAGC-3� for Igfals; 5�-TAGCCTGCGT
CCTGATTCCTTGAGAT-3�, 5�-TGAAATGTAGGGGAATCAA
GAGTCACCT-3� for Nubp2; 5�-TGCTCCCACACACTTGCT
TAGAACTG-3�, 5�-TACCYGGGAACCTGGCATGAAAGCT-3�
for Jsap1; and 5�-CAAAGATACAATGGAAGTGAGCAGTAC-
3�, 5�-TAGGAAAGTGTAGATATGATGGTAGCC-3� for Gabra6.
The PCR conditions were as follows: preheating step at 95°C
for 3 min, followed by 35 cycles of denaturing step at 95°C for
30 sec, annealing step at 60°C (Igfals, Nubp2, Jsap1) and 58°C
(Gabra6) for 45 sec, and extension step at 72°C for 45 sec with
a 3-min final extension. The PCR products were run on 3%
agarose gel and purified by cutting out the DNA band. An
aliquot of purified DNAs was run on 3% agarose gel and
stained with SYBRGreen (FMC). The amount of DNAs was
estimated by comparing the band intensities to those of DNA
size markers.

To estimate the relative abundance of mRNAs, RT and
PCR were conducted in one step by using TaqMan EZ RT-PCR
kit in a GeneAmp 5700 Sequence Detection System (PE Ap-
plied Biosystems) according to the manufacturer’s protocol.
Briefly, a 50-µL reaction mixture containing 2.5 mM
Mn(OAc)2; 5.0 units of rTth DNA polymerase; 300 µM each of
dATP, dCTP, and dGTP; 600 µM dUTP; 900 nM nested primer
pairs (5�-TGGAACTCGATCTTACCGCCAA-3�, 5�-GTTATTCC
TGAGGTTGAGGTAGCGAA-3� for Igfals; 5�-CGTCCAGCCCT
AGTCACTTC-3�, 5�-TGTAGGGGAATCAAGAGTCACC-3� for
Nubp2; 5�-GGCAACCCTAGGCACTTAGTACGTGT-3�, 5�-CAG
AAGCCCCAAGGGTAGAATTTC-3� for Jsap1; and 5�-CTG
CAATACTGTTGCTATTTCC-3�, 5�-AAGTGTAGATATGATGG
TAGCC-3� for Gabra6); and 250 nM fluorescent probes (5�-CC
AGCTGGAATATCTGCTTCTGTCCAACA-3� for Igfals; 5�-
TTTCTCATCGAGACTGACCCACACATGCT-3� for Nubp2; 5�-
CCATTAACCTGAGGCTAAGCCTGCATCCT-3� for Jsap1; and
5�-AAAGAAGATGCTTGCTAACACCAGGAGGTTC-3� for
Gabra6) was prepared. The reaction mixtures were incubated
at 60°C for 30 min for reverse transcription, followed by the
PCR reaction: preheating at 94°C for 1 min, 40 cycles of heat-
ing at 95°C for 15 sec, annealing and extension at 60°C (Igfals,
Nubp2, Jsap1) and 55°C (Gabra6) for 1 min. �Rn (normalized
reporter signal) that represents the increases in fluorescence
due to the cleavage of the reporter dye during PCR, was de-
termined and plotted against cycle numbers (Heid et al. 1996)
(Fig. 4b). Ct values (the PCR cycle number required for fluo-
rescence intensity to exceed an arbitrary threshold in the ex-
ponential phase of the amplification) were determined for a
series of standards. A standard curve was generated by plot-
ting Ct versus the log of the amount of standard PCR product
added to the reaction (5 � 10�5–0.2 ng) (Fig. 4c) and used to
compare the relative amount of Igfals, Nubp2, Jsap1, and
Gabra6 mRNA of the F1 (B6/Spr) hybrid mouse bone marrow
stromal cells.
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