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ABSTRACT

Background: Monozygotic (MZ) twinning is a poorly
understood phenomenon that may result in subtle
biologic differences between twins, despite their iden-
tical inheritance. These differences may in part ac-
count for discordant expression of disease in MZ twin

pairs. Due to their stochastic nature, differences in X
chromosome inactivation patterns are one source of
such variation in female MZ twins.
Materials and Methods: We investigated X chromo-
some inactivation patterns in the blood of 41 MZ twin

pairs based on methylation of the androgen receptor
gene using a Hpa ll-PCR assay. Twenty-six female MZ
twin pairs with autoimmune disease (rheumatoid ar-
thritis or multiple sclerosis) were studied. In addition,
we studied 15 newborn female MZ twin pairs who
were characterized at birth with respect to the anat-

omy of chorionic membranes (dichorionic versus
monochorionic).

Results: We found a strong correlation between di-
chorionic fetal anatomy and differences in X chromo-
some inactivation patterns between members of an
MZ twin pair. In contrast, all monochorionic twin pairs
had closely correlated patterns of X chromosome in-
activation. X chromosome inactivation patterns did
not distinguish between MZ twin pairs who were con-
cordant or discordant for autoimmune disease.
Conclusions: The highly similar patterns of X chro-
mosome inactivation among monochorionic twin
pairs may result from their shared placental blood
supply during intrauterine life. Alternatively, these
patterns may indicate that X chromosome inactivation
occurs before the twinning event in this anatomic
subgroup of MZ twins. The data further suggest that
these factors do not make a major contribution to the
high discordance rates for autoimmune disease in MZ
twin pairs.

INTRODUCTION

The phenomenon of monozygotic twinning is a

poorly understood biological event that exhibits
heterogeneity with respect to the timing of twin-
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ning and the anatomic features of the fetal-pla-
cental relationship. MZ twins are commonly di-
vided into two major types: dichorionic and
monochorionic (1). Dichorionic twins appear to
result from an early twinning event (before 4
days postfertilization) and exhibit two separate
placentas which even when physically juxta-
posed are divided by the chorionic membranes.
In contrast, monochorionic twins appear to re-
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sult from later twinning events (after 4 days
postfertilization), in which case the two embryos
are connected to a common placenta. Most
monochorionic twins develop within separate
amniotic sacs, but they nevertheless share a com-
mon placental blood supply (1). These different
anatomic relationships might be predicted to in-
fluence the degree of similarity between twins, at
least with respect to circulating hematopoietic
elements, and may have particular relevance to
the circulating immune system, inasmuch as ge-
netic rearrangement events occur during fetal
development in the T cell and immunoglobulin
receptor loci (2). Most twin studies have failed to
take these anatomic differences into account, in
large part because retrospective determination of
placental anatomy is usually not possible.

In this study we have investigated X chro-
mosome inactivation patterns in the peripheral
blood of a group of normal MZ twin pairs in
whom fetal-placental anatomy was defined at
birth. The rationale for doing this relates to the
stochastic nature of X chromosome inactivation
in females. In order to avoid a functionally dip-
loid state and thereby achieve a gene dosage
comparable to males, each somatic cell of the
developing female embryo inactivates either the
maternally or paternally derived X chromosome
(3). This event occurs early in development, in
perhaps as few as 10 cells (4), and is largely
random with respect to which X chromosome is
inactivated. X chromosome inactivation results
in the transcriptional silencing of many (though
not all) genes on the X chromosome and is ac-
companied by methylation of the DNA in many
of these silenced genes (3). The different meth-
ylation status of genes on the inactive versus
active X chromosome allows for the distinction
of these chromosomes using methylation-sensi-
tive restriction enzymes (5).

A wide variation in the patterns of X chro-
mosome utilization can be observed between in-
dividual females (4) and indeed in different
members of monozygotic twin pairs. This can
occasionally lead to biological differences be-
tween MZ twins, as has been described for a
number of X linked diseases and phenotypes
(6-9). We therefore reasoned that X chromo-
some inactivation patterns in peripheral blood
should be more similar in twins with a shared
placental blood supply (monochorionic twins),
compared with twins in whom no connection in
blood supply is present (dichorionic twins). The
data reported here have established this relation-
ship for the first time.

Discordant expression of autoimmune dis-
ease is common in MZ twins. When one MZ twin
is affected with diseases such as juvenile diabe-
tes, multiple sclerosis, and systemic lupus, the
co-twin remains unaffected in approximately
two-thirds of cases (10-12). Several recent stud-
ies of rheumatoid arthritis have indicated that
discordance for this disease in MZ twins is even
more common, with concordance rates as low as
15% (13). These data have generally been inter-
preted as reflecting a large environmental com-

ponent in the pathogenesis of these illnesses.
However, the influence of placental anatomy or

other fetal developmental events on disease con-
cordance has not been previously explored. We
therefore extended our analysis of X chromo-
some inactivation patterns to a population of MZ
twins with autoimmune disease in order to ad-
dress this question.

MATERIALS AND METHODS

Study Subjects

Fifteen pairs of normal newborn MZ female
twins were collected at the Centrum voor
Menselijke Erfelijkheid, Katholieke Universiteit,
Leuven, Belgium. At the time of birth, cord blood
samples of each individual were collected. A de-
tailed anatomic analysis of the placenta and fetal
membranes was performed in order to classify
twin pairs as either monochorionic or dichori-
onic. In addition, blood samples from 16 pairs of
MZ female twins with rheumatoid arthritis (7
concordant and 9 discordant) were collected at
the ARC Epidemiology Research Unit, University
of Manchester, Great Britain. Ten MZ twins with
multiple sclerosis were collected at the Depart-
ment of Clinical Neurological Sciences, Univer-
sity Hospital, London, Ontario. Three of these
twins were discordant for disease, both clinically
and by MRI scanning. The remaining seven
twins with MS were concordant, determined ei-
ther clinically (four twins) or solely by virtue of a
positive MRI (three twins). The zygosity of the
twins was established by analysis with minisat-
ellite probes (14).

HpaII/PCR Assay for X
Chromosome Inactivation

X chromosome inactivation patterns were deter-
mined using an HpaII/PCR assay for the X-linked
androgen receptor (AR) gene (5). The AR gene is
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primer primer
AR-1 Hpa II Hpa II AR-2

0- I I (CAG)n

n = 17 - 26 in normal individuals

FIG. 1. Schematic map of a portion of the first
exon of the androgen receptor gene

The polymorphic CAG triplet repeat is flanked by
HpaII sites and the locations of the primers ARI and
AR2 used for the PCR assay are indicated.

methylated on the inactive X and undermethyl-
ated on the active X chromosome in normal
females. Furthermore, as shown in Fig. 1, a

highly polymorphic triplet repeat within the AR
gene allows for the discrimination of each X

chromosome in most female subjects (5).
An outline of the method used for this study

is shown in Fig. 2. Briefly, 100-200 ng of
genomic DNA was digested with the methyla-
tion-sensitive restriction enzyme HpaII, accord-
ing to the recommendations of the manufactur-
er (GIBCO, BRL, Gaithersberg, MD, U.S.A.). A
mock sample was prepared in parallel, as a con-

trol, without the addition of HpaII. After over-

night digestion, samples were boiled for 30 min
to inactivate the HpaII enzyme. PCR amplifica-
tion of the AR gene was performed with 10-20

ng of DNA (either HpaII or mock digested). Prim-
ers ARI (5'-TCCAGAATCTGYTCCAGAGCGTGC-
3') and AR2 (5'-GCTGTGAAGGTTGCTGTTCCT
CAT-3') were chosen to flank the triplet repeat
(CAG) and the HpaII sites in the first exon of the
AR gene (Fig. 1). The AR2 primer was end la-

beled with 32p using T4 polynucleotide kinase
(Promega, Madison, WI, U.S.A.). A standard PCR
amplification reaction with 3 pmol of each
primer was performed with 10% glycerol in a 50
,ul volume. The PCR conditions were as follows:
denaturation at 94°C for 30 sec, annealing at
60°C for 30 sec, and extension at 720C for 30 sec.
After 30 cycles, PCR products were loaded on
either a 6% or 8% polyacrylamide denaturing
(8 M urea) gel in order to obtain an optimal
separation of the two alleles. The gel was ex-
posed overnight on Hyper film-MP (Amersham,
CEA AB, Sweden), with intensifying screens.
Quantitation of the PCR bands was performed
using a phosphorimager (Molecular Dynamics
Model CPD-1430, Sunnyvale, CA, U.S.A.). All
samples were run in duplicate.

Calculation of X Chromosome Inactivation

Measurements obtained in counts per minute
(cpm) from the phosphorimager were analyzed
as follows. The relative intensity of the larger AR
allele (upper band) with respect to the smaller
AR allele (lower band) was calculated and ex-
pressed as a ratio, R = cpm in upper band/cpm in
lower band. The ratios in the mock digested (RM)
and HpaII-digested (RH) samples were calculated
separately. For each individual, a normalized ra-
tio RN = (RH)I(RM) was calculated to correct for
occasional minor variations in the efficiency of
amplification of the two AR alleles. This normal-
ized ratio was used to determine the percent
inactivation of the X chromosome bearing the
larger (upper) AR allele: % inactivation = [RNI
(RN + 1)1 X 100. We have arbitrarily chosen to

Mock digestion

PCR (32p labelled primer)

genomic DNA

digest with Hpa II

PCR (32p labelled primer)

run sequencing gel: /

Mock Hpa II

I1_1
no skewing

upper and lower alleles
equally methylated

Mock Hpa II Mock Hpa II

I sI I
partial skewing complete skewing
upper allele relatively
undermethylated

upper allele completely
unmethylated

FIG. 2. Flow diagram of the
HpaII/PCR assay

After radioactive PCR across the
triplet (CAG) repeat of the AR
gene, two alleles of different length
are observed in mock digested
genomic DNA from heterozygous
females. When the PCR is per-
formed after the HpaII digestion of
the target DNA, the intensity of
each band reflects the relative de-
gree of methylation of each AR
allele. A schematic illustration of
the results obtained for various
degrees of inactivation (methyl-
ation) of the X chromosome bear-
ing the lower AR allele is shown at
the bottom of the figure.
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express our data as percent inactivation of the X
chromosome bearing the upper AR allele, since
we do not have information regarding the paren-
tal origin of the two AR alleles in our twin pairs.

Standardized difference values were calcu-
lated to determine the similarity of the X chro-
mosome inactivation patterns between the
members of each twin pair. Briefly, the duplicate
PCR determinations for each individual were
used to calculate the mean value (X) of percent X
inactivation (upper allele) for each individual, as
well as the variance (S). The pooled variance
values for each twin pair were determined by the
formula:

Sp =\[(SI2 + S22 X 1I(n, + n2 - 2)],

where SI = E (Xi - X)2 and S2 = X (Xi -X)2
(1 = individual twin 1; 2 = individual twin 2).
Finally, the standardized difference was calcu-
lated as standardized difference (SD) = (X1 -

X2) /SP.

RESULTS

We have determined X chromosome inactivation
patterns in 41 MZ twin pairs. As seen in Fig. 3,
out of the 82 individuals studied, the majority
showed X chromosome inactivation patterns
close to 50:50, although a considerable number
of subjects displayed substantial skewing toward
utilization of one or the other X chromosome.
Indeed, we identified a few individuals who ap-
peared to utilize one X chromosome almost ex-
clusively (close to 0% or 100% methylation of
the larger AR allele). These data are generally
consistent with data on X chromosome inactiva-
tion patterns in normal females, generated by
alternative methods (4). In addition, no particu-
lar pattern was found for the group of RA twins
(whether discordant or concordant for disease)
when compared with the normal MZ twins (data
not shown).

We then addressed the degree of intrapair
differences in X inactivation patterns for the var-
ious groups of MZ twin pairs. Representative
examples of the different patterns observed are
shown in Fig. 4. In twin pair 109 (Fig. 4A), both
members of the pair exhibit roughly equivalent
utilization of both X chromosomes. Comparing
the bands of the PCR for the mock reaction with
the ones for the HpaII digestion the intensity is
equivalent in the two samples. Therefore, for
both members of this twin pair each X chromo-
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FIG. 3. X chromosome inactivation patterns

Percent inactivation of the X chromosome carrying
the larger AR allele (upper band, chosen arbitrarily)
for 41 MZ female twins (82 individuals). Dots repre-
sent the average of duplicate determinations from
each individual.

some is active in roughly 50% of the cells in
peripheral blood. A different pattern is observed
in twin pair 186 (Fig. 4B). Twin 186A has pref-
erentially inactivated the X chromosome carry-
ing the upper allele. After HpaII digestion, the
upper band is much more prominent (compare
lanes H with lanes M). This band corresponds to
the preferentially methylated or "protected al-
lele" present on the inactive X chromosome. The
relatively faint lower band corresponds to the
undermethylated or "unprotected" allele from
the active X chromosome. The calculated mean
percent inactivation of the upper allele is 78%,
indicating that in approximately 78% of the cir-
culating peripheral blood lymphocytes this X
chromosome is inactive. In contrast, the co-twin
186B exhibits a roughly equal (51%) pattern of
X chromosome inactivation. Thus, the members
of twin pair 186 have distinctly different patterns
of X chromosome inactivation.

A third, much less common, pattern of X
chromosome inactivation is shown in Fig. 4C. As
shown for twin pair 490, we have occasionally
seen a highly nonrandom pattern of X chromo-
some inactivation in both members of a twin pair.
Thus, almost all the peripheral blood cells in
these twins preferentially utilize only one of the
two inherited X chromosomes. We have ob-
served this similar pattern of extreme skewing in
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A
TWIN 109 A TWIN 109B

I I

B TWIN 186 A TWIN 186 B

I

M H M H M H M H

C TWIN 490 A TWIN 490 B

I I I

M H M H M H M H

FIG. 4. Comparison of X chromosome inacti-
vation patterns among members of MZ
twins pairs

In (A), twins 109A and 109B show similar patterns

of X inactivation around 50:50. In (B), twin 186A
exhibits skewing toward inactivation of the X chro-
mosome bearing the upper AR allele. Her co-twin
186B does not have preferential skewing toward ei-
ther X chromosome. In (C), both twins 490A and
490B are extremely skewed toward inactivation of
the X chromosome bearing the smaller (lower band)
AR allele. M = mock-digested DNA; H = HpaII-
digested DNA. All assays were performed in dupli-
cate, as shown.

only 2 twin pairs out of the 41 pairs reported in
this study.

In order to quantify the degree of intrapair
differences in X chromosome inactivation pat-

terns, we calculated the SD in the mean values
for each twin pair, as shown in Fig. 5. For the
group of 41 twin pairs, a wide variation in SD
values was observed. Some twins show highly
similar X inactivation patterns (low SD values),
whereas other twin pairs exhibit distinctly differ-
ent patterns of X chromosome inactivation (high
SD values). For example, twin pair 186 (Fig. 4B)
has a calculated SD = 13.9.

As shown in Fig. 5, a striking correlation was
observed between a monochorionic anatomy in
twin pairs and the presence of low values for
standardized difference. All monochorionic
twins exhibited SD values <4.0, whereas four
out of seven dichorionic twin pairs had SD values
>4.0 (range 0.5-10.7). This difference was sta-
tistically significant (p = 0.026, Fisher's exact
test). As discussed below, we believe the uni-
formly similar patterns found in monochorionic
twins reflects the fact that they share their blood
supply during intrauterine life. In contrast, we
found no difference in SD values among twin
pairs concordant for RA or MS compared with
twins discordant for these diseases. In the RA
group, we did not observe any trends when age
of onset, the presence of erosions, or HLA type
were taken into account, although the small
number of subjects did not permit a statistically
meaningful analysis.

DISCUSSION

The central finding of this study is that patterns
of X chromosome inactivation in MZ twins are
strongly correlated with the presence or absence
of a shared fetal blood supply during intrauterine
life. While very little is known concerning the
underlying biology of monozygotic twinning, it is
probable that the splitting of a developing em-
bryo generally occurs over a time frame ranging
from shortly after fertilization to as long as 8 days
later (1). In about one-third of cases, monozy-
gotic twinning occurs early and results in a di-
chorionic twin pregnancy (1). In this case, the
two embryos and chorionic sacs are entirely sep-
arate, without significant connections of fetal
blood supply. This has recently been confirmed
in a series of 253 dichorionic twin pairs in which
dye injection of placental vessels revealed no
evidence of macroscopic vascular anastomosis in
any twin pair (C. Derom, unpublished data). In
the remaining two-thirds of MZ twins, the twin-
ning event occurs later and results in a mono-
chorionic twin pregnancy in which a common

blood supply exists by means of a shared pla-
centa (1). Thus, in the case of monochorionic
twins the circulating hematopoietic elements are

shared among the twins throughout intrauterine
life.

The data presented here demonstrate a cor-
relation between this anatomic feature of mono-
chorionic twins and similar patterns of X chro-
mosome inactivation in female twin pairs.
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FIG. 5. Comparison of the SD
values for X inactivation pat-
terns in various groups
of twins

The distribution of SD values for
all 41 twin pairs is shown at the
left. The monochorionic, dichori-
onic, concordant (C), and discor-
dant (D) twins are also
plotted separately.

Overall, we have confirmed that in any given
individual female there may be a wide variation
in the degree to which each parental X chromo-
some is utilized (Fig. 3). However, when mem-

bers of specific MZ twin pairs are studied, we find
that some twins have highly similar patterns of X

chromosome utilization (Figs. 4A and 4C), while
other twins have strikingly different patterns of X
chromosome utilization (Fig. 4B). When the type
of fetal-placental anatomy is taken into consid-
eration, it becomes clear that monochorionic
twin pairs always exhibit highly similar patterns
of X chromosome inactivation. This is shown in

Fig. 5, in which the standardized difference in X
inactivation patterns is plotted for the different
groups of twins. Note that all monochorionic
twins have SD values >4.0. This is in contrast to

dichorionic twins, in whom SD values >4.0 are

common (four out of seven twins).
The high frequency of dissimilar patterns of

X chromosome inactivation in dichorionic MZ
twins reflects the underlying stochastic nature

and highly variable outcome of this process.

Since each member of the twin pair undergoes X
inactivation independently, they frequently dif-
fer as to which parental X chromosome is pref-
erentially utilized. Occasionally, by chance, both
twins of a dichorionic pair have similar patterns
of X inactivation. This is not unexpected, since
the majority of females have X inactivation pat-
terns around 50:50 (see Fig. 3). In contrast, X
chromosome inactivation patterns are always
highly similar in the blood of monochorionic

twin pairs, presumably because this tissue is
shared between the two members of a twin pair.
Thus, the final value should represent an average

of independent X inactivation events in the two

twins. This averaging would occur by virtue of
continuous mixing of their blood supplies during
fetal life.

There is an alternative explanation for the
similarity in X chromosome inactivation patterns

in monochorionic twin pairs. This relates to the
presumed timing of monochorionic twinning
relative to X chromosome inactivation. Exact
knowledge of the timing of these events is not

available. However, it is presumed that mono-

chorionic twinning occurs relatively late (>4
days postfertilization), and recent studies in the
mouse suggest that X chromosome inactivation
may also occur in the latter part of this period
(1 5). Thus, it is possible that in some cases mono-

chorionic twinning occurs after X inactivation. If
this is the case, then both twins would be ex-

pected to have highly correlated X inactivation
patterns, regardless of their shared placental
blood supply. By this argument, dichorionic twin
pairs would not be expected to have highly cor-

related patterns of X inactivation, since dichori-
onic twinning presumably occurs early, before X
chromosome inactivation.

This question could be resolved by studying
X inactivation patterns in nonhematopoietic tis-
sues of monochorionic twin pairs. However, this
experimental problem is complicated by the
patchy distribution of X inactivation in solid tis-
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sues. This phenomenon is well known to derma-
tologists who observe a patchy distribution of
X-linked phenotypes along Blaschko's lines in
carrier females (16,17). Because of the large size
of these patches, a single biopsy of epidermis or
circumscribed sample of buccal mucosa will not
be likely to yield representative results for the
entire tissue. It appears that the patch size in
dermis and other internal organs is considerably
smaller (18). However, these tissues are not
readily available for sampling in human MZ twin
pairs. There is no information on the degree of
patchiness in fetal membranes or umbilical cords,
which are the most obvious source for a future
analysis. Since hematopoietic cells are constantly
mixing, this is not an issue for the studies re-

ported here.
One reason for embarking on this study was

to investigate whether differences in X chromo-
some inactivation patterns in MZ twins might be
related to the high discordance rates for autoim-
mune diseases in MZ twin pairs (19). It is unclear
whether genes on the X chromosome influence
susceptibility to autoimmunity; however, several
genes on the X chromosome are involved in the
regulation of the immune or inflammatory re-
sponse, including the CD40 ligand (20), IL2-R
(21), and tissue inhibitor of metalloproteinase
(22), to name a few. Conceivably, X inactivation
differences in twins might result in different pat-
terns of expression of alleles at these loci. Alter-
natively, X chromosome inactivation patterns
might relate to concordance for autoimmunity
by virtue of the fact that the majority of MZ twins
with highly similar patterns of X inactivation
were monochorionic. As discussed previously,
monochorionic twins share their fetal blood sup-
ply during gestation and thus share a common
immune system. In particular, monochorionic
twins would have in common the prenatal sto-
chastic events associated with immunoglobulin
and T cell receptor gene rearrangement (2),
whereas dichorionic twin pairs would undergo
these gene rearrangements independently of one
another during fetal life.

We therefore searched for an association be-
tween dissimilar patterns of X chromosome in-

activation (high standardized difference) and dis-
cordant expression of autoimmune disease. In
the discordant twin pairs 6 out of 12 twin pairs
had SD values >4.0, whereas only 4 out of 14
concordant twin pairs had such high SD values.
However, this difference between the two groups
of twins was not statistically significant. Thus, we
were not able to establish an association between

X chromosome inactivation patterns and auto-
immunity.

The most parsimonious interpretation of
these results is that differences in relative expres-
sion of X linked alleles do not influence disease
expression in twins. Furthermore, if X inactiva-
tion patterns reflect fetal-placental anatomy, it
appears that twin placentation patterns also have
no influence on concordance for autoimmune
disease in MZ twins. Thus, the high discordance
rate for autoimmune disease in twins appears to
be due in large part to environmental or other
developmental differences. However, several po-
tential caveats to this conclusion should be kept
in mind. For example, if X-linked genes are in-
volved in disease susceptibility, only those twins
that are heterozygous for the relevant alleles
would be affected by dissimilar patterns of X
chromosome utilization. In addition, the genetic
background of some twins may predispose to
concordance, overwhelming more minor effects
of monochorionic anatomy or the modifying ef-
fects of X-linked genes. In this regard it is of
interest that MZ twins with rheumatoid arthritis
are much more likely to be concordant for dis-
ease if they are homozygous for the relevant
MHC class II susceptibility genes, such as HLA-
DR4 (23). Thus, X inactivation patterns may be
associated with discordance only in twins lacking
these strong susceptibility genes and having an
overall higher threshold for disease. The number
of twins available did not permit us to directly
address these possibilities. It should also be
pointed out that in this study we have investi-
gated X chromosome inactivation patterns only
in peripheral blood, which is of mesodermal or-
igin. However, X chromosome inactivation pat-
terns may vary in tissues of different embryologic
origin (15) (unpublished data). Conceivably, X
inactivation patterns in these other tissues might
influence the expression of disease. These con-
siderations suggest to us that more comprehen-
sive studies of MZ twin pairs may yet reveal
subtle host differences between such twins,
which contribute to the high discordance rates
for autoimmunity.

Finally, as shown in Fig. 4C, we have occa-
sionally observed (in 2 out of 41 twin pairs) an
unusual pattern of X chromosome inactivation
in which both members of the twin pair are
extremely skewed in the same direction. Inter-
estingly, both these twin pairs were in the RA
group. However, we have also observed this in
an additional set of normal twins not included in
this study. It would seem unlikely for this to
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occur by chance in both members of a dichori-
onic twin pair, nor would averaging of X inacti-
vation events in monochorionic pairs commonly
result in this pattern. This pattern could occur if
a highly skewed X inactivation event preceeded
twinning. Alternatively, some X chromosomes
may carry alleles that influence the likelihood of
undergoing inactivation. Such alleles have been
described in the mouse (24) but have not been
reported in humans. Family studies of these twin
pairs might reveal further evidence of this phe-
nomenon.
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