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X-chromosome inactivation analysis in a female carrier of FOXP3 mutation
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SUMMARY

Immune dysregulation, polyendocrinopathy and enteropathy with X-linked inheritance (IPEX) is a
serious disease arising from mutations in FOXP3. This gene codifies for a transcription factor whose
dysfunction results in hyperactivation of T cells. It is not clear, however, why an intermediate pheno-
type is not seen in heterozygous females, who are completely healthy. In order to address this ques-
tion, we investigated X-chromosome inactivation in peripheral blood lymphocytes from a heterozygous
female with a child affected by IPEX. No preferential inactivation was shown in freshly sorted CD4+,
CD8+, CD19+ cells or in IL-2 cultured CD4 and CD8 T cells, indicating that peripheral blood lym-
phocytes in these women are randomly selected. Moreover, only one single FOXP3 transcript was
expressed by CD4 T cell clones analysed by RT-PCR, confirming that this gene is subject to X-
inactivation. We hypothesize that hyper-activation of T cell in carriers of FOXP3 mutations is regu-

lated by the presence of normal regulatory T cells.
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INTRODUCTION

IPEX is a severe disorder characterized by immune dysregula-
tion, polyendocrinopathy, enteropathy and X-linked inheritance
[1-4]. The disease is due to mutations in the FOXP3 gene, which
is orthologous of the gene mutated in scurfy mice. Recent data
suggest that the FOXP3 protein acts as a transcription repressor
in T cells, down-regulating cytokine production [S]. This defect in
T cell regulation may account for the lymphocytosis, for the acti-
vated T cell phenotype and for the allergic-autoimmune response
seen in patients with IPEX. Early death is thought to be due to a
wasting syndrome, induced by overproduction of proinflamma-
tory cytokines [6,7].

As mutation in FOXP3 seems to favour proliferation, one
might expect that female carriers of IPEX would display various
degrees of the disease depending on the proportion of T lym-
phocytes expressing the mutated allele, as observed in some car-
riers of X-linked chronic granulomatous disease [8].

We performed X chromosome inactivation analysis in a series
of different sets of lymphocytes. We also produced some T cell
clones so as to further study the expression of FOXP3 by RT-PCR
amplification and sequencing of FOXP3 mRNA.
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PATIENT

The patient is the mother of a 8-year-old-male who presented
aged 4weeks with a purulent and exudative erythroderma
desquamativum, mucous bloody diarrhoea, rising leucocyte
count, and a high percentage of lymphocytes with a ‘committed’
phenotype. Chronic interstitial pneumonia, haemolytic anaemia
and insulin dependent diabetes mellitus occurred in the second
year of life. Genetic analysis of the FOXP3 gene showed a G to
A transition at nucleotide 1338 resulting in a putative Ala384Thr
substitution at residue 384, confirming the suspected diagnosis
of IPEX. This mutation falls within the winged-helix domain of
scurfin and is associated with a poor prognosis, as shown in two
families previously described [1,2,9]. Although the woman is
heterozygous for the same mutation, she is healthy and has no
family history of autoimmune disease.

METHODS

Cell isolation and DNA samples

Mononuclear cells and granulocytes were separately collected
from peripheral blood by Ficoll gradient. Monocytes were
obtained by adhesion to plastic tissue culture plates. Antibody-
coated magnetic beads (Dynal, Oslo, Norway) were used to
obtain B cells (CD19), CD4 and CDS8 T cells, and activated T cells
(CD25). T cells obtained by T cell negative isolation kit were acti-
vated with PHA (1 ug/ml) and cultured in RPMI medium with
10% FCS and IL-2 (20IU/ml) in U-bottom 96-well microplates
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(Costar). The cells were harvested on day 14, and sorted into
CD4+and CD4- (CD8). DNA was extracted from all the subsets.

X inactivation study

X inactivation study was performed according to the protocol pre-
viously described for the screening of X-linked immunodeficien-
cies [10].

Briefly, 500ng of purified DNA were digested in 100 ul
volume of buffered solution with 6U Rsal (New England Biolabs,
Beverly, MA, USA) at 37°C overnight and then divided into 2
fractions of 50 ul each. One aliquot was further digested with
Hpall (New England Biolabs) and incubated overnight at 37°C.
The exon 1 of the polymorphic locus ‘Humara’ was amplified both
from Rsal digested and from Rsal-Hpall digested DNA samples,
using the forward primer 5 TGC GCG AAG TGA TCC AGA
ACC 3’ and the reverse primer 5 TGG GCT TGG GGA GAA
CCA TCC 3’ The amplification was performed for 38 cycles with
a Perkin Elmer 480 thermocycler (95°C 17, 60°C 30", 74°C 30") and
Pfu polymerase (Stratagene, Amsterdam, NL).

For the analysis, 4 ul of each amplified sample was run on a
10% polyacrylamide gel with 10% urea The gel was stained with
silver nitrate.

T cell clones

CD4 T cells selected by specific magnetic beads were plated at a
limiting dilution in 96-well microplates in presence of donor
feeder obtained from irradiated buffy coat.

FOXP3 expression analysis.

Total RNA was extracted from six CD4 T cell clones following
the protocol previously described by Chomezynski & Sacchi [11].
RT-PCR was performed using the GeneAmp RNA PCR Core Kit
(Applera Genomics, Foster City, CA, USA) according to the
manufacturer’s instructions. Primers (Sense: 5 TCA CCT ACG
CCA CGC TCA T 3, Antisense: 5 ACT CAG GTT GTG GCG
GAT G 3’) were designed by using the software Primer Express
1-5 (Applera Genomics) on the basis of the FOXP3 mRNA
sequence identified in GenBank with the accession number
AF277993. For PCR, after a denaturation step at 95°C for 10 min,
35 cycles were chosen at 95°C for 30s, 53°C for 30 s and 72°C
for 30s 40ng of the PCR product were purified using
exonuclease I and shrimp alkaline phosphatase (presequencing
kit Amersham LIFE SCIENCE, Amersham, UK). A thermal
cycle reaction was carried out with BigDye Terminator Cycle
Sequencing Ready Reaction Kit v 2-0 (Applera Genomics) using

Leucocytes

Female lymphocyte subsets

Fig.1. X chromosome inactivation pattern in peripheral CD4 and CD8 T cells. PCR amplification of the highly polymorphic exon 1 of the
Humara gene from females give two products which can be separated on gel electrophoresis. After digestion with Hpall, an enzyme which
cuts active, nonmethylated DNA, PCR products would represent only inactivated, nondigested, X-chromosome. When preferential X-
inactivation occur, one of the two X-chromosome is activated in all the cells and the corresponding Humara band after digestion with
Hpall disappears, while the band corresponding to the other X-chromosome, which is always inactive, is unaffected. The gel on the left
shows Humara bands in the mother as compared with her son. The gel on the right shows Humara bands from female CD4 and CDS cells
before and after Hpall digestion. The persistence of both bands indicate that there is no preferential X-chromosome inactivation.
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sense and antisense primers. DNA sequences were detected and
analysed on an automated ABI Prism 3100 Genetic Analyser
(Applera Genomics).

RESULTS AND DISCUSSION

The X-chromosome inactivation analysis showed no significant
skewing in any of the cell lines tested (B cells, monocytes, poly-
morphonuclear cells, freshly isolated CD25 cells, CD25 neg
CD4+, CD25 neg CD8+, IL-2 cultured CD4 and CDS8 T cells) (Fig.
1). These results demonstrate that both normal and mutated
FOXP3 alleles are expressed to a similar degree in the peripheral
blood lymphocytes of IPEX carriers.

At a theoretical dilution of 6 cells per well, 6 clones were
created. The wild type FOXP3 mRNA was amplified in one out
of six clones; in the remaining five clones, only the mutated allele
was found (Fig. 2).

Recessive X-linked immunodeficiencies such as X-SCID and
WAS are characterized by severe disorders in the affected males,
while female carriers have a normal immunological phenotype
because of selective inactivation of haematopoietic precursors
expressing the mutated allele. Indeed, the possible X-linked
nature of an immunodeficiency in a male is often evaluated by
means of X-chromosome inactivation analysis in their mothers.

IPEX is a newly discovered X-recessive immunological
disease characterized by immunodeficiency and hyperactivation

due to T-cell dysfunction. Female carriers are completely healthy,
and all the immunological parameters analysed were normal,
including lymphocyte subpopulations. Thereby, we wondered
whether the normal clinical and immunological phenotype
observed in the female carriers is due (as in other immunodefi-
ciencies), to prevalence of lymphocytes bearing active wild type
gene X-chromosome. To answer this question, we analysed the X-
chromosome inactivation pattern in a woman heterozygous for
FOXP3 mutation, who is the mother of a child affected by IPEX.
We found both X-chromosomes expressed in peripheral blood
lymphocytes from this woman. Our attention focused particularly
on the CD4 T cells, as FOXP3 expression is described in these
cells and their dysfunction seems to be responsible for the classic
IPEX phenotype. There was no significant inbalance in X-
chromosome inactivation in CD4+ or CD8+ T cells. These results
indicate that T lymphocytes expressing the mutated FOXP3 allele
are present in a similar proportion to normal T-cells, and they do
not show any immunological evidence of hyperactivation. This is
in contrast with the notion that FOXP3 protein acts as a repres-
sor of T-cell transcription by down-regulating cytokine produc-
tion [5] and that T cells have a diminished capacity to undergo
activation-induced apoptosis in the animal model of the disease
[12]. Indeed, we observed a similar pattern of X-chromosome
inactivation in CD25+ T cells, suggesting that among activated
cells, the percentages of cells expressing wild type and mutated
FOXP3 were similar. Although the test is not quantitative, these
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Fig. 2. Sequence of RT-PCR product from the CD4 T cell clone no. 6/1. The sequence show the expression of a single allele, bearing a G

to A transition at position 1338.
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results lead to speculate that heterozygous FOXP3 mutation does
not affect the chances of the single cell surviving or undergoing
activation in the peripheral blood compartment.

One possible explanation of these results is that the FOXP3
gene is not subject to X-inactivation, and that half-dose expres-
sion of the gene is enough for normal function. This hypothesis is
not supported by the results of the analysis that we conducted on
CD4 T cell clones. In fact, each clone expressed only one tran-
script, suggesting that FOXP3 gene is subject to x-inactivation.
The alternative explanation is that cells with the mutated FOXP3
display normal development in the presence of normal T cells.
This hypothesis is in agreement with results obtained by bone
marrow transplantation of IPEX patients [13] or scurfy mice [6]
showing that mixed chimerism may be able to control the disease.
Recently, a subset of CD4 lymphocytes has been described which
expresses IL-10 and which display potent immunosuppressive
properties on T cell activation even when a low proportion of
these cells is present in the culture [14-16]. It may be hypothe-
sized that the transcription factor FOXP3 is required for the func-
tional activity of these suppressor CD4 T cells. The fact that these
cells are generated in the thymus [17], an organ shown to be
involved in the disease of scurfy mice [18], would seem to support
our theory; however, further studies are needed on regulatory T
cell populations in children affected by IPEX and in their
mothers.

Our conclusions may be important for therapeutical choices
in children affected by IPEX. Bone marrow transplantation has
been proposed as the only effective treatment for these children,
and the possibility of controlling the disease with a mixed
chimerism must be borne in mind when choosing the condition-
ing regimen in these cases.
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