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Long-range genomic interactions epigenetically
regulate the expression of a cytokine receptor
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Current research on the cytokine-mediated signalling towards the
polarization and differentiation of a T-helper cell lineage lacks
mechanistic insights on the transcriptional regulation of cytokine
receptor genes. Here, we propose a new mechanism for the
transcriptional regulation of the interferon gamma receptor 1
gene via long-range intrachromosomal interactions with the Ifny
locus mediated by the protein CTCF. These interactions sustain
the monoallelic expression of the differentially methylated IfnyR1
gene and are persistent on blockade of active transcription. Our
findings suggest that regulatory elements for a cytokine gene
locus can also positively regulate the transcription of its receptor.
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INTRODUCTION
Naive CD4* T cells can differentiate into different cell lineages
such as the T-helper type 1 (TH1), TH2 and TH17 cells, depending
on the antigenic stimulus and the cytokine milieu they encounter.
These discrete differentiation programmes are initiated and main-
tained based on the master transcriptional regulators expressed by
the different cell subtypes and the signature cytokines secreted [1].
T-cell receptor-mediated activation of naive CD4 * T cells leads
to transcriptional activation of GATA3, signal transducer and
activator of transcription (STAT)6 activation and interleukin-2
(IL-2) production. Their cumulative effect is the production of IL-4
during the initiation of the TH2 polarization process [2]. On the
other hand, the TH1-specific differentiation programmes are
initiated by STATT, which is activated in response to interferon-y
(IFN-y) and IL-27. STAT1 activates T-bet, the master transcriptional
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activator of the TH1 cell lineage, which upregulates the production of
IFN-y and the expression of the IL-12 receptor-B2 [3]. Crosslinking of
the IL-12 cytokine to its receptor leads to the activation of STAT4,
which together with T-bet bind to regulatory elements of the Ifny gene
locus and activates Ifry expression [4,5]. Thus, this positive feedback
loop regulates the generation of TH1 cells.

Importantly, in TH1 cells, STAT1 activation on IFN-y engage-
ment requires a functional IFN-y receptor consisted of two
subunits, namely the IFN-yR1 (ligand-binding chain) and
IFN-yR2 [6,7]. The IFN-y-STAT1 signalling pathway leads to
antiproliferative effects on a wide range of cell types preventing
tumour progression and killing of pathogen-infected cells [6].
In contrary, TH1 cells that are among the main producers of
IFN-y are shielded from its antiproliferative effects, owing to
downregulation of the IFN-yR2 chain.

So far, research concerning TH1 cell differentiation pro-
grammes has focused mainly on specific epigenetic changes
regulating the expression of the Ifny gene locus and the master
transcriptional regulator T-bet [8], but there is limited information
about the transcriptional regulation of the Ifny receptor genes,
which are of fundamental importance, as their expression leads to
proper IFN-y—STATT1 signalling and thus TH1 cells polarization.

In this report, we present a long-range monoallelic intrachromo-
somal interaction between the Ifny and IfnyR1 gene loci in non-
differentiated CD4 ™ cells and cells of the TH1 cell lineage but not
in TH2 cells. Chromosome conformation capture (3C) experi-
ments revealed that the IfnyR7 gene promoter comes in close
proximity with the Ifny gene as well as previously characterized
downstream regulatory elements of the latter. Remarkably, this
monoallelic DNA interaction supports the monoallelic expression
of the IfnyR1 gene. Such an intrachromosomal interaction is not
dependent on active transcription as it is not affected on RNA
Polymerase Il blockade in IfnyR1-expressing cells. CTCF protein,
whose IfnyR1 binding might be facilitated by T-bet, mediates the
Ifmy—IfnyR1 interaction. In addition, the monoallelic IfnyR1
interaction and expression could be owing to the differential
methylation of its promoter region. The mechanism we present
here, where regulatory elements for a cytokine gene locus might
directly regulate the expression of the cytokine receptor gene,
provides insights as of how a positive feedback regulatory loop,
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responsible for TH1 cell differentiation, is regulated at the
transcription level.

RESULTS AND DISCUSSION

Cell-specific colocalization of Ifiry and IfnyR1 loci

The aim of our study was to decipher regulatory mechanisms that
govern the transcriptional activation of the IfnyR1 and IfnyR2
genes located on mouse chromosomes 10 and 16, respectively
(Fig TA). In the present study, we have used the well-established
in vitro differentiation system of CD4* T cells into the TH1 and
TH2 cell lineages. Initially, we analysed the expression profile of
the signature cytokine genes /14 and Ifny that were found to be
specifically expressed in TH2 and TH1 cells, respectively, as
expected (Fig 1B). We then analysed the messenger RNA
expression levels of the two IfnyR genes. IfnyRT was highly
expressed in naive CD4 % cells and TH1 cells while IfnyR2 was
highly expressed in naive CD4 % and TH2 cells (Fig 1B).

To study the subnuclear localization pattern of the Ifny cytokine
gene and its receptor gene loci IfnyR1 and IfnyR2, we performed
DNA fluorescence in situ hybridization (DNA-FISH). We per-
formed DNA-FISH for the Ifny and IfnyR1 gene loci (Fig 1C). We
counted the percentage of cells with either mono- or biallelic
colocalization of the two loci. The most CD4* cells and cells of
the TH1 cell lineage showed monoallelic versus biallelic
colocalization. On the contrary, decreased levels of colocaliza-
tion were detected in the TH2 cell lineage and mouse embryonic
fibroblasts (MEFs) (Fig 1C,D). On the basis of the quantitative
reverse transcriptase PCR (RT-PCR) results (Fig 1B), we observed
that the IfnyR1-expressing cell types (CD4T, TH1 cells) showed
considerable levels of colocalization between the Ifny and IfnyR1
gene loci. Therefore, we speculated that there might be an
underlying mechanism for the transcriptional regulation of the
IfnyR1 gene from the Ifny locus.

The cell volume of the different cell types under study was
similar (supplementary Fig STA online). We also measured the
distance between the two proximal signals of the Ifny-IfnyR1
alleles as well as for the more distant ones, and we found that the
median for the distance of the proximal alleles was much lower in
CD4* cells and TH1 cells compared with the TH2 cells
(supplementary Fig S1B online). The Kolmogorov—Smirnov test
for the distribution of allele distances in the different T-cell types
confirmed these results (supplementary Fig S2 online). Therefore,
we concluded that the differences in the percentage of cells with
colocalized Ifny-IfnyR1 alleles were not due to differences in the
cell volume of the different cell types but colocalization rather
represented a cell-specific effect.

To extend our hypothesis about long-range chromosomal
interactions regulating gene expression, we performed DNA-FISH
experiments for the Ifny and IfnyR2 gene loci and found that only
a low percentage of cells showed colocalization of the two loci
(Fig 1D and supplementary Fig S3 online). In line with the previous
experiments, we performed DNA-FISH experiments for the IfnyR1
and IfnyR2 gene loci, and the percentage of cells with colocalized
alleles was also low (Fig 1D; supplementary Fig S3B online).

Our next question was whether the colocalization between
the Ifny and IfnyR1 gene loci, which both lie on the same
chromosome, was intra- or interchromosomal. To answer this
question, we performed DNA-FISH for the Ifny and IfnyR1 gene
loci in combination with chromosome painting for mouse
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chromosome 10 (supplementary Fig S3C online). We found the
interaction to occur between the two loci within the same
chromosome in 100% of CD4 T cells and in 99% of the TH1 cells
examined. Therefore, the colocalization observed between the
Ifny and IfnyR1 gene loci is intrachromosomal.

Physical proximity of the Ifny and IfnryR1 gene loci
Complementary to our DNA-FISH results, to identify the interact-
ing DNA elements between the Ifny and IfnyR1 gene loci, we
performed the 3C assay. We digested the chromatin of non-
differentiated CD4 " T cells to generate genomic fragments that
contained known regulatory elements [8-10]. We detected
specific interactions between the IfnyR1 promoter-containing
fragment and various fragments mapping on the Ifny locus
containing the Ifny gene, the conserved non-coding sequence 2,
and two regions with DNAse | hypersensitive sites +29 and
+46 kb downstream of the Ifny transcription start site (Fig 2).

Ifny-receptor genes are monoallelically expressed

The 3C technology is based on formaldehyde crosslinking and is
able to detect close physical interactions mediated by protein
factors in the range of 2.4A distance [11]. Therefore, we
speculated that the IfnyR7 gene might use the interacting
regulatory elements of the Ifny locus for its transcriptional
regulation. To test this hypothesis, we studied the allelic
expression profile of the IfnyR1 gene using RNA-DNA FISH
experiments and found that /fnyRT was expressed mainly by non-
differentiated CD4* cells and THT cells in a monoallelic manner
(Fig 3A,D). Importantly, the total mRNA levels of the IfnyR1 gene
as quantitated with the RT-PCR experiments (Fig 1B) were in
accordance with its allelic expression profile as deduced by the
RNA-DNA FISH experiments.

Next, we studied the allelic expression profile of the IfnyR2
gene by RNA-DNA FISH experiments (Fig 3B) and found that, in
accordance with the RT-PCR results, non-differentiated CD4+
cells and TH2 cells monoallelically expressed IfnyR2 (Fig 3D). We
concluded that the IfnyRT and IfnyR2 genes are alternatively
expressed in TH1 and TH2 cells in a monoallelic manner while
they are both expressed in non-differentiated CD4 * cells. As far
as IFN-y expression pattern is concerned, it was found to be
expressed mainly in a biallelic manner in TH1 cells (Fig 3C,D).

To gain insight into the functional significance of the
intrachromosomal interaction between the Ifny-IfnyR1 gene loci
and the regulation of the monoallelic IfnyR1 gene transcription,
we performed DNA-FISH for the two loci combined with RNA
fluorescence in situ hybridization for the IfnyR1 gene (Fig 3E). We
found that a high percentage of the IfnyR7-expressing alleles
colocalized with the Ifny locus in non-differentiated CD4 ™ cells
and in TH1 cells (Fig 3F). Taken together, our data suggest that the
monoallelic interaction between the Ifny and IfnyR1 gene loci is
highly correlated with the monoallelic expression of the latter.

Ifny-1fnyR1 interactions are independent of transcription
A common mechanism of transcriptional regulation is that
coregulated gene loci colocalize with  RNA Polymerase |l
(RNA-Polll) factories [12] by looping out of their chromosome
territories. To test this hypothesis, we performed immuno-
histochemistry experiments with specific antibodies for the
phosphorylated and active form of RNA-Polll, in combination
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Fig 1| Monoallelic intrachromosomal colocalization of the Ifny-IfnyRI gene loci. (A) Schematic representation of the Ifny and IfnyRI gene loci.

(B) Quantitative RT-PCR analysis for the mouse II4, Ifny, IfnyR1 and IfnyR2 genes. Results are the mean + s.e.m. from triplicate samples of four
independent experiments. (C) Single optical sections from confocal analysis of DNA-FISH. (D) Quantitative analysis of the DNA-FISH experiments
presented in (C) and supplementary Fig S3A,B online. Al.col,, allelic colocalization (1 =a cell with one allele of each locus colocalized, 2 =a cell with
both alleles of one locus colocalized with both alleles of the other locus). DNA-FISH, DNA fluorescence in situ hybridization; MEFs, mouse embryonic
fibroblasts; mRNA, messenger RNA; ND, not detected; RT-PCR, reverse transcriptase PCR.

with DNA-FISH for the Ifny and IfnyR1 gene loci in non-
differentiated CD4* T cells. We found that 75% of the Ifny
alleles that monoallelically colocalized with the IfnyRT locus
interacted with RNA Polll factories. Moreover, 88% of the IfnyR1
alleles monoallelically colocalizing with the Ifny locus interacted
with RNA Polll factories (Fig 4A). Statistical analysis of the
experiment revealed that there is a statistically significant
tendency (P-value=0.01) for the colocalizing Ifny-IfnyR1 alleles
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to interact with RNA Polll factories. As the IfnyR1 gene is
expressed in these cells, it is possible that regulatory elements of
the Ifny locus are utilized by the IfnyR1 gene to positively regulate
its transcription.

Moreover, we wanted to test if the Ifny-IfnyR1 loci were
found colocalized owing to the transcription process, or
whether colocalization was an active process that takes place to
facilitate gene regulation. Towards this direction, we treated
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Fig 2| Long-range intrachromosomal physical proximity of the Ifny-
IfnyR1 gene loci revealed by 3C. (A) Schematic representation of the loci
used for the 3C analysis. (B) 3C analysis in non-differentiated CD4 ™
cells for the Ifny-IfnyR1, Ifny-IfnyR2, IfnyRI-IfnyR2 and Gapdh gene
loci. Representative PCR reactions (one out of four) for each pair of
fragments analysed.BAC, positive control using digested and ligated BAC
DNA; Ctrl. Genomic DNA, naked mouse genomic DNA digested and
ligated; Gapdh, 3C analysis of two closely located (<1kb) fragments of
the mouse Gapdh gene locus. MEF, mouse embryonic fibroblasts (3C
template prepared from mouse embryonic fibroblasts); 3C, chromosome
conformation capture (CD4 " cells used as template).

non-differentiated CD4* cells with the RNA polymerase inhibitor
a-amanitin. We performed semiquantitative RT-PCR experiments
for the IfnyR1 nascent RNA and found that 2-h treatment of the
cells with a-Amanitin was enough to block its transcription
(Fig 4B). We then performed DNA-FISH for the Ifny and IfnyR1
gene loci and found that the colocalization was also not affected
by the addition of a-Amanitin (Fig 4C). Therefore, blocking of
transcription by RNA Polll inhibition did not disrupt Ifny—IfnyR1
intrachromosomal interactions, but negatively affects IfnyR1
expression. A possible explanation is that once the long-range
interactions are formed on transcription factories they are stable
and other protein factors exist that are responsible for their
maintenance. Taking into account these results, we conclude that
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the Ifny-IfnyR1 interactions take place in RNA Polll factories but
are independent of active transcription of the two loci.

CTCF-mediated intrachromosomal interactions
Long-range chromosomal interactions are mediated by transcrip-
tion factor complexes and proteins with a general chromatin
organizing activity [13], such as CTCF [14], so we tested whether
CTCF is involved in the regulation of the Ifny—IfnyR1 interactions.
CTCF was expressed in all T-cell lineages under study (Fig 4D,E).
Therefore, although CTCF was expressed in all T-cell types
examined, the Ifny—IfnyR1 interaction was detected only in non-
differentiated CD4* cells and THT1 cells. To test for differences in
the TH2 cells, we performed chromatin immunoprecipitation
(ChIP) experiments for CTCF and found that it was recruited on the
IfnyR1 promoter in non-differentiated CD4 ™" cells (Fig 4F), TH1
cells and in much lower levels in TH2 cells (Fig 4G). We also
performed ChlIP against T-bet and found that it was also recruited
on the IfnyR1 promoter in the same cell types as CTCF (Fig 4H).
More importantly, targeting of CTCF mRNA using retrovirally
expressed short-hairpin RNAs in TH1 cells (supplementary Fig S4
online) resulted in the reduction of the IfnyR7 mRNA levels
(Fig 5A), the reduction in the colocalization of the Ifny-IfnyR1
gene loci (Fig 5B) and also the reduction of the IfnyR1-expressing
TH1 cells (Fig 5C).

To test the hypothesis that CTCF protein is recruited on these
loci and allows the Ifny-IfnyR1 interaction, we performed a
ChlIP-loop assay [15]. The assay was based on CTCF immuno-
precipitation of chromatin from non-differentiated CD4 " cells
and subsequent 3C analysis. We could detect the CTCF-bound
chromatin fragments between the IfnyR1 promoter fragment and
the same chromatin regions of the Ifny gene locus (Fig 5D)
as we have previously detected with the 3C approach (Fig 2).
Taken together, the above experiments clearly demonstrate
the participation of CTCF in the IfnyR1 expression and in the
intrachromosomal Ifny—IfnyR1 interactions.

As these results support the hypothesis that CTCF is involved in
mediating the Ifny-IfnyR1 interactions, we wondered if this could
be explained by the differential recruitment of CTCF onto one of
the two IfnyR1 alleles owing to differential DNA methylation.
Therefore, we employed bisulphite modification of DNA and we
found that a CpG-predicted IfnyR1 promoter region was both non-
methylated and methylated (Fig 5E). These results correlate well
with the monoallelic expression of the IfnyR1 gene and suggest
that the non-methylated IfnyRT allele might allow CTCF and T-bet
binding that in turn mediate a monoallelic intrachromosomal
interaction with the Ifny locus. To further support the latter
findings, we studied the effect of 5-Aza-2'-deoxycytidine (5-Aza),
a drug known to cause DNA demethylation, on IfnyR1 transcrip-
tional regulation in TH2 cells, which lack considerable IfnyR1
mRNA expression and Ifny-IfnyR1 colocalization. Indeed, we
found that 5-Aza treatment of TH2 cells resulted in increased
IfnyRT mRNA levels (Fig 5F), increased Ifny-IfnyR1 intrachromo-
somal colocalization (Fig 5G) and increased percentage of cells
with mono- and biallelic expression of the IfnyR7 gene as shown
by RNA-DNA FISH experiments (Fig 5H).

On the basis of our data, we propose a model as of how a
cytokine receptor gene is transcriptionally regulated in the three-
dimensional nucleus by regulatory elements necessary for the
proper expression of the cytokine gene itself. We suggest that in
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non-differentiated CD4™* T cells and TH1 cells there is a long-
range intrachromosomal interaction where, upon looping out the
intervening sequences, the IfnyR1 gene comes in close proximity
to the Ifny gene and its downstream regulatory elements in order
to be expressed. Differential methylation in the promoter region of
the IfnyR1 gene determines the T-bet- and CTCF-specific binding,
and sets a pattern of monoallelic colocalization and positive
transcriptional regulation (supplementary Fig S5 online).

METHODS

DNA fluorescence in situ hybridization. Cells were attached onto
poly-L-lysine-coated coverslips, fixed with 4% paraformaldehyde/
1 x phosphate-buffered saline (PBS) for 12min, washed three
times with 1 x PBS and permeabilized with 0.5% Triton X-100/
1x PBS for 10min. Cells were then equilibrated with 20%
glycerol/1 x PBS for 30min and were subsequently freeze—
thawed for three cycles in liquid nitrogen. Histones were removed
by 5-min incubation in 0.1 N HCl, rinsed in 2 x SSC and stored at
70% ethanol overnight. Hybridization was carried out in 50%
formamide, 2 x SSC, 10% dextran sulphate, 1pg mouse Cot-1
(Invitrogen) and 100 ng fluorescently labelled BAC probe, over-
night at 37 °C. Slides were washed three times for 5min each in
2 x SSC and mounted in Prolong Gold antifade reagent with DAPI
(Invitrogen). For the generation of fluorescently labelled BAC DNA
probes ((Ifny, RP24-352N22), (IfnyR1, RP23-238E1), (IfnyR2,
RP23-276H8)), 2ug of DNA were labelled using a Nick translation
kit (Vysis) and either 0.025mM Spectrum Orange dUTP,
0.025 mM Spectrum Green dUTP (Vysis) or 0.025mM OBEA
dCTP-647 (Invitrogen).
RNA-DNA FISH. Cells attached onto poly-L-lysine-coated cover-
slips were incubated for 3 min in CSK buffer (100 mM NaCl,
300 mM sucrose, 3 mM MgCl,, 10 mM Pipes, 0.5% TritonX-100,
1mM EGTA and 2 mM vanadyl-ribonucleoside complex), fixed
with 4% paraformaldehyde/1 x PBS for 10min, washed three
times with 70% ethanol and stored in 70% ethanol at —20°C
overnight. Hybridization was done overnight at 37°C after a 5 min
denaturation at 73°C. The coverslips were washed at 37°C
sequentially with 2 x SSC/50% formamide, 2 x SSC, 1 x SCC and
4 x SSC. RNA signals were amplified using the Renaissance TSAT™
Biotin System (PerkinElmer). Nick-translated biotin-labelled
cDNA for the IfnyR1, IfnyR2 and Ifny genes was used as a probe
for the detection of the RNA signals.
3C and ChlIP-loop assay. 3C assay was performed as previously
described [16,17]. The 3C and ChIP experiments were combined
for ChIP-loop as previously described [18]. In brief, on
immunoprecipitation of digested chromatin, the complexes were
eluted from the beads twice with 25 ul 10mM DTT, for 20 min at
37 °C. Supernatants were diluted to obtain a DNA concentration
of less than 3 ng/ul and ligation was performed overnight at 16 °C.
The samples were further treated with RNAse A at 37 °C for 30 min
and 250pg/ml Proteinase K at 65°C for 6h, followed by
phenol/chloroform extraction and ethanol precipitation. PCR
amplification was performed using the same primer sets as in 3C.
A description of extra reagents and detailed protocols are
available in the supplementary information online.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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