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Distal Enhancer Elements Transcribe Intergenic RNA in the

IL-10 Family Gene Cluster1

Elizabeth A. Jones* and Richard A. Flavell2*†

The IL-10 gene and homologs IL-19, IL-20, and IL-24 are expressed within a highly conserved 145-kb cytokine gene cluster. Like

the Th2 IL-4 cytokine gene cluster, it is feasible that there is coordinate regulation of these cytokines by distal regulatory elements

spanning the locus. We initiated a search to characterize regulatory elements within the IL-10 family locus and present data herein

on a conserved 40-kb region between the IL-19 and IL-10 genes. We map the location of 17 DNase I-hypersensitive sites in different

murine T cell populations and identify three enhancer elements, which function in T cells in vitro. Two of these enhancer elements,

located 9 kb upstream and 6.45 kb downstream of IL-10, display cell-specific function in the Th1-Th2 cell clones AE7 and D10 and

also exhibit basic promoter activity. The downstream element, IL-10CNS�6.45, binds AP-1 in the absence of NFAT and expresses

intergenic RNA in a Th2-specific manner, further validating its role as a Th2-specific enhancer/promoter element. We show that

the five most highly conserved noncoding sequences in the 40-kb region transcribe intergenic RNA; four of these regions possess

promoter activity in vitro that could account for the expression of these transcripts. Hence, we speculate that these novel regu-

latory elements in the IL-10 family gene locus function via an intermediate regulatory RNA. The Journal of Immunology, 2005,

175: 7437–7446.

W
ith the expanding repertoire of cytokines cloned in

recent years, it became apparent that many, such as

IL-10 and its novel homologs IL-19, IL-20, and IL-24

(reviewed in Ref. 1), are encoded within cytokine gene clusters.

Considering this common feature, it is likely that mechanisms of

gene regulation that coordinate the concomitant or exclusive ex-

pression of cytokines within a locus, or even spanning cytokine

loci on different chromosomes (2), are also shared between cyto-

kine clusters. The IL-4 Th2 cytokine cluster is regarded as a model

for transcriptional analysis but mechanisms of gene regulation

within the IL-10 locus have been largely neglected despite the

central role of this cytokine in immunity. Studies on the IL-4 locus

have indicated that critical regulatory elements lie at considerable

distances from the gene and within introns of other genes. Hence,

we chose to investigate whether there is a role for distal regulatory

elements in coregulating IL-10 and its adjacent cytokines IL-19,

IL-20, and IL-24.

IL-10 and it homologs IL-19, IL-20, and IL-24 (reviewed in Ref.

1) are encoded within a 145-kb cytokine gene cluster on chromo-

some 1 in humans and mice. IL-10 plays a central role in sup-

pressing cell-mediated immunity (reviewed in Ref. 3) and is re-

quired for the development and function of several T-regulatory

cell populations (4). Its homologs exhibit variable function (1),

although all but IL-24 have been implicated in the autoimmune

disorder psoriasis. Furthermore, polymorphisms throughout the

IL-10 family gene cluster (5–7) have been linked to autoimmune,

malignant, and infectious disease susceptibility, but the mecha-

nisms by which the polymorphisms affect gene transcription are

currently unknown.

Until recently, most transcriptional studies performed in the

IL-10 family locus had focused on the cytokine promoters. In ad-

dition to polymorphisms reported in the human gene, the promoter

for IL-10 contains a polycytidylate tract polymorphism in different

strains of mice (8), which might account for differences in expres-

sion levels. Functional Sp1 sites mediate activity in the human (9)

and murine (10) IL-10 promoter. IFN regulatory factor 1, STAT3

(11), NF-�B (12), CREB, activating transcription factor, C/EBP

(13), c-Maf (14), and reportedly IL-1 receptor-associated kinase 1

(15) also bind the IL-10 promoter sequence. Both SMAD and

GATA3 transcription factors can induce IL-10 expression in T

cells (16, 17), and AP-1 and C/EBP have been implicated in IL-24

promoter function (18).

Recently, Im et al. (19) identified seven DNase I-hypersensitive

sites (HSS)3 spanning the IL-10 gene, and Wang et al. (20) char-

acterized two additional HSS downstream of these. However, eval-

uating locus-wide regulatory elements is a critical step in under-

standing IL-10 family gene regulation, because new evidence

suggests that in the �-globin gene and IL-4 cytokine clusters, distal

regulatory regions physically interact via DNA looping to form an

active transcriptional domain or chromatin hub (21, 22). In this

model, the hub is present and poised for gene transcription, but it

is the active recruitment of gene promoters into the hub, which

initiates gene expression. A similar phenomenon may occur in the

IL-10 gene cluster.

We initiated a broad-based search to discover distal regulatory

elements in the 145-kb locus. In addition, we questioned whether

the regulatory sites transcribe noncoding or intergenic RNA in the

locus because of emerging evidence implicating RNA in gene reg-

ulation. Intergenic transcripts were detected in both the �-globin
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and IL-4 locus (23), but their functional role is unknown. In this

study, we characterize 17 HSS using empirical and bioinformatic

data and identify functional transcriptional elements that act in a

Th1-Th2-specific manner. We also find that intergenic transcripts

are detected in regions of very highly conserved sequences, which

exhibit basic promoter activity in vitro. These studies are the first

to identify functional enhancer elements in the IL-10 family locus

that might function through expression of regulatory RNAs.

Materials and Methods
Mice

BALB/c and C57BL/6J mice were purchased from The Jackson Laboratory
and maintained in the Yale University Animal Resources Center.

Cell culture

D10 and AE7 T cell clones were maintained as described previously (24).
J744 cells were cultured as instructed (American Type Culture Collection).
CD4� T cells were purified (�95% pure) from murine spleens using Milte-
nyi CD4 beads according to the manufacturer’s protocol (Miltenyi Biotec).
Early experiments demonstrated that results were comparable with or with-
out further sorting for naive cells. Because large numbers of cells were
required for these analyses, we did not deem it necessary to sort for naive
cells except when preparing RNA for PCR experiments. CD4 cells were
analyzed or cultured in vitro under Th1 and Th2 conditions as previously
described (25). When indicated, cells were activated with PMA (50 ng/ml)
and ionomycin (1 �M) for 4–6 h. Bone marrow-derived macrophages
were prepared according to standard protocol using M-CSF-rich condi-
tioned medium from L929 cells. Precursor cells were plated at 10 million
cells/ml and cultured in vitro until confluent, then activated with LPS at
50–100 ng/ml. Cells were evaluated by FACS staining for Cd11b, CD11c,
and CD80/CD86 expression to confirm their activation status and purity.

DNase I hypersensitivity analysis

Cells (�98% CD4�) were separated on a Ficoll gradient to remove dead
cells. All cell cultures were tested for cytokine expression using RT-PCR
and intracellular cytokine staining to confirm T cell phenotype. DNase I
hypersensitivity analysis was performed according to previously published
methods (26) including RNase treatment. T cells were lysed in the presence
of 0.25% Nonidet P-40. J744 cells and primary macrophages were lysed in
the presence of 0.5% Nonidet P-40. For each experiment, a DNase I titra-
tion of 5–10 different concentrations ranging from 1 to 30 �g/ml with 10
million cells per sample was used, although not all these are displayed in
Results. In some experiments, HSS from endogenous DNase activity were
evident in the no DNase control, but these were not always present, indi-
cating the the bands were specific products of DNase I digestion. Each
probe was tested with genomic DNA and proved to bind specifically to a
single parental band in the absence of DNase I.

Flow cytometric analysis

Spleen CD4�, Th1, and Th2 cells were activated with PMA-ionomycin for
6 h before performing CD4 surface and intracellular cytokine staining ac-
cording to the manufacturer’s instructions (BD Biosciences).

RT-PCR

RNA was extracted using TRIzol reagent (Invitrogen Life Technologies)
and treated with DNase I using the DNA-Free kit from Ambion to remove
residual traces of genomic DNA. Reverse transcription was performed on
1 �g of total RNA using Superscript III and random primers (Invitrogen
Life Technologies). However, for the detection of intergenic RNAs, 2–4
�g of total RNA were used, because these transcripts are present at low
levels. All cDNA reactions were performed with or without reverse tran-
scriptase to identify any genomic DNA contamination that could yield false
PCR positives with nonexon-spanning intergenic primers. Semiquantita-
tive RT-PCR was performed using standard protocols with exon-spanning
primers for the IL-10, G3PDH, hypoxanthine phosphoribosyltransferase
(HPRT), and IL-19 genes. Real-time PCR was performed using exon-span-
ning primers for HPRT and IL-10 with fluorogenic probes (Biosearch
Technologies) according to standard procedure (40 two-step cycles, 60°C
annealing on an iCycler IQ machine; Bio-Rad).

Luciferase reporter assays

D10 cells were resuspended at 5 million per 0.4 ml of serum-free medium,
electroporated at 250 mV, 960 �F with 20 �g of DNA, then cultured

overnight in serum-containing Bruff’s medium. In all experiments involv-
ing AE7, 10 million cells per sample were electroporated at 400 mV, 960
�F with 40 �g of DNA (both AE7 and D10), and IL-2 at 50 U/ml was
added to the Bruff’s medium. The next day, cells were activated with PMA-
ionomycin where indicated and assayed with the Dual Luciferase Reporter
kit (Promega).

Plasmids

DNA fragments (range, 600-1400 bp) encompassing HSS and associated
conserved noncoding sequence (CNS) were amplified from the IL-10 locus
containing BAC clone RP24-125B12 (Bacpac Resource Center) using
primers incorporating MluI at the 5� end and XhoI or NheI at the 3� end.
The fragments (illustrated as blue bars in Fig. 5) were then cloned into
pGL3basic or pGL3promoter (Promega) using restriction sites 5�-MluI and
3�-XhoI or 5�-MluI and 3�-NheI. Clones were sequenced at the Yale Keck
Facility (New Haven, CT).

EMSA

Nuclear extracts were prepared according to the method of Dignam et al.
(27) from Th1 and Th2 cell cultures differentiated in vitro for 1 wk (25) and
then activated at 1 � 106 cells/ml in the presence of PMA (50 ng/ml) and
ionomycin (1 �M) for 6 h. EMSA was performed using 5 or 10 �g of
protein per sample (quantified with the Bio-Rad protein assay) according to
previously published methods (28). Radiolabeled probes prepared with 5�-
triple G overhangs were incubated with each sample for 10 min at room
temperature. In experiments where competitor cold oligonucleotides (100-
fold excess) or Ab were added, samples were preincubated for 15 min at
room temperature before probe addition. All oligonucleotides were syn-
thesized in the Yale Keck Facility or purchased from Invitrogen Life Tech-
nologies. The NFATc1 and NFATc2 Abs were purchased from Affinity
Bioreagents.

Bioinformatics and sequence analysis

To examine sequence conservation in the locus, we extracted contig se-
quence for human (NT_021877.17) and mouse (NT_039180.3) from the
Entrez database, masked the sequence for repetitive elements (using Re-
peatmasker at �http://www.repeatmasker.org� A. F. A. Smit, R. Hubley,
and P. Green) then examined its homology using Blast plus both Pipmaker
(29) and Vista (30) alignment programs. The following programs were also
used in this analysis: Marscan (31, 32); MarFinder (33); rVista (34); and
Consite (35). The approximate locations for murine IL-19 and IL-20 genes
were predicted from homology with the cloned human sequence.

Primers and probes

Primers used for RT-PCR, cloning, and probe preparation are listed in
Table I. The real-time primers and probe for HPRT were previously pub-
lished by Grogan et al. (36).

Results
Conservation analysis in the IL-10 family locus

The IL-10 family gene locus spans 145 kb in the mouse genome

(Fig. 1A). The backbone of this cluster is conserved in vertebrates

because an IL-10 homolog and adjacent gene resembling IL-20

were identified in Tetraodon nigroviridis and Fugu rubripes (37,

38). To examine sequence conservation in the locus, we examined

homology between masked murine and human sequence using

both local (Pipmaker) (29) and global (Vista) (30) alignment pro-

grams. The results using Pipmaker are illustrated in Fig. 1B.

The cluster is flanked by 2 noncytokine genes (not shown):

PIGR upstream of IL-24; and MAPKAPK2 downstream of IL-10.

There is a hypothetical gene (computer-derived) adjacent to IL-24.

The alignment demonstrates that homology exists throughout the

region, particularly in regions of �10–20 kb flanking each gene

(Fig. 1B). A larger 40- to 50-kb region surrounding IL-10 displays

extensive interspecies homology. Three of the most CNS

(CNS�26, CNS�20, and CNS�9) within the 145-kb locus lie

within this region, �26, 20, and 9 kb upstream of the IL-10 gene,

and 2 overlap CpG islands; hence, in this study, we focused on the

40-kb region surrounding IL-10 and downstream of IL-19. Inter-

estingly, a site homologous to a possible alternative exon 1 re-

ported for human IL-19 (39) also lies within this region (Fig. 1B).

7438 GENE REGULATION IN THE IL-10 GENE CLUSTER
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Both IL-10 and IL-19 are expressed in murine macrophages but

the expression of IL-10 in macrophages is fairly weak when com-

pared with T cells, whereas the reverse is true of IL-19 (Fig. 1C).

We also observed very weak IL-19 mRNA expression in T cells

(Fig. 1C), notably in BALB/c T cells, which coexhibit a strong

IL-10 response, indicating that their transcription could be posi-

tively associated at some level. Human studies have concluded that

IL-19 and IL-10 are expressed independently, however (40, 41), so

it will be interesting to see whether their regulation at the genetic

level is coordinated in any manner. For the purpose of this study,

we focused on identifying regulatory elements correlated with pos-

itive IL-10 expression in the highly conserved locus between these

2 genes, with the proviso these may also regulate IL-19 or alter-

native genes. We compared an IL-10-negative cell population (ex

vivo undifferentiated CD4� T cells isolated from the spleens of

BALB/c mice) with IL-10-expressing Th2 cells (Fig. 1C). We also

evaluated HSS in IL-10 T regulatory cell DNA generously pro-

vided by M. Saraiva and A. O’Garra (National Institute for Med-

ical Research, Mill Hill, London, U.K.) but found that the HSS

pattern observed was the same as that in Th2 cells (data not

shown).

Mapping HSS location in the IL-10/IL-19 gene locus

To identify HSS, we performed a preliminary analysis using both

5� (S1 and S3) and 3� (S2 and S4) probes directed against 2 large

(20,122 and 14,683 bp) SpeI fragments (Fig. 2, A and B). HSS

were absent in undifferentiated CD4� cells except for one strong

site �8.8 kb upstream of IL-10 (IL-10HSS�8.8; Fig. 2B). At least

11 sites were present in Th2 cells (shown in Fig. 2), but it was

evident during repeats of this experiment that the resolution of the

assay was too limited to accurately locate HSS. The assay was

subsequently modified to map HSS more accurately using BamHI

and NheI, which yield restriction fragments of 10 kb or less (Fig.

1A). In addition, fine mapping of HSS locations relative to enzyme

cleavage sites in the locus was performed using Th2 DNA and

restriction enzymes that cut at varying distances within the Nhe/

BamHI fragments (e.g., Fig. 2C and summarized in Table I). Com-

bining these data, the HSS could be named in a more standardized

fashion based on approximate location, i.e., in this case, relative to

the �1 transcription start site of IL-10 (	kb) and within

chromosome 1.

HSS develop during T cell differentiation into Th2 cells

The BamHI and NheI analysis of HSS in undifferentiated CD4 and

Th2 cells is represented in Fig. 3. The data corroborated that of the

preliminary SpeI analysis but resolved more HSS within close

proximity of each other. The exception included a number of SpeI

sites that were not detected by probe B4 or in regions closest to the

BamHI and NheI digestion sites for technical reasons. These non-

confirmed sites were excluded from the analysis.

Because very few HSS were detected in undifferentiated CD4 T

cells (IL-10 negative), it is interesting that IL-10HSS�8.8 was

Table I. Primers used for RT-PCR, cloning, and probe preparation

Sense Antisense

HSS probes
S1 TAACAGATCCATGTGAGGC GAGTCTTCTCAGATTCCCTATC

S2 TCACAGCAAGAATAAGGAAGGACC CCAACCAAACAAAGTCAGAAACGG

S3 TGGGGTTTTGGTATGGAAAA TGCTTGCTGCCAAACTCAATG

S4 GCCCTTTGCTATGGTGTCCTTTC CCACTTCCTTCCGATGGTTACTTAG

B1 GGAAATGGTGTGATGTGGTTTAGC TTCTTCTCCACCTTTGAGCTGC

B2 GGGAAAGGAAACTGATGTCACTTG TTGAGGGCACACGAAGGCTGATAC

B3 TTCCAACAACAGAGCTGATCCC GGAGCCTTTGAAGAAAACCCAAATGC

B4 CCCCTATTTCCAGCACCTATTACC TTTCAAGAGCACCTGTGTCAACC

N1 CAGTTGCTTCTGCTGTTGGAAAC TCTGTGCTGTCGGGTAGACCTTAC

RT-PCR
IL-10 TGGCTCAGCACTGCTATGCT ATGGCCTTGTAGACACCTTG

IL-19 TACAGAGACAGGGTGTTCCAGGAC GCATTGGTGGCTTCCTGACTGCAGT

G3PDH TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA

HPRT GTTGGATACAGGCCAGACTTTGTTG GAGGGTAGGCTGGCCTATAGGCT

CNS-29.8a
GTTCTCAGTCGGTAGAGTGTC AGCCAAAAGCCATGCTCTC

HSS-27.7 TAACAGATCCATGTGAGGC GAGTCTTCTCAGATTCCCTATC

CNS-26 TCTCACATCCGACCTACCTTCTTC CCAGGAACTCACTGCTGAATGC

CNS-20.5 GCTCTTGTGACATCCAGTCTG TCTGCTCTGTGGCTTCTTTAG

CNS-20 AGTATCAGCCTTCGTGTGCC ACACAGTGCCAATTTCAGTGAC

HSS-17.3 CTGTTGCCCAGACTTTCTC TCTCCCCTGCCTCTTTTTC

CNS-9 ATCCGAGAAACCCACCACCTCCCTC GCTTTTGCGTGTTCACCTGTG

CNS�6.45 TGAGCTGAGTAACCCTAACAC CCCCAGCTTCCATTCTTAAC

Real-time RT-PCR
IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT

Probe TGAGGCGCTGTCATCGATTTCTC

HPRT (32) CTGGTGAAAAGGACCTCTCG TGAAGTACTCATTATAGTCAAGGGCA

Probe TGTTGGATACAGGCCAGACTTTGTTGGAT

Luc constructs
CNS-29.8 A ACCACGCGTGAGTTCAAATCCCAGCAGC CCGCTCGAGTGGGAGAGAACCAACTGAATG

CNS-29.8 B ACCACGCGTCCCATGTCCATTTGTGAGTC CCGCTCGAGATGTTGGGAGCATTCAGGC

CNS-26.4 ACCACGCGTGAAGAGAAATAAGGGAGGAAGC CCGCTCGAGGTTATGGAGAAATCCTGGGC

CNS-20 A ACCACGCGTGCTGATGTGGGAAAGGAAAC CCGCTCGAGGGCAATGGAAAGTTACCCAAAG

CNS-20 B ACCACGCGTCCAGGTCTCGTCTCAAGAAC CCGCTCGAGCTCCCTCTTCACATCTGAAAC

CNS-9 ACCACGCGTTGTGTTTCTACATTGCAGGTG CCGGCTAGCATCTGCCCTGTACAAGCTG

CNS�6,45 ACCACGCGTTAGGTCTCCAGCCTCTTGAC CCGCTCGAGAAAGAGGAACGAAATCCAACC

HSS-17.3 ACCACGCGTCAGACCTGCCTCATTATTAGC CCGCTCGAGAGGATATGAACTCCTGTCTCAC

HSS�2.98 ACCACGCGTAGGGGGCGAGTGTAACAAGACC CCGCTCGAGTGTGGTGGGACCAACCTTCTC

EMSA
NFAT GGGGGCCCAAAGAGGAAAATTTGTTTCATACAG GGGCTGTATGAAACAAATTTTCCTCTTTGGG

AP-1 GGGCGCTTGATGAGTCAGCCGGAA GGGTTCCGGCTGACTCATCAAGCG

STAT GGGAGCTTCATTTCCCGTAAATCCCTA GGGTAGGGATTTACGGGGAAATGAAGCT

CNS�6.5i GGGTGACAAGCTGTGGTCATTTTTTCAGTAAGACCTGACTCACTTCA GGGTGAAGTGAGTCAGGTCTTACTGAAAAAATGACCACAGCTTGTCA

CNS�6.5iii GGGATGGTTACTTTAACTGAAGTGAGTCAGGTCTTACTGAAAAA GGGATGGTTACTTTAACTGAAGTGAGTCAGGTCTTACTGAAAAA

a Luc, luciferase.

7439The Journal of Immunology
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actually stronger in undifferentiated T cells (Figs. 1B and 3C). The

adjacent site IL-10HSS�9.1 was much stronger in differentiated

Th2 cells (Fig. 3C). These two HSS overlap one of the most highly

conserved regions in the locus (CNS�9). In addition to five HSS

detected in the IL-10 spanning Nhe fragment (Fig. 3E) at the pro-

moter, introns 1, 3, and 4 and 1.5 kb downstream of the 3�-un-

translated region, HSS were detected at the most highly conserved

site in the locus (CNS�26, 26 kb upstream of IL-10), and in clus-

ters 29–30, 17–21, and 9 kb upstream of IL-10 (summarized in

Table II).

Activated Th2 cells express higher levels of IL-10 mRNA than

primary Th2 cells (see Fig. 4), but we did not observe inducible

HSS after PMA-ionomycin stimulation (Fig. 3). This suggests that

locus remodeling occurs before active IL-10 protein production

and maximal mRNA expression; the IL-10 Th2 locus likely exists

in a poised position, ready to produce enhanced mRNA and protein

levels upon stimulation.

HSS are common to both Th1 and Th2 cells

Next, we asked whether the development of HSS in Th2 cells

correlated with enhanced IL-10 expression or simply with effector

cell differentiation. To do this, we analyzed Th1 and Th2 cells.

Low IL-10 mRNA (Fig. 4A) and protein levels (Fig. 4B) were

observed in the Th1 cultures (�98% CD4� by FACS; data not

shown) and could be enhanced with PMA-ionomycin activation,

but it is known that murine Th1 cells are capable of expressing

IL-10, particularly in the BALB/c strain. Nonetheless, IL-10 levels

were much higher in Th2 cells.

Th1 and Th2 cells yielded similar patterns of hypersensitivity

with a few exceptions (Fig. 4, C and D; and summarized in Table

I) that may account for enhanced IL-10 expression in Th2 cells.

IL-10HSS�29.8 was Th2 specific, and HSS�30.4 was consis-

tently stronger in Th2 than Th1 (Fig. 4C). The most prominent

Th2-specific HSS was observed in the IL-10 promoter

(IL10HSS�0.12), with probe N1 (Fig. 4D) and B4 (data not

shown).

The intronic site IL-10HSS�2.98 was visualized in both Th1

and Th2 cultures (Fig. 4D and Table I). Im et al. (19) argued that

this site is absent in Th2 cells, which is in direct opposition to our

data and that of Saraiva et al. (and recently published in Ref. 42

and unpublished observations). However, data from our laboratory

show that the site is present in IL-10-expressing cells including

Th2 (Figs. 2B, 3E, and 4D) and D10 cells, IL-10 T regulatory cells,

and primary macrophages (data not shown). We have found, how-

ever, that it is absent in the myeloid cell line J744, which expresses

very little IL-10 mRNA (Fig. 1 and data not shown).

HSS coincide with CNS and computer-predicted matrix

attachment regions (s/MAR) in the IL-10 gene locus

In Fig. 5A, 40 kb of the murine and human cytokine locus was

aligned using the global alignment program Vista (30) to highlight

regions of high sequence conservation relative to HSS and repeat

sequence. It is apparent that HSS do not coincide exactly with

CNS but lie adjacent to regions of high homology. Computer-

predicted matrix attachment regions (s/MAR) are also annotated in

Fig. 4, because these regions exist adjacent to regulatory sites,

bind chromosomal DNA to nuclear matrix and create DNA loop-

ing (43); theoretically, this might contribute to chromatin hub for-

mation and gene regulation in the locus. Both IL-10HSS�30.4,

and HSS17.3 overlap a predicted MAR binding site. The down-

stream IL-10HSS�6.45 is flanked by 2 predicted s/MARs. To an-

alyze the functional activity of the HSS and/or corresponding

CNS, DNA regions encompassing both (fragments CNS�29.8A,

CNS�29.8B, HSS�17.3, etc., depicted as blue bars in Fig. 5A)

were assayed for transcriptional function.

FIGURE 1. A, Schematic of DNase I HSS assay. HSS were detected in

a 40-kb region spanning IL-10 and a potential IL-19 exon, using 5�- and

3�-probes from SpeI, NheI, and BamHI restriction fragments. Enzyme

cleavage sites relative to the IL-10 gene transcription site (�1) are illus-

trated. B, Sequence conservation in the IL-10 gene locus. The murine and

human genomic sequence were compared using Pipmaker. Regions bearing

between 50 and 100% homology (y-axis) to the human sequence are illus-

trated as dots and dashes along 175 kb (x-axis) of the murine locus. The

most CNS (CNS�26) at 134 kb is marked. C, RT-PCR of IL-10 and IL-19.

Bone marrow-derived macrophages from BALB/c mice were stimulated

with 50 ng/ml LPS for 6, 9, and 24 h. J744 cells were cultured for 6 h with

or without 50 ng/ml LPS. T cells from both BALB/c and BL6 spleens were

analyzed ex vivo or after Th2 culture for 1 wk.
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Conserved HSS regions exhibit enhancer activity

To test for classical enhancer activity in fragments containing CNS

and/or HSS (Fig. 5A), we used a luciferase reporter assay (Fig. 5,

B and C) performed in Th2 clone D10 and Th1 clone AE7. Non-

coding HSS-CNS fragments were cloned upstream of a minimal

promoter-driven luciferase plasmid (pGL3promoter) to determine

whether the sites could enhance or repress heterologous promoter

activity. We used the minimal SV40 promoter in pGL3promoter to

optimize the chance of detecting classical enhancer activity in this

study and because, before in vivo analysis, we do not know

whether the HSS regulate IL-10 or other cytokine promoters in the

region.

A representative result assessing the enhancer function of each

fragment in D10 cells is illustrated in Fig. 5B. In D10 cells,

CNS�26, which represents the largest CNS (273 bp, 88% homol-

ogy) in the IL-10 family locus, and CNS�9 (the second largest

CNS, 259 bp, 84% homology) were the most responsive to PMA-

ionomycin activation; i.e., the fold increase in luciferase levels

before and after PMA-ionomycin treatment was greatest for

CNS�26 and CNS�9. When directly comparing luciferase levels

(either with or without activation) between the control plasmid

pGL3promoter and the test constructs, it was apparent that

CNS�29.8B did not have any significant effect on luciferase tran-

scription. The highest transcriptional responses were observed

with CNS�20B, 9, and CNS�6.45, which significantly enhanced

PMA-ionomycin-induced transcription 5- to 6-fold over the con-

trol pGL3promoter. CNS�6.45, the most potent, could enhance

minimal SV40 promoter-mediated transcription 6-fold, irrespec-

tive of PMA-ionomycin activation, and encompasses conserved

sequence 6.45 kb downstream of the transcription start site for

IL-10. CNS�9 includes 1400-bp DNA from 9 kb upstream of

IL-10 and enhanced transcription 3- to 5-fold. A shorter, 700-bp

fragment of CNS�9 containing only the most conserved sequence

was tested and was found to mediate similar affects in the reverse

orientation (results not shown), indicating that it is a true enhancer

of transcription. The remaining constructs enhanced transcription

by a small but consistent degree (2- to 3-fold or less) although the

significance of a 2-fold enhancement in this assay is questionable.

To determine whether the strongest enhancers CNS�20B,

CNS�9, and CNS�6.45 function in both IL-10-expressing (D10)

and nonexpressing (AE7) cells, we transfected AE7 and D10 cells.

CNS�29.8B was included as a nonresponsive control. The levels

of normalized luciferase following PMA-ionomycin activation

were assayed and calculated relative to the pGL3 promoter control

(fold induction; plotted Fig. 5C). CNS�29.8B functioned simi-

larly to the control, but surprisingly, the enhancer activity of

CNS�9 was more than doubled in Th1 cells (unpaired t test, p 


0.045). Conversely, the enhancer activity of CNS�6.45 was re-

duced by more than one-half in AE7 cells (unpaired t test, p 


0.007) when compared with D10. This is noteworthy because

CNS�6.45 was the most potent enhancer in D10. These data in-

dicate that transcriptional activity of CNS�9 and CNS�6.45 is

reciprocally enhanced in Th1 and Th2 cells clones.

AP-1 binds in a Th2-specific manner to CNS�6.45

To examine whether significant differences in the enhancer func-

tion of CNS�6.45 in AE7 and D10 could be attributed to Th1- and

Th2-specific DNA binding of transcription factors, we designed

EMSA probes overlapping the most highly conserved sequence

(CNS�6.45) of the enhancer fragment (see Fig. 6A). EMSA was

performed with nuclear extracts from PMA-ionomycin-activated

Th1 or Th2 cells from both BALB/c (Th2-predisposed strain) and

C57BL6 (Th1-predisposed strain; hereafter called BL6) mice. Fig.

6B illustrates that Th2 DNA-binding factors bind more strongly to

probes CNS�6.45i and CNS�6.45iii. The Th2-specific binding

was evident in both BALB/c and BL6 nuclear extracts; thus, it

seems unlikely that this mechanism differs between the strains or

would account for the enhanced IL-10 expression in the BALB/c

strain. Probe CNS�6.45ii (Fig. 6A) failed to bind any factors in

this assay (results not shown).

To identify the Th2-enhanced binding complex, we chose a

panel of oligonucleotides containing common transcription factor

binding sites known to be involved in cytokine gene regulation to

use for competitor EMSA analysis. Fig. 6C illustrates that probe

CNS�6.45i and CNS�6.45iii specifically compete for binding to

FIGURE 2. A and B, SpeI analysis of HSS in undifferentiated CD4 and Th2 cells. DNase hypersensitivity analysis was performed on murine BALB/c

Th cells before differentiation (resting splenic CD4�) or cultured for 1 wk in vitro under Th2 conditions. All DNase HSS experiments in the study were

repeated at least three times with different T cell cultures. Differential IL-10 expression was confirmed with RT-PCR and intracellular cytokine staining

data (data not shown). Each SpeI HSS was confirmed using 5� and 3� probes (S1–S4). The 5� and 3� probe analysis of a 20,122 bp SpeI fragment is shown

in A. Results using S3, a 5� probe for the IL-10 spanning the 14,683-bp SpeI fragment, are shown in B. C, Restriction mapping of HSS location. The assay

was redesigned using BamHI and NheI to yield smaller restriction fragments in which to locate HSS. Double digests of BamHI or NheI with the enzymes

indicated in C were performed on Th2 DNA and then run alongside Th2 cell DNA treated with an optimal concentration of DNase I to observe HSS location

relative to enzyme cleavage sites within the BamHI and NheI restriction fragments. An example of this using BamHI and 5�-probe B1 is shown in C.
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a protein complex with NFAT/AP-1 and AP-1 consensus oligo-

nucleotides, but not with a STAT3 consensus binding site. Hence,

we investigated whether CNS�6.45 binds AP-1 and NFAT in a

composite fashion. This was not the case because Abs to NFATc1

and NFATc2 failed to shift the complex binding to CNS�6.45

probes (Fig. 6C). Moreover, using a radiolabeled probe for the

composite NFAT/AP-1 site of the IL-2 promoter, it was evident

that probes CNS�6.45i and CNS�6.45iii competed the upper

AP-1 band of the NFAT probe but not the lower NFAT-containing

band (Fig. 6D), indicating that CNS�6.45i/iii bind AP-1 and not

NFAT proteins. A similar analysis was performed with CNS�9,

which also binds a Th2-specific factor. Because this factor did not

compete with binding sites of commonly known transcription fac-

tors involved in cytokine regulation (we tested STAT, GATA,

NF-�B, NFAT, AP-1, CCAAT/enhancer-binding protein, and

SMAD), its identity remains the target of future investigations.

CNS�6.45 transcribes intergenic RNA in Th2 cells and

possesses promoter function

Intergenic transcripts have been characterized at regulatory sites in

both the �-globin (44) and IL-4 locus (23) and could play an as yet

unknown important role in gene regulation. Hence, we searched

for the presence of intergenic RNAs in the IL-10 gene locus. Using

primers designed to amplify fragments against both conserved and

nonconserved regions of the locus, we performed RT-PCR on

RNA treated with DNase I to remove genomic DNA contamina-

tion. In every experiment, cDNA was amplified in the presence or

absence of reverse transcriptase to distinguish between signal am-

plified from RNA or genomic DNA.

Interestingly, both enhancers, CNS�6.45 and CNS�9, express

intergenic RNAs (Fig. 7A). The method is only semiquantitative,

but when HPRT levels were comparable, we consistently detected

RNA at CNS�9 in Th1 and Th2 cells and CNS�6.45 only in Th2

cells. We observed no or very weak expression of RNA at

CNS�6.45 in Th1 cells in experiments repeated on four separate

T cell cultures (a representative experiment is shown in Fig. 7).

Hence, we have consistently observed Th1/Th2 selective differ-

ences at CNS�6.45 regarding its enhancer function, ability to bind

AP-1, and intriguingly by the expression of intergenic RNA span-

ning its length.

RT-PCR was also performed on other HSS and conserved re-

gions spanning the locus. It was apparent that all five of the most

conserved HSS elements identified in this study (at positions

�29.8, �26, �20, �9, and �6.45 relative to the IL-10 gene tran-

scription start site) transcribe intergenic RNA. We did not detect

RNA at two additional hypersensitive sites that exhibit less sub-

stantial sequence conservation (HSS�17.3 or HSS�27.7). The in-

tergenic RNAs were detected in primary macrophages stimulated

in vitro with LPS (Fig. 7A) and in effector T cells (Fig. 7, A and B),

indicating that their expression is associated with activated cells,

and hence increased IL-10 expression. To confirm this association,

we screened for the transcripts in L929 murine fibroblasts, which

do not express detectable levels of IL-10 (see Fig. 7C). We were

able to detect the intergenic transcripts in L929 cells, but it appears

they are present at much reduced levels when corrected for HPRT

expression.

We next questioned whether the CNS and associated HSS re-

gions encoding RNA possess basic promoter function that could

account for RNA transcription at these sites. The same fragments

(illustrated in Fig. 5) used to test for enhancer function in pGL3

promoter were cloned into the pGL3basic vector to assay promoter

function in the Th2 cell clone D10 (Fig. 7D). This plasmid lacks

the minimal SV40 promoter and requires a cloned promoter frag-

ment to drive substantial levels of luciferase transcription. The

vector alone can yield low leaky background levels of luciferase

activity, but our experiments show that the fragment encoding

CNS�6.45 and HSS�6.45 enhances transcription markedly when

compared with pGL3basic, with (17-fold above pGL3basic) and

without PMA-ionomycin activation (11-fold above pGL3basic). A

similar though smaller effect is also observed after PMA-ionomy-

cin activation for fragments CNS�29.8B (4-fold), CNS�20B (5-

fold), and CNS�9 (5-fold). This suggests that all four of these

FIGURE 3. HSS are present in IL-10-producing Th2 cells. DNase I hy-

persensitivity analysis using BamHI and NheI was performed on undiffer-

entiated (Undiff.) CD4 T cells from BALB/c spleens, and Th2 cells were

cultured in vitro for 1 wk, with or without 6 h of PMA-ionomycin (IONO)

activation. Differential IL-10 expression was confirmed with RT-PCR and

intracellular cytokine staining data (data not shown). A–E, Data obtained

using five different probes to four BamHI fragments upstream of IL-10 and

a 10-kb NheI fragment spanning IL-10. �, These HSS correspond to sites

HS promoter, I, II, and III detected by Im et al. (19).
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fragments possess basic promoter function that could account for

intergenic transcription at these sites. Of the five sites displaying

intergenic transcription, only CNS�26 (the most conserved se-

quence in the entire 145-kb locus) failed to drive transcription of

luciferase in pGL3basic.

Discussion
There are instances of remarkably high conservation (�80% ho-

mology) in the intergenic region between IL-19 and IL-10. This

study has extensively mapped clusters of regulatory HSS, deter-

mined their transcriptional function in vitro, identified a Th2 spe-

cific enhancer, and shown that the conserved region is remodeled

during T cell activation in primary cells. Remodeling occurs ir-

respective of active IL-10 protein expression. Moreover, the data

indicate that several HSS are sites of promoter activity that drive in-

tergenic transcription in four of the five most highly conserved se-

quences. We have yet to determine whether these regulatory elements

or intergenic RNAs control cytokine production in vivo, but the lack

of DNase I hypersensitivity in resting T cells suggests that chromatin

remodeling at these sites is positively associated with a permissive

phenotype for IL-10 family cytokine expression.

We mapped the location of 17 HSS and associated CNSs in this

locus and named them based on location. With one notable excep-

tion (IL-10HSS�8.8), the HSS are absent from resting T cells, and

we detected a small number of HSS that were stronger in Th2 than

Th1 cells. IL-10HSS�29.8 and HSS�30.4 are selectively more

hypersensitive in Th2 cells and may drive enhanced cytokine ex-

pression in these cells via the overlapping CNS. The CNS is also

likely to be an important regulatory site because of the adjacent

predicted MAR; regulatory sites are often positioned directly ad-

jacent to MAR, and DNA attachment to the nuclear matrix at this

site could contribute to chromatin hub formation. The strongest

Th2-specific HSS fell within the IL-10 promoter, suggesting that

promoter activity is greater in Th2 cells. Previous reports on IL-10

had concluded that it is regulated primarily at a posttranscriptional

level (45, 46), but studies on the Th2 cell clone D10 showed by

nuclear run on assay that the rate of transcription is enhanced in

Th2 cells (47); the increased promoter DNase I hypersensitivity

supports this.

In most instances, the location of each HSS was mapped adja-

cent to the CNS and regions of repeat sequence. Although it is

possible that the presumed CNSs actually do encode for uniden-

tified genes or alternative IL-19 exons (as suggested by Gallagher

et al. in Ref. 39), we have demonstrated that at least three of nine

HSS fragments tested mediate reproducible effects (�3- to 4-fold

FIGURE 4. HSS in Th1 and Th2 cells. A, Real-time RT-PCR

for HPRT and IL-10 was performed on total RNA from undif-

ferentiated BALB/c CD4 cells and Th1 and Th2 cultures (1 wk

differentiation) with or without 6 h of PMA-ionomycin activation.

IL-10 mRNA levels were normalized according to HPRT house-

keeping gene levels. B, Intracellular cytokine staining for IL-2,

IFN-�, IL-4, and IL-10 was performed in BALB/c Th1-Th2 cells

activated for 6 h with PMA-ionomycin. These Th1/Th2 cells were

used (without PMA-ionomycin activation) for the HSS analysis

illustrated in C and D). HSS were detected using BamHI- or NheI-

digested DNA from the Th1 and Th2 nuclear extracts with probes

B1–5 and N1. Results for probe B1 (C) and probe N1 (D) are

shown.

Table II. Summary of HSS in Th1 and Th2 cellsa

Enzyme Map Chromosome 1 Present in:

IL-10HSS�26.4 Between Bgl1 and HindIII 130863635 Th1/Th2
IL-10HSS�27.7 Between KpnI and StuI 130862335 Th1 and Th2
IL-10HSS�29.3 At NheI 130860735 Th1/Th2 (weak)
IL-10HSS�29.8 Between NheI and EcoRV 130860235 Th2
IL-10HSS�30.4 At EcoRV 130859636 Th2 (Th1 very weak)
IL-10HSS�17.3 Near BglII 130872735 Th1/Th2
IL-10HSS�17.5 Between BglII and EcoRI 130872535 Th2
IL-10HSS�19.2 At HindIII 130870835 Th1/Th2
IL-10HSS�20.3 BglI–XbaI 130869735 Th1/Th2
IL-10HSS�21 Between BamHI and XbaI 130869035 Th2
IL-10HSS�9.1 At BglI 130880935 Th1/Th2
IL-10HSS�8.8 Near XbaI 130881135 Undiff. CD4 cells
IL-10HSS�6.45 (HS III) (19) At HpaI 130896485 Th1/Th2
IL-10HSS�2.98 (HS II) (19) Between ClaI-PstI 130893015 Th1/Th2 intron

IL-10HSS�1.65 (HS1) (19) Between EcoR1 and ClaI 130891685 Th1/Th2 intron

IL-10HSS�0.92 Near BamH1 130890955 Th1/Th2 intron

IL-10HSS�0.12 (HS P) (19)b Between PyuII and SacI 130889915 Th2 (Th1 weak)

a Using restriction mapping, HSS were located relative to enzyme cleavage sites. HSS were named based on their distance (	300 bp) from the transcription start site of IL-10,
and their corresponding location on chromosome 1.

b HSS detected by Im et al. (19) are indicated. The majority of HSS were present in both Th1 and Th2 cells, but five were stronger in Th2.
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above control) on transcription in the Th2 clone D10. The most

potent of these (IL-10CNS�6.45 kb) acts in a Th2-specific man-

ner, because its function was largely reduced in the Th1 clone

AE7, and we detected Th2-specific expression of intergenic RNA

at the site. Because the site is hypersensitive in both Th1 and Th2

cells, it is likely that the enhancer functions by binding Th2-spe-

cific transcription factors or is repressed by Th1-specific factors.

We have observed that one of these Th2-specific factors is AP-1 in

agreement with Wang et al. (20). Im et al. (19) suggested a role for

NFAT in IL-10 gene regulation, but we did not detect composite

binding of NFAT within the AP-1 site at CNS�6.45.

In contrast, the transcriptional enhancer detected �9 kb up-

stream of the IL-10 gene (IL-10 CNS�9) functioned well in both

Th1 and Th2 clones. Intergenic RNA was also expressed in both

Th2 cells and Th1 cells at CNS�9. However, the enhancer activity

was significantly higher in AE7; and although primary Th1 cul-

tures express low levels of IL-10 mRNA, this cannot be detected

in AE7 cells (data not shown), indicating that CNS�9 function

might negatively correlate with IL-10 gene expression. Moreover,

HSS�8.8 is unique because it was the only HSS detected consis-

tently in undifferentiated T cells; the site could be targeted during

initial remodeling within the locus. Because the corresponding

CNS is flanked by two HSS, one (IL-10HSS�8.8 kb) present pre-

dominantly in non-IL-10-expressing undifferentiated CD4 cells

and the other (IL-10HSS�9.1 kb) in Th1-Th2 cells, it is possible

that enhancer function is differentially modulated by chromatin

remodeling at the two HSS during T cell differentiation. However,

the function of CNS�9, CNS�6.45 and other enhancers detected

in this study will require in vivo validation to confirm whether they

play positive or negative roles on cytokine gene regulation.

Output from the phylogenetic footprinting programs rVISTA

and Consite suggests that the remaining HSS identified here are

enriched with conserved potential transcription factor-binding sites

for STAT 3, C/EBP, AP-1, GATA3, Sp1, and CREB but these will

have to be determined empirically. All these factors are implicated

in the positive regulation of IL-10 promoter activity and cytokine

gene expression. An analysis of matrix attachment regions pre-

dicted with high probability in both Marscan and MarFinder indi-

cate that HSS �30.4, �17.3 and �6.5 lie close to potential MAR

and that these are strong regulatory candidates. The Th2 specific

enhancer CNS�6.5 downstream of IL-10 is flanked by two pre-

dicted MAR sites that could theoretically precipitate direct inter-

action between distal regulatory elements through DNA looping.

Additionally, HSS�26.4, HSS�17.3, and HSS�9 are all in the

vicinity of or overlap CpG islands, which is another strong indi-

cator of regulatory function.

The detection of intergenic RNA transcription in the IL-10 fam-

ily locus is significant as there is growing evidence that RNAs play

a much larger functional role in the genome than originally antic-

ipated. However in most of these cases, the RNAs imposed a neg-

ative effect on gene expression either through microRNA targeted

mRNA degradation and inhibition of translation (48), antisense

(49, 50), or small interfering RNA-mediated DNA methylation and

epigenetic silencing mechanisms (51). In this study, it is apparent

that the transcripts are expressed in activated T cells and macro-

phages in which cytokine gene expression is up-regulated. It is

FIGURE 5. Identification of conserved HSS enhancer elements. A,

Vista plot of murine sequence (x-axis) vs human homology (50% or more,

y-axis). Peaks denote CNS; arrows denote HSS. The most highly CNS

(�29.8, �26, �20, �9, and �6.45) and intronic sequence (�3) are indi-

cated by peaks (pink) of homology. Computer-predicted s/MAR are

shown, and bars CNS�29.8A, �29.8B, etc., indicate regions of DNA

tested for transcriptional activity in vitro. Dashed arrows denote HSS that

were detected only with SpeI. One of these unconfirmed sites was also

observed by Saraiva et al. (42). B, Luciferase levels before and after 6 h of

PMA-ionomycin activation were measured in D10 cells transfected with

pGL3 promoter or test plasmids containing CNS regions, and normalized

with Renilla. C, Luciferase levels after 6 h of PMA-ionomycin activation

were assayed in both D10 and AE7 cells, normalized with Renilla and then

plotted as fold induction (test plasmid/pGL3 promoter control). Each ex-

periment was repeated three times and performed in duplicate. Represen-

tative experiments are shown.

FIGURE 6. EMSA analysis of IL-10CNS�6.45. A, To identify tran-

scription factors capable of binding to the conserved sequence, overlapping

probes were designed that encompass the most conserved sequence in the

region. B, Nuclear extracts were prepared from Th1 and Th2 cultures stim-

ulated for 6 h with PMA-ionomycin from BALB/c and BL6 mice. EMSA

was performed with 10 �g of protein per lane, and radiolabeled probe

�6.45i. C, Competitive EMSA was performed with radiolabeled probes

�6.45i and �6.45iii to identify the complex binding to these probes. Un-

labeled oligonucleotide (100-fold excess) or Abs to NFATc1 and NFATc2

were preincubated with PMA-ionomycin-activated Th2 nuclear extracts

before gel shift analysis as indicated in the figure. D, EMSA was performed

on PMA-ionomycin-activated Th2 nuclear extracts using a radiolabeled

consensus NFAT/AP-1 probe. The samples were competed with 100-fold

excess of cold NFAT, AP-1, �6.45i, �6.45iii, and STAT3 oligonucleo-

tide. The upper complex of this consensus probe binds to AP-1 and the

lower complex to NFAT.
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possible that they silence nonexpressing alleles via the conven-

tional small interfering RNA-based mechanism, but it seems more

likely that they have a positive role on gene expression. There are

many repeat sequences including SINE elements and L1 trans-

posons that could account for the transcription of RNA in this

locus, but we have illustrated that HSS-CNS sequences for four of

five sites transcribing RNA possess promoter activity.

After this paper was submitted, another group published a study

characterizing two HSS, DHSS I and DHSS II in D10 and AE7 cell

clones (20). DHSS I coincides with IL-10HSS�6.45 identified in

primary Th1 and Th2 cells and the Th2-specific enhancer

CNS�6.45. Independently, Wang et al. also found that AP-1 (c-

Jun and JunB) binds selectively to the conserved sequence in this

region in Th2 cells and demonstrated that c-Jun and JunB can

regulate PMA-ionomycin-induced IL-10. Our findings are consis-

tent with theirs, but we have also observed activation-independent

enhancer and promoter activity at CNS�6.45.

Although our work agrees with that of Wang et al. (20), we and

Saraiva et al. (42) observed a discrepancy between independent

data from our two groups with data recently published by Im et al.

(19). Im’s group identified six HSS spanning the IL-10 gene (four

matching our data and annotated in Fig. 3 and Table I) and con-

cluded that HSS�2.98 is Th1 specific. Although our primary cul-

tures inevitably contain some heterogeneity, is it is unlikely that

any minor contaminating cell population would account for the

strong HSS�2.98 we consistently detected in cells associated with

active IL-10 expression, including Th2 and Th1 cells.

We used a broad approach combining both bioinformatics and

empiric data to identify distal regulatory sites in the IL-10 family

locus, instead of focusing heavily in the coding region. Our hy-

pothesis is that in both the IL-4 and IL-10 loci, intervening DNA

between IL-10 and IL-19 or IL-13 and IL-5 contains critical locus-

regulatory elements capable of mediating coordinate regulation of

each cytokine in the locus. The finding that intergenic RNA is

transcribed in this locus with Th1-Th2 specificity as well as in the

IL-4 locus confirms that this phenomenon is likely to play a gen-

eral role in cytokine gene regulation. Recent findings of regulatory

elements interacting physically over long distances (2, 21, 22, 52)

indicate that either structural changes must occur to create DNA

looping or that elements interact because each region is colocal-

ized at the same site in the nucleus. It is possible that the RNAs

function by altering DNA structure at enhancer regions, creating

the topological changes required to mediate long distance interac-

tions during chromatin hub formation. Alternatively, they may re-

cruit the locus to an active site of transcription at the nuclear ma-

trix or periphery (53, 54) as reported for the giant transcript of the

�-globin locus (55). Our priority is to determine which of the

regulatory sites are critical for IL-10 family cytokine regulation in

vivo, exactly how they achieve this, and whether they do so

through these intergenic RNAs.

Acknowledgments
We thank M. Saraiva and A. O’Garra who cosubmitted their study on HSS

in the IL-10 gene and provided us with IL-10 T regulatory cell DNA. We

also thank Judy Stein for technical advice, Patrick Fields for critiquing the

manuscript, and Fran Manzo for administrative assistance.

Disclosures
The authors have no financial conflict of interest.

References
1. Pestka, S., C. D. Krause, D. Sarkar, M. R. Walter, Y. Shi, and P. B. Fisher. 2004.

Interleukin-10 and related cytokines and receptors. Annu. Rev. Immunol. 22:
929–979.

FIGURE 7. CNS in the IL-10 family locus express intergenic RNA. A,

RT-PCR was performed on DNase-treated RNA from BALB/c naive CD4

cells, Th1-Th2 cells cultured in vitro for 5 days and then activated with

PMA-ionomycin for 6 h, and primary bone marrow-derived macrophages

with or without 4 h of LPS treatment at 50 ng/ml. cDNA reactions were

performed with (�RT) or without (�RT) reverse transcriptase. PCR was

performed to detect intergenic transcripts spanning sites CNS�9 and

CNS�6.45, and with exon-spanning primers to amplify coding sequence

IL-10 and housekeeping gene HPRT. B, RT-PCR was performed using

primers spanning CNS at sites �29.3, �26, �20; the less conserved re-

gions at HSS �17 or �27.7; and housekeeping gene HPRT (all primers

listed in Table I). C, RNA was prepared from the L929 murine fibroblast

cell line and treated with DNase before RT-PCR amplification with (C)

and without (negative; data not shown) reverse transcriptase. PCR was

performed with primers for each intergenic transcript and the coding

mRNAs IL-10 and HPRT. D, Assessing promoter activity in HSS-CNS

fragments. The combined HSS-CNS fragments used to test enhancer func-

tion were cloned into a promoterless luciferase construct (pGL3basic) and

transiently transfected into D10 Th2 clones. Luciferase levels before and

after 6 h of PMA-ionomycin activation were measured and normalized

with Renilla.

7445The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


2. Spilianakis, C. G., M. D. Lalioti, T. Town, G. R. Lee, and R. A. Flavell. 2005.
Interchromosomal associations between alternatively expressed loci. Nature 435:
637–645.

3. Moore, K. W., R. de Waal Malefyt, R. L. Coffman, and A. O’Garra. 2001. In-
terleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19: 683–765.

4. Roncarolo, M. G., M. Battaglia, and S. Gregori. 2003. The role of interleukin 10
in the control of autoimmunity. J. Autoimmun 20: 269–272.

5. Eskdale, J., V. Keijsers, T. Huizinga, and G. Gallagher. 1999. Microsatellite
alleles and single nucleotide polymorphisms (SNP) combine to form four major
haplotype families at the human interleukin-10 (IL-10) locus. Genes Immun. 1:
151–155.

6. Kube, D., H. Rieth, J. Eskdale, P. G. Kremsner, and G. Gallagher. 2001. Struc-
tural characterisation of the distal 5� flanking region of the human interleukin-10
gene. Genes Immun. 2: 181–190.
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