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Background: Polymorphisms in the plant homeodomain finger
protein 11 gene (PHF11) are associated with increased total
serum IgE levels, asthma, and severe atopic dermatitis (AD) in
children. Although PHF11 includes a plant homeodomain, a
motif often found in transcriptional regulators, the function of
PHF11 has not been investigated.

Objective: We sought to test (1) whether PHF11 regulates the
transcription of genes involved in allergic disorders and (2)
whether polymorphisms in PHF11 predict changes in the
expression or function of this gene.

Methods: Microarray analysis was used to examine the
expression of PHF11 in different immune cell subsets, and the
function of PHF11 was tested by using small interfering RNA-
induced knockdown or overexpression of PHF11 in primary
CD4™" T cells or Jurkat T cells. Genotype-dependent effects on
PHF11 expression were tested by using an allele-specific gene
expression, and the transcriptional activity of PHF11 was
determined by using luciferase hybrid gene reporter assays and
in vitro DNA-binding electromobility shift assays.

Results: PHF11 expression was higher in Ty1 cells relative to
that in Ty2 cells, and knockdown of PHF 11 expression reduced
expression of the Tyl-type cytokines IFN-y and IL-2. The
G-allele of a 3’ untranslated region polymorphism associated
with AD was correlated with reduced abundance of PHF11
RNA in Tyl cells, as well as an increase in a PHF11 isoform
lacking exon II. Evidence was also found for a physical and
functional interaction between PHF11 and the p65 subunit of
nuclear factor kB.

Conclusion: PHF11 is a regulator of Tyxl1-type cytokine gene
expression. The reduction in PHF11 expression seen with an
AD-associated genotype could contribute to the strong Ty2
responses that characterize many allergic individuals. (J Allergy
Clin Immunol 2008;121:1148-54.)
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Childhood atopic dermatitis (AD) shows considerable hetero-
geneity in its presentation and duration. Between 27% and 75% of
children with AD in Western countries are atopic.' Although up to
40% of children show spontaneous remission of dermatitis by the
age of 3 years, for children with persistent dermatitis until at least
7 years of age, early atopic sensitization is a significant risk factor.
In these cases parental dermatitis also appears to be a contributing
factor, indicating an additional genetic component.2

Patients with AD show increased numbers of IL-4—secreting and
decreased numbers of IFN-y—secreting CD4 " and CD8™ cells in
the peripheral circulation.® Decreased IFN-vy expression is re-
ported in cultured T cells from children who are given diagnoses
of atopy within the first year of life,* and there is evidence for
reduced IFN-y secretion and mRNA expression in young
adolescents with severe AD.” Therefore in children with severe
AD, there is an increased number of circulating Ty2 cells and a
suppression of IFN-v, a cytokine characteristic of Ty 1-type T cells.

We have found an association between childhood AD and the
plant homeodomain finger protein 11 gene (PHFI1), a gene on
chromosome 13q14,° confirming earlier reports of an association
with increased total IgE levels and asthma.” However, no func-
tional studies have been done to suggest how PHF 11 might influ-
ence the allergic phenotype. PHF1I is a member of the plant
homeodomain (PHD) family, named for the presence of 1 or
more PHD-type zinc fingers. Proteins with a PHD finger are com-
monly found in the nucleus and are implicated in transcriptional
regulation.® Because PHFI1 is expressed in both T and B cells,’
an attractive hypothesis is that PHF'I I regulates the transcription
of either T- or B-cell genes.

METHODS

Additional methods for Ty1 and T2 cultures, cDNA synthesis and clon-
ing, and immune precipitation assays and details of the antibodies used in
this study appear in the Methods section of the Online Repository at
www.jacionline.org.

Microarray analysis

Microarray analysis of PHF11 was derived from the data set described by
Chtanova et al® and Liu et al.'® Tyl and Ty2 cells were generated from cord
blood with a single round of activation and proliferation, whereas other T-cell
subsets were isolated from adult peripheral blood by using MACS beads and
flow cytometry."!

Tu1 and Ty2 cell culture

All individuals were recruited following guidelines and approval from the
Sydney West Area Health Service. Naive CD4" T cells from healthy adult
donors were cultured for 48 hours in the presence of activating a-CD3 and
o-CD28 antibodies and Ty1- or Ty2-polarizing cytokines and thereafter for
a further 6 days with IL-2 and Ty1- or Ty2-polarizing conditions.
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Abbreviations used
AD: Atopic dermatitis
HEK: Human embryonic kidney
IL-2R: IL-2 receptor
IL-12R: IL-12 receptor
NF-kB: Nuclear factor kB
NFAT: Nuclear factor of activated T cells
PHD: Plant homeodomain
PHF11: Plant homeodomain finger protein 11
PMA: Phorbol 12-myristate 13-acetate
shRNA: Short hairpin RNA
siRNA: Small interfering RNA
SNP: Single nucleotide polymorphism
UTR: Untranslated region

Genotyping and allele-specific gene expression

Allele-specific expression and genotyping was done with SNaPshot
methodology, as previously described (ABI Biosystems, Foster City, Calif).'?
The ratio of each allele in cDNA samples was normalized to genomic DNA
samples. All reactions were done in triplicate from at least 2 independent
cDNA reactions. Our AD cohort, described elsewhere,ﬁ‘13 comprised 112 nu-
clear families recruited from the Dermatology Clinic at the Children’s Hospi-
tal, Westmead, with institutional ethics approval. All children presented with
AD within the first 3 years of life, and the average age at recruitment was less
than 4 years of age. The transmission disequilibrium test'* and haplotype
analysis, as well as checking of pedigrees, was done with GENEHUNTER,
TRANSMIT, and MERLIN. Primers used for SNaPshot, genomic, and
cDNA amplification are available on request.

Nucleofection of primary T cells

Primary human CD4 ™" T cells were transfected by using nucleofection, es-
sentially as described by Tahvanainen et al.'> Cells (1 X 107) were transfected
with 2 pg of plasmid DNA by using the Human T Cell Nucleofector kit
(Amaxa, Cologne, Germany) and program Ul4. Cells were incubated for 4
to 6 hours in 2 mL of X-Vivo 15 (BioWhittaker, Walkersville, Md)/10%
FCS in a 12-well plate before replacing the media and incubating overnight.
Dead cells were removed by using a Dead Cell Removal kit (Miltenyi Biotech,
Bergisch Gladbach, Germany), and 1 X 10° cells/mL were added to a-CD3—
coated wells under either Ty1- or Ty2-polarizing conditions for 48 hours.

Plasmids

MISSION short hairpin RNA (shRNA) plasmids encoding small interfering
RNAs (siRNAs) targeting PHF11 and 1 nonspecific sShRNA plasmid were
purchased from Sigma (St Louis, Mo). Two plasmids (catalog nos.
TRCNO0000020109 and 110) that targeted exons II (109) and VI (110) of
PHF11 were effective in knocking down PHF11 expression. A —436-bp IL-2
promoter fragment was cloned into the pGL3 luciferase reporter plasmid (Prom-
ega, Madison, Wis), The PHF1 1 myc expression vector was constructed by am-
plifying full-length PHF11 from Jurkat T cells and coligating with the myc tag
derived from pcDNAImyc'® into pcDNA3.1Zeo (Invitrogen, Carlsbad, Calif).
The p65 subunit of nuclear factor kB (NF-kB) was constructed by amplifying
full-length p65 and cloning into pEGFP-N1 (Clontech, Mountain View, Calif).
The NF-kB-Luciferase (pNF-kB-Luc) PathDetect plasmid was purchased from
Stratagene (La Jolla, Calif). All primer sequences are available on request.

Jurkat and human embryonic kidney cell
transfection

For luciferase assays, cells were transfected and 24 hours later stimulated for
a further 16 hours with the indicated stimulus (50 ng/mL phorbol 12-myristate
13-acetate [PMA]/1 mg/mL ionomycin or 20 ng/mL TNF-a). Jurkat cells (1 X
107) were electroporated with 25 wg of plasmid DNA (including 1 wg of a
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B-galactosidase plasmid driven by the minimal thymidine kinase promoter
denoted pTKPgal) by using a Biorad Gene Pulser set at 250 V and 960 wF,
whereas 3 X 10° human embryonic kidney (HEK) cells were transfected with
200 ng of pNF-kB-Luc and 25 ng of pTKBgal with up to 500 ng of pPHF11myc,
up to 100 ng of pEGFPp65, or both by using Lipofectamine 2000 (Invitrogen).
In each case luciferase activity was normalized to cotransfected pTK3gal by us-
ing the Dual-Light system (Tropix, Bedford, Mass). Stably transfected SARNA
and PHF11myc clones were selected by means of limiting dilution in the pres-
ence of puromycin (2.5 pg/mL) or Zeocin (200 wg/mL) (Invitrogen).

Electromobility shift assays

Nuclear extracts were prepared from 1 X 107 cells,'” and 5 p.g of nuclear
extract was incubated in a volume of 20 pL in 10 mmol/L Tris-HCI (pH 7.5),
50 mmol/L KCIl, 1 mmol/L dithiothreitol, 0.25% Tween-20, and 1 pg
poly(dL.dC) with 1 ng of an IRDye 700-labelled NF-«kB consensus oligonucle-
otide (Li-Cor Biosciences, Lincoln, Neb) on ice for 30 minutes. Complexes
were resolved on a 4% polyacrylamide gel in 0.5X Tris-borate EDTA
(TBE) at 4°C. Gels were analyzed with an Odyssey imaging system (Li-Cor).

RESULTS

Using a well-characterized dataset of gene expression profiles
from T cells, B cells, and other immune cells,”'° we found robust
PHF11 expression in B- and T-cell subsets, including peri-
pheral blood central (CCR7*CD4"CD45RO™) and effector
(CCR7~CD4"CD45RO™") memory T cells. In the context of al-
lergy, perhaps the most interesting result was the differential ex-
pression of PHFI11 between Tyl and Ty2 cells generated from
neonatal CD4™" T cells, with the highest expression seen in Ty
cells (Fig 1, A). There was also a marked increase in PHF11 ex-
pression on maturation of dendritic cells, suggesting a role for
PHF11 in T-cell subset maturation and activation. Basophils
also exhibited high PHF11 expression, although expression in
mast cells and eosinophils was low (Fig 1, A). Genes associated
with allergy tend to show restricted or enriched expression in leu-
kocytes. 10 Using the SymAtlas collection of gene expression pro-
files,'® we found high expression of PHFI1 in T and B cells, as
well as natural killer and mature dendritic cells, with very low ex-
pression in other organs of the body (Fig 1, B). The differential
expression of PHFII in Tyl and Ty2 cells was confirmed by
means of quantitative real-time RT-PCR from Ty1 and Ty2 cul-
tures from healthy adult donors, revealing a significant increase
in PHF11 RNA in Tyl cells relative to that seen in T2 cells after
6 days of differentiation (Tyl: 3.1 £ 0.52; Ty2: 1.1 £ 0.39;
n = §; data not shown).

We next transfected shRNA expression plasmids that generated
either PHF I I-specific or nonspecific control siRNA into primary
CD4" T cells. Transfection of a green fluorescent protein—
expressing plasmid showed transfection efficiencies routinely ap-
proached 50% (data not shown). Under Ty 1-polarizing conditions
and relative to control siRNA (Fig 2, A, solid bars), transfection of
PHF11-specific siRNA (Fig 2, A, open bars) resulted in a 40%
decrease in PHF 11 RNA. This was accompanied by a significant
decrease in the expression of the /L2 and IFNG genes. Small non-
significant decreases were seen in genes encoding the IL-2 recep-
tor a and IL-12 receptor 2. No change was seen in RNA
encoding the Tyl-specific transcription factor T-bet (Fig 1, A).
There was no decrease in RNA encoding IL-4 or IL-13 in parallel
cultures grown under Ty2-polarizing conditions (data not shown).
Overexpression of myc epitope—tagged PHF11 in primary CD4™"
T cells resulted in a 10-fold increase in the basal expression of
IFN-vy under Ty1-polarizing conditions (Fig 2, B; PHF11myc).
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FIG 1. A, Microarray analysis of PHF11 in different immune cell subsets.
Red is highest and black is lowest expression. Ty1 and Ty2 cells are brack-
eted and marked by an asterisk. Duplicate values for some subsets are also
shown. B, Expression of PHF11 in different human tissues. Data are derived
from the SymAtlas dataset. NK, Natural killer.

No increase in the expression of IL-2 or the Ty2-type cytokine IL-
13 was seen (Fig 2, B). We confirmed PHF11 is a positive regula-
tor of gene expression by using stably transfected Jurkat T cells
expressing either PHF11 siRNA or PHF11myc (see Fig El, A,
in the Online Repository at www.jacionline.org). There was no
change in the proliferative response of these cell lines to increas-
ing concentrations of IL-2 (data not shown). In the nucleus of Ju-
rkat T cells (see Fig E1, B) and transfected HEK cells, nuclear
PHF11myc aggregates were colocalized with PML-containing
nuclear bodies (see Fig 1, C).

We have now genotyped 3 additional PHF'11 single nucleotide
polymorphisms (SNPs; Fig 3, A; rs8000149, rs7332573 and
1s4942873), adding to those previously genotyped (Fig 3, A).°
The SNPs rs1046295, rs7332573, and rs4942873 are in high link-
age disequilibrium (see Fig E2 in the Online Repository at
www.jacionline.org), and each SNP approaches (rs7332573) or
exceeds significance (rs1046295 and rs4942873) for association
with severe childhood AD (Fig 3, A). In searching for evidence
for genotype-dependent differences in PHFI1 expression, al-
lele-specific expression assays were performed on 2 exonic
SNPs in PHF11: rs1046295 in the 3’ untranslated region (UTR;
exon X) and rs2031532 in exon II (Fig 3, A). Although only
rs1046295 was associated with childhood AD (Fig 3, A), the
risk-associated G allele of rs1046295 is inherited with the A allele
of rs2031532 in the 3 major haplotypes of PHF11 (see Fig E2).
Allele-specific expression analysis of donors heterozygous for
both rs1046295 and rs2031532 revealed a marked underexpres-
sion of the G allele transcripts and a significant difference in
the average ratio of G/A transcript expression between Ty1 and
Ty2 cells for rs1046295 (Fig 3, B: rs1046295; Tyl vs Ty2:
0.84 = 0.03 vs 1.04 = 0.05; P <.05). In the case of rs2031532,
we found evidence for a clear but nonsignificant decrease in the
expression of the A allele (Fig 3, B; rs2031532).

Because a number of different PHFI1 isoforms have been
identified,” we next tested whether polymorphisms in PHF11
could regulate alternate splicing and possibly the function of
PHF11. First, PHF11 cDNA was amplified from Tyl cells.
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FIG 2. PHF11regulates Ty1-type cytokine RNA expression. A, Ty1-polarized
CD4* T cells expressing PHF11-specific (open bars) or a nonspecific (solid
bars) siRNA (n = 6, results from 2 independent experiments). B, Ty1-
or Ty2-polarized primary CD4" T cells (Ty1) overexpressing PHF11
(PHF11myc) relative to empty vector (control; n = 3, results from 2 indepen-
dent experiments). Values are presented as means = SEMs, and asterisks
indicate significant differences.

Amplification of exons IV through X produced a single major pro-
duct of 800 bp (Fig 4, A, lane 2), and the absence of any additional
major products on amplification of these exons suggested that
alternative splicing in the 3’ half of PHF 11 was relatively uncom-
mon. Amplification of exons I through VI produced an expected
product of 567 bp, as well as a second smaller product differing in
size by approximately 120 bp (Fig 4, A, lane 1). Similar results
were obtained with T2 cells and whole blood (data not shown).
Cloning and sequencing of these products identified an isoform of
PHF 11 that lacked exon II (denoted I/III) and revealed that al-
though the 3’ end of exon II and the 5’ end of exon III were full
triplet codons (Fig 4, B; II/III middle), the 3’ end of exon I and
the 5’ end of exon II were incomplete triplet codons (Fig 4, B;
I/II top). This resulted in the I/III isoform having a disrupted read-
ing frame leading to a premature stop codon 27 nucleotides down-
stream of the splice site in exon III (Fig 4, B; I/III bottom) and
suggested the I/III isoform was nonfunctional. Quantitative
real-time PCR with primers that specifically recognized either
the I/III or II/IIl isoforms showed that transcripts containing
exon II were 10- to 20-fold more abundant than the I/III tran-
scripts (data not shown). Grouping individuals based on the
rs1046295 genotype, we found a 2-fold increase in the abundance
of I/III transcripts in GG versus AA individuals (Fig4, C; AA: 1.4
+0.23,n = 8; GG: 2.98 £ 0.64,n = 9; P <.05). Similar analysis
of transcripts containing exon II showed no genotype-dependent
difference in transcript abundance (Fig 4, C; II/II). Allele-spe-
cific transcription assays in whole blood also revealed a decrease
in the abundance of G relative to A alleles of rs1046295 (Fig 4, C).

To investigate how PHF11 might regulate gene expression, an
IL-2 promoter luciferase expression plasmid was transfected into
cell lines stably expressing nonspecific (Fig 5, A; NS.1) or
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FIG 3. PHF11 allele-specific expression in T41 and Ty2 cells. A, Intron/exon
structure of PHF11 and the location and association of PHF11 SNPs with
childhood AD. The P value for each SNP and the .05 level of significance
(dashed line) are indicated. B, Allele-specific expression of exon 2
(rs2031532) and 3'UTR (rs1046295) SNPs in Ty1 and Ty2 cells (n = 5). Aster-
isk indicates significant difference.

PHF11-specific shRNA plasmids (Fig 5, A; 109.1 and 110.8).
There was an approximately 2-fold reduction in the basal activity
of the IL-2 promoter/luciferase reporter plasmid in clones 109.1
and 110.8 relative to the control clone NS.1 (Fig 5, A). Stimula-
tion with PMA/ionomycin increased luciferase activity 3.5-fold
in control NS.1 cells, with only a 1.1- to 1.3-fold increase in
109.1 and 110.8 cells (Fig 5, A). The IL-2 promoter contains
binding motifs for 2 transcription factors that are critical for
inflammatory responses: nuclear factor of activated T cells
(NFAT) and NF-kB." Because PHF11 contains a PHD domain
that is implicated in protein-protein interactions, we first looked
for evidence of a direct interaction between PHF11 and NFATc2
or the p65 subunit of NF-kB. Immunoprecipitation assays on non-
stimulated and PMA/ionomycin-stimulated Jurkat/PHF11myc
cells failed to detect an interaction with NFATc2 (data not shown),
but a stimulation-dependent interaction between PHF11myc and
the p65 subunit of NF-«kB was detected in nuclear extracts of these
cells (Fig 5, B; a-p65). Equal loading of samples was verified by
probing the samples with an a-PHF11 antibody (Fig 5, B).

‘We next transfected the same Jurkat cell lines, as well as a cell
line overexpressing PHF11myc, with a luciferase reporter plas-
mid driven by 5 copies of an NF-kB response element. After
stimulation with TNF-c, a potent inducer of the NF-kB pathway,
there was a robust increase in luciferase activity in both the NS.1
and PHF11myc cell lines, although overexpression of PHF11
afforded only a modest 1.3-fold increase in luciferase activity
over that seen in the control cell line (Fig 5, C, top; NS.1 vs myc).
In each cell line expressing PHF 11 siRNA, there was a 3- to 6-
fold decrease in luciferase activity relative to NS.1 and
PHF11myc cell lines (Fig 5, C, top; 109.1 and 110.8). In HEK
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293T cells, in which endogenous PHFI1 expression is very
low, PHF11myc alone failed to increase basal activity from the
NF-kB luciferase plasmid but did result in a 2.6-fold increase in
TNF-o—induced luciferase activity relative to that seen in cells
not transfected with PHF11myc (Fig 5, C, bottom, open vs solid
bars). Coexpression of the NF-kB p65 subunit with PHF11myc
increased basal luciferase activity, although this was not signifi-
cantly greater than that seen with p65 alone (Fig 5, C, bottom).
However, coexpression of p65 and PHF11myc, together with
stimulation with TNF-«, did result in a 1.5-fold increase in lucif-
erase activity over that seen with p65 alone (Fig 5, C, bottom).

An electrophoretic mobility shift assay with an NF-xB
consensus oligonucleotide showed maximal NF-kB binding in
control and PHF11myc Jurkat cell lines after 30 minutes of
stimulation with 5 ng/mL TNF-o, with no change or a small
decrease in DNA binding at 25 ng/mL TNF-« (Fig 5, D; NS.1,
lanes 1-3; myc, lanes 4-6). In nuclear extracts prepared from
PHF11 siRNA-transfected cells, there was a marked reduction
in the intensity of the NF-kB/DNA complexes (Fig 5, D; compare
lanes 1-3 and 4-6 with 7-9). This was accompanied by a small
decrease in nuclear p65 expression (Fig 5, D). These results
were seen in 3 independent experiments and in the second
siRNA-transfected cell line, 110.8 (data not shown). Although
the NF-kB protein—-DNA complex was abolished by preincuba-
tion with an a-p65 antibody, preincubation of nuclear extracts
from TNF-a—stimulated PHF11myc cells with an a-myc anti-
body had no effect on the formation of the NF-kB complex (Fig
5, D, lanes 10 and 11, respectively).

DISCUSSION
In this article we show that (1) PHF11 expression is higher in
Tyl than in T2 cells; (2) siRNA knockdown of endogenous
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PHF11 or overexpression of PHF 11 either decreased or increased
the expression of Ty 1-type genes, respectively; (3) The G allele of
the 3'UTR SNP rs1046295 that is preferentially transmitted to
children with AD was associated with decreased PHF1l RNA
in Ty1 cells, and a predicted nonfunctional PHF11 isoform lack-
ing exon II was more common in individuals carrying this G
allele; and (4) PHF11 is a transcriptional activator that acted in
concert with the NF-«B pathway. Based on these results, we pro-
pose that PHF'11 is a positive regulator of Ty1-type gene expres-
sion and that the inheritance of certain genetic variants decreased
PHF11 expression, possibly contributing to the Ty2 bias that
characterizes children with severe AD.

A recent study identified a strong genetic component in T-
bet—dependent regulation of Ty 1-type cytokines but failed to find
evidence for a genetic influence on the regulation of Ty2-type
cytokines.?® In addition, circulating Tyl cells from atopic indi-
viduals are more prone to apoptosis, leading to a skewed Ty?2 pro-
file.”! Both these studies support the hypothesis proposed here
that defects in Tyl cells could underlie the observed Ty1/TyH2
imbalance in allergic individuals.

Allele-specific gene expression studies of rs1046295 showed
that the AD-associated G allele was expressed at a lower level
than the alternate A allele in Ty1 cells but not in Ty2 cells. One
reason for this difference might be the higher expression of
PHF11 in Tyl cells, thereby amplifying any differences in gene
expression associated with different genotypes. The 3'UTR of
PHF11 lacks any readily identifiable regulatory motifs, such as
AU-rich elements, that control RNA stability, and no regulatory
motifs were identified with the alternate alleles of rs1046295, in-
cluding a search of new 3"UTR motifs.** Experiments in which
the PHF11 3'UTR was fused to the luciferase reporter gene under
control of the IL-2 promoter also failed to detect any differences
in expression associated with alternate alleles of rs1046295 (data
not shown). However, a splicing variant of PHF 11 that lacks exon
I, resulting in a frame-shift mutation and the introduction of a
premature termination codon in exon III, was more common in in-
dividuals carrying the G allele of rs1046295. Alternate splicing
events that generate such nonfunctional transcripts are relatively
common in the human genome and are often the targets of non-
sense-mediated RNA decay. This has led to the suggestion that
such alternate splicing is a form of gene regulation.23 A more re-
cent article, although confirming the existence of nonfunctional
transcripts, suggests the majority of these transcripts are not tar-
geted by nonsense-mediated decay but instead represent a class
of low-abundance transcripts. The formation of nonfunctional
transcripts is more common in species-specific splicing events,**
and inspection of human and mouse PHF1I genes shows that
human exon I is not present in mice and that all mouse PHF11
transcripts begin at an exon homologous with human exon II
(University of California, Santa Cruz Genome Web Browser).

Although the T allele of rs2247119 is also associated with
childhood AD® and is located close to the 5’ end of exon 111, this
SNP is not part of the splice recognition site, and resequencing of
our AD cohort failed to detect novel SNPs flanking exons I, II, or
IIT that might regulate RNA splicing (data not shown). Introns
1 and 2 are 10.5 and 6.3 kb long, respectively, and it is possible
that polymorphisms in regulatory elements within these large in-
trons regulate the alternate splicing of exons I through III. Be-
cause the G allele of rs1046295 is coinherited with the T allele
of 152247119 in 1 of the major and 2 of the minor haplotypes of
PHF11 (see Fig E2), this might explain why we detected the
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correlation between inheritance of the G allele of rs1046295
and increased levels of isoform I/III.

In human subjects nuclear import and DNA binding of the NF-kB
subunits p65 and c-Rel is impaired in a group of patients with AD.*
Further evidence linking perturbation in NF-kB signaling with
impaired Tyl-type responses comes from transgenic mice. Mice
that express a form of IkBa that is resistant to proteosomal degra-
dation have decreased Ty1-type cytokines and increased Ty2-de-
pendent inflammation,”® and mice functionally deficient for
CARMA-1, a scaffolding protein that regulates NF-kB activation
after T- and B-cell receptor activation, have atopy and dermatitis.”’

The NF-«kB p65 subunit interacts with an impressive number of
proteins that act as transcriptional coactivators in directing NF-
kB—dependent gene expression.28 Although PHF11 increased
luciferase activity from an NF-kB plasmid, we failed to detect
any evidence for PHF11 forming a DNA-binding complex with
p65 in vitro, suggesting that PHF11 could regulate NF-kB by an
indirect mechanism. The protein MYBBP1 interacts with the
p65 subunit of NF-kB but affects neither the DNA binding nor nu-
clear import of p65. Instead, MYBBP1 competes for the binding
of the transcriptional coactivator p300 to p65.%° To elucidate the
precise mechanism by which PHF'1 I regulates gene transcription,
microarray analysis of CD4™ T cells transfected with PHF11
siRNA and the identification of other PHF11-associated proteins
will be required, especially because PHF11 itself appears to lack
recognizable domains that catalyze posttranslational modifica-
tions, such as acetylation or ubiquitinylation, both of which are
known to regulate p65 activity.>*!

In summary, we have presented evidence showing the atopy-
associated gene PHF11 is a regulator of Ty1-type cytokine gene
expression through NF-kB, a pathway already implicated in atopy
and atopic eczema from mouse and human studies. Future studies
aimed at identifying additional proteins that interact with PHF11
and genes regulated by PHF11 will further clarify the role of
PHFI11 in Tyl T-cell biology and in allergic disorders.

We thank Tatyana Chtanova, Sue Liu, Mary, Sisavanh, Kim Good, Stuart
Tangye, and Sabine Zimmer for the microarray data.

Clinical implications: Our data might lead to better understand-

ing of the genetic and molecular basis of the Ty1/Ty2 T-cell imbal-
ance that characterizes many allergic individuals.

REFERENCES

1. Williams H, Flohr C. How epidemiology has challenged 3 prevailing concepts
about atopic dermatitis. J Allergy Clin Immunol 2006;118:209-13.

2. Ili S, von Mutius E, Lau S, Nickel R, Gruber C, Niggemann B, et al. The natural
course of atopic dermatitis from birth to age 7 years and the association with
asthma. J Allergy Clin Immunol 2004;113:925-31.

3. Nakazawa M, Sugi N, Kawaguchi H, Ishii N, Nakajima H, Minami M. Predomi-
nance of type 2 cytokine-producing CD4+ and CD8+ cells in patients with atopic
dermatitis. J Allergy Clin Immunol 1997;99:673-82.

4. Tang ML, Kemp AS, Thorburn J, Hill DJ. Reduced interferon-gamma secretion in
neonates and subsequent atopy. Lancet 1994;344:983-5.

5. Katsunuma T, Kawahara H, Yuki K, Akasawa A, Saito H. Impaired interferon-
gamma production in a subset population of severe atopic dermatitis. Int Arch
Allergy Immunol 2004;134:240-7.

6. Jang N, Stewart G, Jones G. Polymorphisms within the PHF11 gene at chromo-
some 13ql4 are associated with childhood atopic dermatitis. Genes Immun
2005;6:262-4.

7. Zhang Y, Leaves NI, Anderson GG, Ponting CP, Broxholme J, Holt R, et al. Posi-
tional cloning of a quantitative trait locus on chromosome 13q14 that influences
immunoglobulin E levels and asthma. Nat Genet 2003;34:181-6.



1154 CLARKE ET AL

. Bienz M. The PHD finger, a nuclear protein-interaction domain. Trends Biochem

Sci 2006;31:35-40.

. Chtanova T, Newton R, Liu SM, Weininger L, Young TR, Silva DG, et al. Identifica-

tion of T cell-restricted genes, and signatures for different T cell responses, using a
comprehensive collection of microarray datasets. J Immunol 2005;175:7837-47.

. Liu SM, Xavier R, Good KL, Chtanova T, Newton R, Sisavanh M, et al. Inmune

cell transcriptome datasets reveal novel leukocyte subset-specific genes and genes
associated with allergic processes. J Allergy Clin Immunol 2006;118:496-503.

. Chtanova T, Tangye SG, Newton R, Frank N, Hodge MR, Rolph MS, et al. T follicular

helper cells express a distinctive transcriptional profile, reflecting their role as non-
Th1/Th2 effector cells that provide help for B cells. J Immunol 2004;173:68-78.

. Page NS, Jones G, Stewart GJ. Genetic association studies between the T cell

immunoglobulin mucin (TIM) gene locus and childhood atopic dermatitis. Int
Arch Allergy Immunol 2006;141:331-6.

. Jones G, Wu S, Jang N, Fulcher D, Hogan P, Stewart G. Polymorphisms within the

CTLA4 gene are associated with infant atopic dermatitis. Br J Dermatol 2006;154:
467-71.

. Spielman RS, McGinnis RE, Ewens WJ. Transmission test for linkage disequilib-

rium: the insulin gene region and insulin-dependent diabetes mellitus IDDM). Am
J Hum Genet 1993;52:506-16.

. Tahvanainen J, Pykalainen M, Kallonen T, Lahteenmaki H, Rasool O, Lahesmaa R.

Enrichment of nucleofected primary human CD4+ T cells: a novel and efficient
method for studying gene function and role in human primary T helper cell differ-
entiation. J Immunol Methods 2006;310:30-9.

. Meier T, Marangi PA, Moll J, Hauser DM, Brenner HR, Ruegg MA. A minigene of

neural agrin encoding the laminin-binding and acetylcholine receptor-aggregating
domains is sufficient to induce postsynaptic differentiation in muscle fibres. Eur
J Neurosci 1998;10:3141-52.

. Schreiber E, Matthias P, Muller MM, Schaffner W. Rapid detection of octamer

binding proteins with “mini-extracts,” prepared from a small number of cells.
Nucleic Acids Res 1989;17:6419.

. Su Al, Cooke MP, Ching KA, Hakak Y, Walker JR, Wiltshire T, et al. Large-scale

analysis of the human and mouse transcriptomes. Proc Natl Acad Sci U S A 2002;
99:4465-70.

. Maggirwar SB, Harhaj EW, Sun SC. Regulation of the interleukin-2 CD28-respon-

sive element by NF-ATp and various NF-kappaB/Rel transcription factors. Mol
Cell Biol 1997;17:2605-14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

J ALLERGY CLIN IMMUNOL
MAY 2008

Hohler T, Reuss E, Adams P, Bartsch B, Weigmann B, Worns M, et al. A genetic
basis for IFN-gamma production and T-bet expression in humans. J Immunol 2005;
175:5457-62.

Akdis M, Trautmann A, Klunker S, Daigle I, Kucuksezer UC, Deglmann W, et al.
T helper (Th) 2 predominance in atopic diseases is due to preferential apoptosis of
circulating memory/effector Thl cells. FASEB J 2003;17:1026-35.

Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K, et al. Systematic
discovery of regulatory motifs in human promoters and 3" UTRs by comparison of
several mammals. Nature 2005;434:338-45.

Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling of alter-
native splicing and nonsense-mediated mRNA decay in humans. Proc Natl Acad
Sci U S A 2003;100:189-92.

Pan Q, Saltzman AL, Kim YK, Misquitta C, Shai O, Maquat LE, et al. Quantitative
microarray profiling provides evidence against widespread coupling of alternative
splicing with nonsense-mediated mRNA decay to control gene expression. Genes
Dev 2006;20:153-8.

Dieckhoff K, Graf P, Beinhauer B, Schwaerzler C, Carballido JM, Neumann C,
et al. Deficient translocation of c-Rel is associated with impaired Thl cytokine
production in T cells from atopic dermatitis patients. Exp Dermatol 2005;14:
17-25.

Aronica MA, Mora AL, Mitchell DB, Finn PW, Johnson JE, Sheller JR, et al. Pref-
erential role for NF-kappa B/Rel signaling in the type 1 but not type 2 T cell-
dependent immune response in vivo. J Immunol 1999;163:5116-24.

Jun JE, Wilson LE, Vinuesa CG, Lesage S, Blery M, Miosge LA, et al. Identi-
fying the MAGUK protein Carma-1 as a central regulator of humoral immune
responses and atopy by genome-wide mouse mutagenesis. Immunity 2003;18:
751-62.

Sheppard KA, Rose DW, Haque ZK, Kurokawa R, McInerney E, Westin S, et al.
Transcriptional activation by NF-kappaB requires multiple coactivators. Mol Cell
Biol 1999;19:6367-78.

Owen HR, Elser M, Cheung E, Gersbach M, Kraus WL, Hottiger MO. MYBBP1la
is a novel repressor of NF-kappaB. J Mol Biol 2007;366:725-36.

Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf G, et al. Regulation of NF-
kappaB signaling by Pinl-dependent prolyl isomerization and ubiquitin-mediated
proteolysis of p65/RelA. Mol Cell 2003;12:1413-26.

Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB action
regulated by reversible acetylation. Science 2001;293:1653-7.



J ALLERGY CLIN IMMUNOL
VOLUME 121, NUMBER 5

METHODS

Tu1 and Ty2 cell culture

Naive CD4" T cells were negatively selected by using the CD4" T-Cell
Isolation Kit II and CD45RO microbeads (Miltenyi Biotech) and plated
onto a-CD3 (5 pg/mL; R&D Systems, Minneapolis, Minn)—coated, round-
bottomed, 96-well plates at a concentration of 1 X 10° cells/mL in X-Vivo
15 serum-free media (BioWhittaker) with 1 pwg/mL soluble a-CD28 (R&D
Systems) under either Ty1 (30 ng/mL rIL-12, 0.5 pg/mL neutralizing o-IL-
4) or Ty2 (20 ng/mL rIL-4, 2.5 pg/mL neutralizing a-IFN-y) conditions. Non-
polarized cells were cultured with a-CD3/a-CD28 costimulation only. After
48 hours, cells were washed and replated in round-bottom wells in the absence
of a-CD3/a-CD28 but containing 200 U/mL rIL-2 under Tyl-polarizing,
Ty2-polarizing, or nonpolarizing conditions for a further 6 days.

cDNA synthesis and real-time PCR

Total RNA was isolated by using the PureLink (Invitrogen) or PAXgene
(whole blood; PreAnalytiX, Franklin Lakes, NJ) systems. First-strand cDNA
was synthesized from 100 ng of RNA by using SuperScriptIll (Invitrogen)
with a mixture of Oligo(dT) and random hexamers in 25 pL, according to the
manufacturer’s instructions. PCR products were resolved on an agarose gel
and analyzed by means of Southern blotting with a PHFII digoxygenin-
labeled PCR product to analyze PHF 11 isoforms. PCR fragments were cloned
directly into pGEM-T Easy (Promega, Madison, Wis) and sequenced.
Quantitative real-time PCR was performed on a Corbett Rotagene (Corbett
Lifescience) by using Platinum SYBR Green Supermix (Invitrogen).
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Amplification efficiencies of different primer pairs were determined, and
melt-curve analysis was performed at the end of each PCR cycle to check
for nonspecific amplification products. All reactions were normalized against
either actin or 18S RNA and then to nonstimulated/control cells by using the
formula 224, Primer sequences are available on request.

Immune precipitation assays

Nuclear lysate from 8 X 10° stably transfected PHF11myc Jurkat T-cell
clones was adjusted to 150 mmol/L NaCl and 10 mmol/L KCI and incubated
with monoclonal a-myc antibody 9E10 for 2 hours at 4°C with rotation. Fifty
microliters of a 50% vol/vol solution of protein G—sepharose beads was added,
and incubation was continued for a further 3 hours. The beads were then
washed 4 times in 20 mmol/L HEPES (pH 7.9), 2 mmol/L. MgCl,, 150
mmol/L NaCl, 10 mmol/L KCI, and 0.5% NP40.

Antibodies and cytokines

Antibodies and suppliers were as follows: rabbit a-p65 (C-20; Santa Cruz
Biotechnology, Santa Cruz, Calif); rabbit a-PHF11 (BCO17212; ProteinTech
Group, Inc, Chicago, Ill); a-IL-4—phycoerythrin, IFN-y—fluorescein isothio-
cyanate, CD28 (MAB342), CD3 (MABI100), neutralizing o-IL-4
(MAB304), and IFN-y (MAB2852; R&D Systems); rabbit a-myc Tag
(Upstate Biotechnology, Lake Placid, NY); a-Histone-H3 (Cell Signaling
Technologies, Danvers, Mass); recombinant human IL-12 (R&D Systems);
and recombinant human IL-4 (Apollo Cytokine Research, Beaconsfield,
Australia).
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FIG E1. A, Left: PHF11siRNA decreases /L2 gene expression in Jurkat T-cell clones. Nonspecific siRNA con-
trols (NS[1] and NS[4]) and clones expressing each of 2 different PHF11 siRNAs (709/1] and 109(11] and
110[4] and 110[8]) are shown. Expression of PHF11, IL-2, and IL-2 receptor « (IL2R) are shown. Right: In-
creased IFN-y RNA, but not IL-2, in Jurkat T cells overexpressing PHF11myc. B, PHF11 is present as aggre-
gates in the nuclei of Jurkat T cells expressing a nonspecific siRNA (siRNA con, red) but is absent from the
nuclei of cells expressing PHF11-specific siRNA (siRNA 109). Merged images of PHF11 and nuclei are also
shown. C, PHF11myc forms aggregates in the nucleus of transfected 293T HEK cells and colocalizes with
PML. Dotted lines indicate the location of the nucleus.
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FIG E2. A, Major haplotypes and haplotype frequencies of PHF11. The hor-
izontal line and boxes represent the arrangement of PHF11 introns and
exons. Major haplotypes and haplotype frequencies are indicated, as are
the rs numbers and locations of each SNP genotyped. The genomic posi-
tion of each SNP (University of California, Santa Cruz Genome Browser
March 2006) is indicated below the diagram of PHF11. B, Linkage disequilib-
rium plot of genotyped PHF11 SNPs. Numbers are values of D', and red is
the highest and white is the lowest linkage disequilibrium. All results were
derived by using the cohort of 112 children with AD and their parents, as de-
scribed in the online-only Methods section and in the main text.
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