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The CF-modifying gene EHF promotes
p.Phe508del-CFTR residual function by altering
protein glycosylation and trafficking in epithelial cells

Frauke Stanke*!2, Andrea van Barneveld!?, Silke Hedtfeld!2, Stefan Wolfl3, Tim Becker®”

and Burkhard Tiimmler!?2

The three-base-pair deletion ¢.1521_1523delCTT (p.Phe508del, F508del) in the cystic fibrosis transmembrane conductance
regulator (CFTR) is the most frequent disease-causing lesion in cystic fibrosis (CF). The CFTR gene encodes a chloride and
bicarbonate channel at the apical membrane of epithelial cells. Altered ion transport of CFTR-expressing epithelia can be used
to differentiate manifestations of the so-called CF basic defect. Recently, an 11p13 region has been described as a CF modifier
by the North American CF Genetic Modifier Study Consortium. Selecting the epithelial-specific transcription factor EHF (ets
homologous factor) as the likely candidate gene on 11p13, we have genotyped two intragenic microsatellites in EHF to
replicate the 11p13 finding in the patient cohort of the European CF Twin and Sibling Study. We could observe an association
of rare EHF haplotypes among homozygotes for ¢c.1521_1523delCTT in CFTR, which exhibit a CF-untypical manifestation of the
CF basic defect such as CFTR-mediated residual chloride secretion and low response to amiloride. We have reviewed
transcriptome data obtained from intestinal epithelial samples of homozygotes for c.1521_1523delCTT in CFTR, which were
stratified for their EHF genetic background. Transcripts that were upregulated among homozygotes for ¢.1521_1523delCTT in
CFTR, who carry two rare EHF alleles, were enriched for genes that alter protein glycosylation and trafficking, both mechanisms
being pivotal for the effective targeting of fully functional p.Phe508del-CFTR to the apical membrane of epithelial cells. We
conclude that EHF modifies the CF phenotype by altering capabilities of the epithelial cell to correctly process the folding and

trafficking of mutant p.Phe508del-CFTR.
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INTRODUCTION

The autosomal-recessively inherited monogenic disease cystic fibrosis
(CF; OMIM #219700)" is caused by two defective copies of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene,” which
encodes a chloride® and bicarbonate®® channel localized in the apical
membrane of epithelial cells. The CFTR-transmitted basic defect can
be used to diagnose the disease by the analysis of sweat glands,®’
nasal®’ or intestinal epithelium.”

As CF is a rare disease affecting about 1:2000 newborns
in the Caucasian population, sample sizes of several 10000
individuals desirable for many genome-wide association studies
(GWAS)® cannot be obtained for the rare disease CF.
To preserve reasonable power to detect CF-modifying genes,’
the European CF Twin and Sibling Study restricts the analysis to
homozygotes of ¢.1521_1523delCTT in CFTR, studies extreme
phenotypes'®!! in a case-reference setting and employs endopheno-
types'>!3 rather than global clinical variables such as lung
function.

Recently, Wright et al have described and replicated a significant
association signal on a 11p13 intergenic region.'* We wanted to know
whether we could reproduce this finding in our truly independent
patient cohort of homozygotes for ¢.1521_1523delCTT in CFTR from
the European CF Twin and Sibling Study, which differs from the North
American CF Genetic Modifier Study by recruitment strategy,
phenotype evaluation, choice of genetic markers and approach to
evaluate genetic data as outlined before.? In addition, we have studied
transcriptome data from rectal suction biopsies, as first, intestinal
epithelium expresses large amounts of CFTR!® and second, owing to
the high turnover rate of epithelial cells in the intestine, these samples
are less prone to secondary alterations by inflammatory processes in
comparison to pulmonary tissue.'®

PATIENTS AND METHODS

Measurement of the CF basic defect

Assessment of the CF basic defect was carried out in vivo by nasal potential
difference (NPD) measurement and ex vivo on rectal suction biopsies by
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intestinal current measurement (ICM). As outlined in detail elsewhere,
secretagogues that activate or block ion channels, ion exchangers or compo-
nents of the cellular signal transduction pathways were applied by superfusion
of the lower nasal turbinate!” or to excised rectal suction biopsies mounted in
a micro-Ussing chamber.!®

We have used both techniques to discriminate between patients with and
without residual chloride secretion. As ICM is an ex-vivo method applied to
patient’s biopsies, the toxic compound DIDS (4,48-diisothiocyanostilbene-
2,28-disulfonic acid), which has been reported to block chloride channels other
than CFTR, could be used to differentiate between CFIR-mediated residual
chloride secretion and chloride secretion through alternative channels.'” Based
on compounds used in NPD, contrasting phenotypes for the response to the
applied secretagogues were defined whereby the work reported upon here is
focused on the response to amiloride, which blocks the epithelial sodium
channel ENaC. All ICM and NPD results obtained from twins and siblings,
which were used to characterize the role of EHF in CF, have been previously
described by Bronsveld et al.!*20

Patient population

The study population and the selection criteria for cases and references of the
association study have been described in detail elsewhere.’ Briefly, genotyping
data from 101 CF families, 85 of which are a subgroup of the twin and sibling
study panel of 466 twin and sibling pairs, were used for the association study.’
Sixteen unrelated homozygotes for ¢.1521_1523delCTT in CFTR with known
basic defect and their parents were included into the analysis of the
manifestation of the CF basic defect.>?!">3 For the endophenotype ‘response
to amiloride in NPD), patients who showed a change of 27mV or less upon
superfusion of the lower nasal turbinate with amiloride-containing solution
were defined as cases (13 unrelated patients).’ Patients who showed a change
of 28mV or more upon superfusion of the lower nasal turbinate with
amiloride-containing solution were defined as references (17 unrelated
patients).”

For the endophenotype ‘CFTR-mediated residual chloride secretion in ICM,
patients who displayed chloride secretion mediated by CFTR, defined as the
presence of chloride secretion upon stimulation with carbachol and the
presence of chloride secretion upon stimulation with histamine after inhibition
with DIDS,!20 were enrolled as cases (nine unrelated patients).’ Contrastingly,
patients who did not show residual chloride secretion upon stimulation with
carbachol and histamine were enrolled as references (14 unrelated patients).’

EHF genotyping

We have developed two microsatellite markers for EHF genotyping de novo as
follows: the genomic sequence of the epithelial-specific transcription factor EHF
(ets homologous factor, alias EHF, #26298; ENTREZ gene accessed at http://
www.ncbi.nlm.nih.gov/gene) was obtained from NG_029177.1 (version from
02. APR 2012; bp coordinates 5001-47 248; ENTREZ nucleotide accessed at
http://www.ncbi.nlm.nih.gov/nuccore), which covers the entire EHF-coding
sequence. Four intragenic repetitive motifs were noticed: a (TG), repeat in
intron 1, two further (TG),-repeats in intron 2 and a (CA),-repeat in intron 6.
Microsatellite genotyping using one biotinylated primer was established on a set
of five non-CF control DNA samples. Two out of these four repetitive elements
displayed allele variation among the control samples and were used to assess the
genetic variability of the EHF locus. Microsatellite genotyping was established
for two intragenic informative polymorphic sequences, that is, a (TG),-repeat
in intron 1 (motif starting at position 6071; primers used for amplification:
5-TGTTGGGTCAGAGTGAATGG-3' and 5-ATCTCCCTGCTACCCACCT
T-3') and a (TG),-repeat in intron 2 (motif starting at position 24 984; primers
used for amplification: 5'-GGCAGTGGGATATCAGTCCA-3' and 5'-GCTTATT
GTCCATACCCAAATCG-3' of the reference sequence (Figure la).

Both markers were amplified using one biotinylated primer. Genotypes were
visualized by direct blotting electrophoresis on a high-resolution polyacrylamide
gel and chemoluminescence detection of biotinylated PCR products as
described elsewhere.” An invariant set of control samples was used as an
internal control to calibrate the allele size on all genotyping analyses.
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Data evaluation and statistics

Genotyping data were evaluated using the software package FAMHAP (http://
famhap.meb.uni-bonn.de/). Genetic data for the association study were
evaluated using the FAMHAP software package,?* which allows family-based
analysis >?° and accepts data evaluation in association with studies on
unrelated individuals as well as on affected sib pairs.?* Case-reference
comparisons were carried out using 10000 Monte—Carlo simulated data
sets,”*2 whereby the analysis of more than one marker per locus is
corrected for multiple testing by haplotype permutation.”® For this purpose,
the entire data set of cases and references is used to estimate haplotype
frequencies.”* Haplotype, or, in cases of non-informative phase or haplotype
uncertainty, weighted haplotype explanation lists are assigned to each individual
whereby the haplotype frequencies of the entire data set are taken into account
to compute the conditional likelihood weights.?* Permutation is done by
randomly assigning the affection status to the individuals in each replication
whereby the ratio of cases to controls is kept constant.>*

P-values for comparison of n-marker-haplotypes and all marker subsets
derived thereof are computed as s/n, where n is the number of permutation
replicates and s is the number of permutation replicates leading to a test
statistic higher than or equal to that of the real data.”* Reported P values are:
Praw, referring to a computed P value of a single marker or marker
combination and Pcorr, referring to the P value of the entire marker set that
is corrected for multiple testing of all genotyped markers. The adjustment for
multiple testing properly accounts for LD within the Monte—Carlo simulation
framework that evaluates the corrected significance minP, the smallest observed
raw P-value.”> The computational details of the minP principle have been
described elsewhere.?

To allow a comparable assignment of weighted haplotype explanations in all
subpopulations, the entire genotyping data of 101 CF families were provided as
a training set to FAMHAP for all case-reference comparisons.’

Transcriptome analysis

The global transcriptome data evaluated within this manuscript were derived
from an earlier study on rectal suction biopsies, which include 16 unrelated
homozygotes for ¢.1521_1523delCTT in CFTR, who were enrolled for their
ICM phenotype as described above.?!?* Explicitly, the basic defect and
subsequently the transcriptome were assessed in the same patients and in
the same tissue samples.

Total RNA was isolated from rectal suction biopsies using the RNeasy kit
(Qiagen Corp, Hilden, Germany) and quality was determined by gel electro-
phoresis. ¢cDNA was synthesized from total RNA and hybridized on the
Affymetrix Chips (Gene-ChipHuman Genome U133 Plus 2.0 Array, Affymetrix,
Santa Clara, CA, USA) according to the protocol from Affymetrix Manual
(version 700217 rev 3). The data set has been deposited in the GEO database
under accession number GSE15568. The expression data for 22283 probe sets
were normalized and evaluated using Affymetrix Microarray Suite v5.1 software
(Affymetrix).

The transcriptiome data were analyzed using the web-based interface of
the tool GenePattern, accessed at http://broadinstitute.org/cancer/software/
genepattern,27 to evaluate our transcriptome data comparing two patient
subgroups defined by their EHF intragenic background at 22283 probe sets.
Next, we have submitted the two lists of differentially expressed genes to the
database for annotation, visualization and integrated discovery DAVID,
accessed at http://david.abec.ncifcrf.gov/,?® 2 for gene-enrichment analysis.

RESULTS

Allele distribution at the EHF locus

We have developed two microsatellite markers EHFSat1 and EHFSat2

within EHE Both were informative showing a bimodal allele

distribution, displaying a polymorphism information content of

0.26 (EHFSat1) and 0.37 (EHFSatl) and heterozygosity values®® of

0.51 (EHFSatl) and 0.73 (EHFSat2), respectively (Figure la—c).
Haplotype frequencies derived by family-based analysis through

FAMHAP?4-%6 for marker combination EHFSat1-EHFSat2 showed no

divergence from expectancy values assuming an independent
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Figure 1 Allele distribution at the EHF locus. Markers EHFSatl and EHFSat2 were genotyped on 101 CF families with a total of 171 patients who are
homozygous for ¢.1521_1523delCTT in CFTR. Alleles at EHFSatl and EHFSat2 were scored using an invariant set of control samples in arbitrary repeat
units of the repetitive (TG)n-repeat motif. EHFsatl-EHFsat2 haplotypes of CF patients were reconstructed using FAMHAP. (a) Map of EHF, retrieved
from http://www.ncbi.nlm.nih.gov/. EHFSatl corresponds to the polymorphic sequence starting at position 6071; primers used for amplification:
5'-TGTTGGGTCAGAGTGAATGG-3’ and 5'-ATCTCCCTGCTACCCACCTT-3'. EHFSat2 corresponds to the polymorphic sequence starting at position 24 984;
primers used for amplification: 5-GGCAGTGGGATATCAGTCCA-3' and 5'-GCTTATTGTCCATACCCAAATCG-3'; (b-d) Allele distribution for EHFSatl (b),
EHFSat2 (c) and marker combination EHFSatl-EHFSat2 (d) of the 171 homozygotes for ¢.1521_1523delCTT in CFTR from 101 CF families. (e and f)
Allele distribution for marker combination EHFSatl-EHFSat2 among patient subsets stratified for response to amiloride in nasal potential difference
measurement ((e): case population: 13 unrelated homozygotes for ¢.1521_1523delCTT in CFTR, which display a response of 27 mV or less to amiloride in
NPD; reference population: 17 homozygotes for ¢.1521_1523delCTT in CFTR, which display a response of 28 mV or more to amiloride in NPD) and
manifestation of DIDS-insensitive residual chloride secretion in intestinal current measurement ((f): case population: 9 unrelated homozygotes for
€.1521_1523delCTT in CFTR, which display DIDS-insensitive residual chloride secretion in ICM; reference population: 14 unrelated homozygotes for
¢.1521_1523delCTT in CFTR, which do not display any residual chloride secretion in ICM).
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combination of alleles at both marker loci, indicating that variants at
both markers have arisen sufficiently long ago to reflect a low LD
(D'=0.172) between the two polymorphic markers, which are
located at a physical distance of 18 kb. EHFSat1-EHFSat2 haplotype
10-14 was observed on a third of the chromosomes and three further
haplotypes (10-10, 10-13, 15-14) were observed on a tenth of
chromosomes. The remaining 50% of chromosomes carried 1 of
the 15 other rare EHFSat1-EHFSat2 haplotypes (Figure 1d).

Minor indication of a transmission disequilibrium (Praw = 0.0712)
that did not withstand the correction for multiple testing
(Pcorr=0.168) was observed whereby EHF haplotypes 10-10 and
10-13 were being more frequently observed on transmitted than on
non-transmitted alleles, whereas the haplotype 10-14 was enriched
among non-transmitted alleles.

In conclusion, the two markers EHFSatl and EHFSat2 were
sensitive with respect to differences in the EHF genetic background.

Association of EHF alleles with the manifestation of the CF basic
defect

We wanted to know whether the EHF genetic background was associated
with the manifestation of the CF basic defect. Case and reference
populations were defined based on NPD measurements and ICM. 718

Significant differences between case and reference populations have
been observed for the manifestation of the CF basic defect in
respiratory and intestinal tissue (Figure le,f). First, allele distributions
for marker combination EHFSatl-EHFSat2 were different between
patients with high (n=17) and low (n=13) response to amiloride in
NPD measurement (Praw = 0.0082, Pcorr =0.02). Second, allele dis-
tributions for marker combination EHFSatl-EHFSat2 were different
between patients with DIDS-insensitive residual chloride secretion
(n=29) and patients who did not show any residual chloride secretion
(n=14) as determined by ICM (Praw = 0.0268, Pcorr = 0.0593).

The allele distributions of the patient subpopulation who displayed
a high response to amiloride in NPD and the patient subpopulation
who did not show any residual chloride secretion in ICM were both
markedly enriched for the most frequent EHF allele designated 10-14
at marker combination EHFSatl-EHFSat2. In both case subpopula-
tions, nobody carried this most frequent EHF allele on both
chromosomes, whereas in both reference subpopulations, four of
the patients were homozygous for the most frequent EHF allele 10-14
(endophenotype NPD/amiloride response: Praw = 0.0474 for diplo-
type analysis; endophenotype ICM/DIDS-insensitive residual chloride
conductance: Praw = 0.0531 for diplotype analysis).

We conclude that the most frequent EHF allele, designated as 10-14
in our marker combination EHFSat1-EHFSat2, was associated with a
CF-typical basic defect phenotype that is characterized by a high
response to amiloride in NPD and by the absence of residual chloride
secretion in ICM. Conversely, rare EHF alleles were associated
with DIDS-insensitive residual chloride secretion, which is indicative
of CFTR-mediated residual activity in the homozygotes for
€.1521_1523delCTT in CFTR.

EHF genetic background defines a set of differentially expressed
genes

We wanted to know how the genetic background of EHE encoding
for an epithelial-specific transcription factor,>'3* alters the
transcriptome of epithelial cells in order to provide a molecular
hypothesis for the observed association of rare EHF alleles with
CFTR-mediated residual chloride secretion. We have reviewed
global transcriptome data from 16 unrelated homozygotes for
¢.1521_1523delCTT in CFTR who have been enrolled in a study on
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the manifestation of the basic defect in excised intestinal biopsies and
subsequent CFTR protein analysis and GeneChip-based transcriptome
analysis.>21-23

The 16 homozygotes for ¢.1521_1523delCTT in CFTR enrolled into
the transcriptome study were grouped based on their intragenic EHF
haplotypes. As the most frequent EHF haplotype was associated with
a CF-typical basic defect phenotype, that is, high response to
amiloride and the absence of CFTR-mediated residual function, we
decided to define two subgroups, one of which carries two rare EHF
alleles (seven patients) and one of which carries at least one frequent
EHF allele (nine patients).

We have used GenePattern?’ to evaluate our transcriptome data
comparing two patient subgroups defined by their EHF intragenic
background at 22283 probe sets provided by hybridization of cDNA
derived from rectal suction biopsies of homozygous patients for
¢.1521_1523delCTT in CFTR to Gene-ChipHuman Genome U133
Plus 2.0 Array (Affymetrix,Santa Clara, CA, USA). Using the formal
non-stringent cutoff of P<0.05 to select differentially expressed genes
between our two subsamples stratified for EHF genotype, we could
identify 1166 probe sets as candidates (Supplementary material,
Supplementary Table 1). Expression values of 746 of these probe sets
were elevated among the nine homozygotes for ¢.1521_1523delCTT
in CFTR, which carry at least one frequent EHF allele, and expression
levels of 420 probe sets were elevated among the seven homozygotes
for ¢.1521_1523delCTT in CFTR, which carry two rare EHF alleles.

Genes that define protein trafficking and processing are
upregulated among carriers of rare EHF alleles

We have submitted the two lists of differentially expressed genes to the
database for annotation, visualization and integrated discovery
DAVID?%? for gene enrichment analysis. For the analysis of the
data presented here, gene sets defined by a common annotation were
considered based on the Gene Ontology—categories®* for ‘cellular
component’ (GOTERM_CC), ‘molecular function’ (GOTERM_MF)
and ‘biological process’ (GOTERM_BP).

The primary DAVID output was filtered using a stringent EASE-
score?®2? of 0.001 and demanding that the retrieved GO gene set is
covered by more than 10 genes within the analyzed data set, equivalent
to a coverage of at least 2.6% (11/420) and 1.5% (11/746) of the
differentially expressed genes. By these criteria, the two data sets were
enriched for gene sets with entirely different functions: The data set of
the 746 probe sets with elevated expression values among the nine
homozygotes for ¢.1521_1523delCTT in CFTR, which carry at least one
frequent EHF allele, genes that interact with DNA and/or RNA, being
likely to participate in general gene regulation, is enriched
(Supplementary Table 3). In contrast, in the 420 probe sets with higher
expression among the seven homozygotes for ¢.1521_1523delCTT in
CFTR, which carry two rare EHF alleles, genes that specifically take part
in the glycosylation of biopolymers and genes that are assigned to the
Golgi apparatus were found to be enriched by DAVID (Supplementary
Table 4). As p.Phe508del-CFTR is well-known as a folding and
trafficking mutant,’?> genes that alter membrane protein
glycolsylation and/or transport within the Golgi apparatus such as
those found among enriched among these 420 genes are likely
candidates to mediate the observed association between a rare EHF
background and CFTR-mediated residual chloride secretion.

EHF differentially expressed genes encode for CFTR interaction
partners

We wanted to know how many of the 1166 differentially expressed
genes can be associated with protein processing, trafficking and
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post-translational modification or protein degradation via any of the
above-listed CFTR-relevant pathways in order to provide a second mode
of data analysis independent of the hypothesis-free gene-enrichment
analysis. As DAVID could provide an annotation for 378 out of the 1166
genes submitted to the annotation tools with our stringent cutoff
criteria of an cutoff of EASE score of 0.001 and a gene count of more
than 10 genes, we decided to screen the entire data set of 1166
differentially expressed genes manually for annotations containing terms
related to trafficking, processing of membrane proteins, vesicle traffick-
ing and subcellular designations to the compartments ‘endoplasmatic
reticulum (ER) ‘golgi, ‘endocytic vesicle, ‘lysosome’ and ‘proteasome’
A total of 98 gene records could be attributed to one of these categories
or were associated with vesicle transport, listed as members of the

heat-shock protein family directly interacting with CFTR (HSPA4, alias
Hsp70) or designated as part of the ubiquitin-dependent degradation
pathway (Figure 2). Please note that the distribution of genes is highly
asymmetrical between the two subgroups defined by EHF intragenic
backgound: genes associated with proteasomal degradation (Figure 2i)
are predominatly upregulated among carriers of the frequent EHF
haplotype. Most strikingly, genes associated with post-translational
modifications (Figure 2e) are nearly exclusively found in the gene set
that is upregulated among carriers of rare EHF haplotypes.

A detailed description of the so-called chaperome, describing CFTR
interaction partners has been provided by Wang et al>” Curiously,
among the 1166 differentially expressed probe sets, the following
12 genes are part of the CFTR chaperome: the sorting nexin SNX4,

d

Figure 2 EHF-dependent gene regulation in relation to p.Phe508del-CFTR biosynthesis, trafficking and post-translational modification. Mature, fully
glycosylated and functional p.Phe508del-CFTR—emphasized as a green line at the apical membrane (AM) — reaches the apical membrane through
trafficking pathways3¢:37 illustrated as green arrows (a). These encompass biosynthesis and insertion into the lipid bilayer (IA), utilization of the
ER-associated folding pathway (ERAF)37, passage through the ER, ERGIC (IB) and Golgi-compartments, post-translational modifications (PTMs) and finally,
transport of mature p.Phe508del-CFTR to subapically localized vesicles (IC) and to the AM (ID). The alternative CFTR maturation pathway that bypasses the
ERGIC and Golgi compartments#® is shown (l1). In contrast, pathways that lead to degradation of p.Phe508del-CFTR36:37 are depicted in orange. These
encompass the ER-associated degradation pathway ER-associated degradation (ERAD)37 that leads to degradation in the proteasome (PR) and the
retrograde traffic of endosomes from the subapical compartment (lll) toward the lysosome (LY). EHF-dependent differentially regulated genes whose
products have been annotated to partake in any of these pathways crucial to p.Phe508del-CFTR biosynthesis, maturation and trafficking are shown in b-j.
Gene products for which the subcellular localization cannot be specified are listed in j. Forty trafficking and maturation genes whose expression are
upregulated among the nine p.Phe508del-CFTR homozygous carriers of at least one frequent EHF allele are shown in orange. Fifty-eight trafficking and
maturation genes whose expression are upregulated among the seven p.Phe508del-CFTR homozygous carriers of two rare EHF alleles are shown in green.
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the culumenin CALU and the kinesin KIF5B (involved in protein
sorting and/or vesicle transport), the proteasome subunit PSMBI, the
cystatin B CSTB and the ubiquitin C (involved in protein degradation),
the cytoplasmatic guanine nucleotide exchange factor RANBPI0, the
GTPase SEPT6, the ATPase ATP2A2, the regulatory protein FAMI20A,
the apoptosis-inducing factor AIFMI and the regulatory membrane-
protein of complement-mediated cell lysis CD59. Related findings are:
the sorting nexin 13, the gene EPSSLI, whereby the epidermal growth
factor receptor pathway substrate 8, EPS8, is part of the p.Phe508del-
CFTR chaperome,37 and the cadherin CDH11, whereby CDH1, is part
of the p.Phe508del-CFTR chaperome.’” In conclusion, part of the
chaperome that determines whether or not p.Phe508del-CFIR is
processed correctly, appears to be regulated by an EHF-dependent
pathway. Apart from these genes allocated to the CFTR chaperome, the
CFTR interaction partner syntaxin 16’ and the chaperone HSPA4 (heat
shock 70kDa protein 4) are among the differentially regulated genes.

EHF differentially expressed genes encode for CF modifiers

Of the 1166 differentially expressed probe sets, four CF-modifying
genes and/or their networking partners have been implicated. Of the
tumor necrosis factor receptor 1 pathway, TNFRI itself being a CF
modifier, !0 the genes TNFAIP2 (tumor necrosis factor, alpha-induced
protein 2) and TRAF4 (TNF receptor-associated factor 4) have been
found to be differentially regulated. The signal transducer and activator
of transcription 3 STAT3 were identified as a CF modifier?® and as a
differentially regulated gene itself as well as PIAS4 (protein inhibitor of
activated STAT). The CF modifier ADRB2,8 encoding the beta2-
adrenergic receptor, was likewise present among the EHF-regulated
genes. Finally, the network of the CF modifier transforming growth
factor beta 1% was represented by four genes: TGIF2 (TGFB-induced
factor homeobox 2), LTBPI (latent transforming growth factor
beta-binding protein 1), LTBP2 (latent transforming growth factor
beta-binding protein 2) and TGFBI (transforming growth factor, beta-
induced). Notably, STAT3 and TNFR1 have been shown to modify the
CF basic defect.'®?® In conclusion, gene products belonging to
pathways of CF-modifying genes are represented among the data set
of EHF-dependent, differentially expressed genes. Finally, an inhibitor
of the histone deacetylase 7 was shown to restore the function of
p.Phe508del-CFTR.*® Consistently, histone deacetylase 7 was 2.3-fold
downregulated among the p.Phe508del-CFTR homozygotes, which
carry two rare EHF alleles associated with CFTR-mediated residual
function in our sample.

DISCUSSION

In 2010, Wright et al have described a CF modifier locus on 11p13 in
a GWAS,'> suggesting the epithelial-specific transcription factor
EHF'"$20 a5 a strong candidate. We have asked whether we could
reproduce the finding and elucidate the underlying molecular
mechanism and have undertaken a replication study in the patient
panel of homozygotes for c.1521_1523delCTT in CFTR of the
European CF Twin and Sibling Study.

To compensate for the loss of power inflicted upon the study by the
limited sample size of subgroups stratified for extreme clinical pheno-
types (being infrequent by definition) or for basic defect phenotypes,
such as homozygotes for ¢.1521_1523delCTT in CFTR, which display
CFTR-mediated residual function (being infrequent because of the
etiology of the disease), care was taken to use highly informative
markers to target EHF as a candidate gene in our study population.

Association signals were observed for two basic defect manifesta-
tions of perturbed ion transport: first, the manifestation of a
CF-typical high response to amiloride in NPD measurement was

EHF alters p.Phe508del-CFTR trafficking
F Stanke et al

associated with the most frequently observed EHF allele observed on a
third of the chromosomes (Praw = 0.0082, Pcorr = 0.02). Second, rare
EHF alleles were accumulated among patients with CFTR-mediated
residual chloride secretion determined by ICM of rectal suction
biopsies (Praw =0.0268, Pcorr =0.0593). These two independent
findings in non-overlapping subsamples both assign the most
frequent EHF allele to the CF-typical phenotype, whereas in the
both cases, rare EHF alleles correspond to atypical basic
defect phenotypes among homozygotes for ¢.1521_1523delCTT
in CFTR.

To investigate how rare and frequent EHF alleles translate on the
molecular level, we have reviewed transcriptome data obtained from
rectal suction biopsies with Affymetrix gene chips.!” Data sets were
compared between samples from individuals who carry two rare EHF
alleles and samples from individuals with at least one frequent EHF
allele. Comparison of transcriptomes by GenePattern®! and pathway
analysis by DAVID 3233 indicated that the transcript set upregulated
among carriers of rare EHF alleles was significantly enriched for genes
that participate in post-translational modification of proteins by
glycosylation and proteins that facilitate trafficking between the ER
and Golgi compartment.

The CF disease causing lesion ¢.1521_1523delCTT in CFTR has
been termed a folding and trafficking mutant as the efficiency with
which the resulting mutant protein p.Phe508del-CFTR is transported
to the apical membrane and processed to the fully glycosylated form is
substantially lower in comparison to wild-type CFTR protein.’® The
amount of correctly processed and functional p.Phe508del-CFTR
protein is increased by efficient CFTR gene transcription, processing
of the primary transcript by splicing and subsequent biosynthesis of
the membrane protein in the ER. Subsequently, efficient trafficking
requires correct folding of transmembrane helices through the ER
lipid bilayer,*>#! passage through the endoplasmic reticulum—Golgi
intermediate compartment (ERGIC) and Golgi compartments,*>#4
glycosylation and finally translocation to the apical membrane.*’
Analogously, the amount of apically located CFTR is decreased by
retention of the protein in the ER and subsequent degradation by the
proteasome through the ER-associated degradationpathway.*>~4* Part
of the cellular CFTR pool resides in a subapical membrane
compartment from which it can be either recycled to the membrane
or destined for degradation.*®® An alternative trafficking pathway that
bypasses the ERGIC and Golgi-compartments has been described by
Yoo et al.®® Strikingly, genes involved in these pathways that are vital for
the processing and trafficking of membrane proteins such as CFTR
were differentially expressed in intestinal epithelial tissue derived from
homozygotes for c.1521_1523delCTT in CFTR who were stratified
according to their EHF genetic background (Figure 2).

In conclusion, the data presented in this work shows consistency
with the current knowledge on p.Phe508del-CFTR cellular physiology
as an alteration of two major pathways, that is, protein glycosylation
and trafficking, promotes p.Phe508del-CFTR residual function
depending on the EHF genetic background. As the amount of residual
chloride secretion has been shown to correlate with CF disease severity
before, 2031 it is tempting to speculate that the association signal on
11p13, detected in a GWAS conducted to identify modifiers for CF
lung disease severity in the large patient cohort of the North American
CF Genetic Modifier Study,'® has its molecular basis in the EHF-
dependent alteration of the epithelial transcriptome.
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