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Introduction

Cystic fibrosis (OMIM 602421) is a life-threatening disease 
characterized by recurrent pulmonary infections, permanent 
inflammation, pancreatic insufficiency, and male infertility. This 
inherited autosomal recessive condition results from mutations in 
the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 
gene. CFTR encodes a chloride channel that is responsible for 
anion transport across the apical membrane of epithelial cells. 
The defective protein results in thick, sticky, and obstructive 
mucus. CFTR expression is generally low and confined primarily 
to specific epithelial cell types in tissues and organs that are 
affected in cystic fibrosis. The gene is highly expressed in the 
pancreatic duct and in the crypts of the small intestine but 

weakly expressed in the epididymis. In the lung, its expression is 
high during fetal life and low postnatally.1

The molecular mechanisms responsible for CFTR 
transcription are complex: the promoter mainly accounts for 
basal and the AMPc-induced transcription, whereas multiple 
long-distance cis-regulatory sequences contribute to temporal 
and spatial regulation.2,3 Critical sequences have been identified 
in the promoter of CFTR, such as CArG-like and CCAAT-
like elements and a variant AMPc response element (CRE).4-7 
Promoter regulatory sequences bind ubiquitously-expressed 
factors that either activate or repress transcription.2 Long-distance 
cis-regulatory sequences interact with the CFTR promoter via a 
looping mechanism and bind trans-activating factors that are 
expressed in a restricted number of tissues. Among the best 
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The genetic mechanisms that regulate CFTR, the gene responsible for cystic fibrosis, have been widely investigated 
in cultured cells. However, mechanisms responsible for tissue-specific and time-specific expression are not completely 
elucidated in vivo. Through the survey of public databases, we found that the promoter of CFTR was associated with 
bivalent chromatin in human embryonic stem (ES) cells. In this work, we analyzed fetal (at different stages of pregnancy) 
and adult tissues and showed that, in digestive and lung tissues, which expressed CFTR, H3K4me3 was maintained in 
the promoter. Histone acetylation was high in the promoter and in two intronic enhancers, especially in fetal tissues. 
In contrast, in blood cells, which did not express CFTR, the bivalent chromatin was resolved (the promoter was labeled 
by the silencing mark H3K27me3). Cis-regulatory sequences were associated with lowly acetylated histones. We also 
provide evidence that the tissue-specific expression of CFTR is not regulated by dynamic changes of DNA methylation 
in the promoter. Overall, this work shows that a balance between activating and repressive histone modifications in the 
promoter and intronic enhancers results in the fine regulation of CFTR expression during development, thereby ensuring 
tissue specificity.
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characterized, two intestinal enhancers are present in introns 
1 and 11.2,3,8-11 Another CFTR cis-regulatory sequence, which 
enhances gene transcription in airway cell lines, maps 35 kb 
upstream of the transcription start site (TSS).12 Finally, the 
CFTR gene is flanked by insulators that bind the CCCTC-factor 
(CTCF) protein and promote chromatin loop formation.13,14 
Great advances have been made in the comprehension of CFTR 
regulation, but the mechanisms responsible for tissue- and time-
specific expression are not yet completely elucidated. Current 
knowledge is based largely on the study of cultured cells, and 
regulation is poorly characterized in vivo. In this work, we 
address how epigenetic modifications contribute to the complex 
regulation of CFTR transcription in human tissues. Compelling 
evidence suggests that epigenetic mechanisms are relevant. The 
promoter of CFTR is highly methylated in lung, liver, and bladder 
cancers, showing that the gene may acquire DNA methylation 
during cell transformation.15-17 Moreover, most of the factors 
that either activate or repress CFTR transcription are associated 
with HATs (Histone acetyltransferases) and HDACs (Histone 
deacetylases), respectively.7,18

Since epigenetic modifications are profoundly altered by cell 
culture, we addressed the regulation of CFTR in a physiological 
context by analyzing human tissues from non-cystic fibrosis 
donors. To detect developmental changes, we compared fetal and 
adult tissues.

Results

CFTR expression in human adult and fetal tissues
We quantified the relative expression of CFTR in 22 human 

adult tissues (mRNAs pooled from 1 to 64 individuals) and 
in 33 fetal samples corresponding to nine tissues from women 
at different stages in their pregnancies. Adult donors were not 
affected by cystic fibrosis and fetuses were genotyped to exclude 
the presence of any known pathogenic mutation in the CFTR 
gene.

In adult tissues, CFTR expression was high in digestive 
samples, the highest levels being found in pancreas and salivary 
gland samples; CFTR expression was lower in respiratory samples 
and very low or absent in other tissues (i.e., blood, thymus, and 
heart) (Fig.  1A). In fetuses, CFTR was expressed in the same 
tissues, but the relative expression levels differed (Fig.  1B). In 
fetal pancreatic samples, expression increased steadily from the 
second to the third trimester of pregnancy and to adulthood. No 
first trimester samples were collected because the pancreas is very 
small at this stage. A less striking, but still significant change 
was observed in the lung, where CFTR expression was higher 
in first trimester (end) and second trimester samples, lower in a 
third trimester sample, and very low in adults. No expression was 
detected in fetal thymus, heart, muscle, skin, and liver samples.

Low DNA methylation in the CFTR promoter irrespective 
of transcription

The human CFTR gene is associated with a 1-kb CpG 
island (GC = 55%, Observed/Expected = 0.65) that overlaps 
the minimal promoter (Fig.  2). Differences in the level of 

expression across tissues and during fetal development may result 
from dynamic changes of DNA methylation in the promoter. 
Using pyrosequencing, we measured DNA methylation in 
44 fetal samples collected from 9 organs, and 68 adult samples 
collected from 19 organs (Fig. 3A and B). In fetal tissues, DNA 
methylation was very low; little variation was observed across 
individuals or across tissues. However, it was slightly higher in 
fetal tissues from third than first or second trimester pregnancies. 
DNA methylation was higher in adult tissues than in fetal 
tissues. Inter-tissue and inter-individual variations were evaluated 
in four tissues for which at least six adult samples were available: 
DNA methylation was higher in colon and blood samples than 
in lung and nasal epithelial samples (Fig.  3C). Variations did 
not correlate with the donor’s age (the Spearman test; Table S1). 
Also, they did not correlate with the levels of expression: DNA 
methylation was not significantly different in colon and blood 
samples, although the former expressed CFTR and the latter did 
not. We concluded that tissue-specific expression of CFTR is 
not regulated by dynamic changes of DNA methylation in the 
promoter.

DNA methylation of CFTR increases in a subset of cells 
during lifetime

Next, using bisulfite and genomic sequencing (BGS), we 
measured DNA methylation of a 537-bp region in the promoter of 
CFTR (Fig. 2). The analysis of eight adult and four fetal samples 
confirmed that DNA methylation was higher in adult samples 
and, of importance, showed that methylated CpG dinucleotides 
were clustered in a few clones (Fig.  4A). Having excluded 
incomplete bisulfite conversion (no methylation was found in 
CpA, CpT, and CpC sites—data not shown), we concluded that 
adult tissues comprised a majority of unmethylated cells mixed 
with a few heavily methylated cells. To corroborate this finding 
in a larger number of samples, we analyzed DNA methylation 
by bisulfite and next-generation sequencing (NGS), an approach 
that allowed us to multiplex several samples (Fig.  4B). In 
principal component analysis, the DNA methylation profiles of 
30 adult (10 colon, 10 nasal epithelial, and 10 blood) samples 
were scattered, revealing the presence of a variable percentage 
of heavily methylated cells that contributed to inter-individual 
variations (Fig.  4C). In contrast, eight fetal samples clustered: 
their methylation was low and homogeneous. Very interestingly, 
two fetal colon samples from third trimester pregnancies were 
slightly more methylated and more heterogeneous (Fig.  4C). 
CFTR hypermethylation in a subset of cells may correspond to 
specific cell types within the tissue sample. To address this issue, 
we compared CD14+-sorted mononuclear cells and whole blood 
of three adult donors (Fig.  4C). In mononuclear cells, average 
DNA methylation and cellular heterogeneity were lower than in 
whole blood from the same donors, showing that increased cell 
complexity contributed to methylation heterogeneity in adult 
tissues.

CFTR cis-regulatory sequences association with permissive 
chromatin in digestive and lung tissues

Next, we asked whether chromatin organization in cis-
regulatory sequences accounted for different levels of CFTR 
expression in human tissues. Using ChIP, we quantified histone 
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posttranslational modifications in the promoter, in two intestinal 
enhancers (one in intron 1 and the other in intron 11—hereafter 
named E1 and E11, respectively), and in an airway enhancer that 
maps 35 kb 5′ to the gene (hereafter named E-35) (Fig. 2).7-11 We 
analyzed whole blood cells and tissue samples from pancreas, colon, 
and lung. Samples were collected in three healthy adult donors.

A permissive chromatin was observed in the promoter of 
digestive and lung tissues: histones were acetylated and the 
TSS was associated with high levels of H3K4me3; the promoter 
was also enriched in H3K27me3 (Fig. 5A). Because CFTR was 
highly expressed, we reasoned that the co-presence of activating 
and repressive histone modifications in pancreas and colon 
tissues resulted from cellular heterogeneity. By contrast, in lung 
samples, where CFTR was very weakly expressed, H3K4me3 and 
H3K27me3 could have been in the same cells, thus representing 
bivalent chromatin.19 To assess whether bivalent chromatin was 
associated with the promoter of CFTR in adult lung samples, we 
performed sequential chromatin precipitation using antibodies 
directed against H3K4me3 and H3K27me3. No bivalent 
chromatin was detected in adult lung samples (Fig. S1).

In digestive and lung tissues, high levels of histone acetylation 
were found in E1 and E11 enhancers. In E1, histone acetylation 
was significantly higher in digestive than in lung samples. In 
contrast, in E11, acetylation was maximal in pancreatic samples 
and slightly higher in lung than in colon samples. Histone 
acetylation in the E-35 enhancer was very low in all tissues, 
including the lung (Fig. S2).

Silent chromatin was found in the promoter and in the three 
enhancers in blood samples: all sequences were hypoacetylated, 
no H3K4me3 was found in the TSS, and H3K27me3 in the 
promoter was significantly higher than in digestive and lung 
samples.

In summary, digestive and lung tissues were characterized 
by the presence of permissive chromatin in the promoter and 
in two intragenic enhancers of CFTR, whereas blood samples 
showed silent chromatin in all regulatory regions. The levels of 
expression were positively correlated with the level of H3K4me3 
in the TSS and with acetylation in the promoter and in the E1 
enhancer; in addition, they were negatively correlated with levels 
of H3K27me3 in the promoter (Fig. S3).

Figure 1. Relative expression of CFTR gene: the obtained values were normalized to the expression (considered equal to 1) of CFTR in the colon cancer 
cell line T84. (A) Adult tissues (mRNA pools comprising 1 to 64 different individuals); “Others” are tissues (heart, thymus, spleen, and bone marrow) 
whose expression was < 0.01. (B) Fetal tissues (mRNA from single individuals): WP, weeks of pregnancy; Ad, adult tissues (same data as in top figure); nd, 
not determined.
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Histone modifications in CFTR regulatory regions change 
during development

Since CFTR expression was higher in fetal than in adult 
lung tissues, we asked whether different levels of expression 
were associated with histone changes during development. 
We analyzed four fetuses from third trimester pregnancies. 
In fetal lung tissues, the promoter was more acetylated and 
associated with higher levels of H3K4me3 in the TSS and E1 
and E11 enhancers were more acetylated than in adult tissues 
(Fig. 5B). The histone profile was preserved throughout fetal 
development, except for acetylation in the E1 enhancer, which 
was maximal in a 22-wk fetal lung and lower before and after 
this stage.

Histone modifications were analyzed in three fetal colon 
samples from second trimester pregnancies (Fig.  S4). In fetal 
tissues, CFTR expression was slightly higher than in adult colon 
tissues and, consistently, acetylation was much higher in the 
promoter and in the E1 and E11 enhancers, whereas H3K4me3 
and H3K27me3 was similar in fetal and adult samples. Histone 
acetylation was variable among fetal samples: the highest levels 
were found in the promoter and in the E1 enhancer of a 22-wk 
colon sample.

Histone acetylation of the E-35 enhancer was as low in fetal 
samples (lung and colon) as in adult tissues (Fig. S2).

Discussion

In this work, we address how epigenetic modifications 
contribute to the complex regulation of CFTR transcription in 
human tissues. Using real-time PCR, we measured expression 
in various human tissues. CFTR was more highly expressed in 
digestive than airway tissues, which is consistent with previous 
semiquantitative analyses.20-22 In human fetuses, CFTR was 
expressed in the same tissues, but transcript levels were generally 
higher than in adult tissues, especially in the lung, but also in the 
colon and the intestine. In the lung, CFTR expression decreased 
gradually during the third trimester to reach low postnatal levels. 
A similar gradual reduction of CFTR expression was observed in 
the ovine lung.23

We showed that promoter DNA methylation did not 
regulate the tissue-specific expression of CFTR, or variations 
of transcript levels during fetal development. Similarly, it was 
reported that dynamic changes of DNA methylation in intronic 
enhancers were not correlated with levels of CFTR expression.24 

Figure 2. Schematic representation of the CFTR gene (exon-intron structure) showing the promoter (P) and three enhancers located 35-kb 5′ (upstream) 
from the gene (E-35), in intron 1 (E1) and intron 11 (E11). Zoom on the 5′ region where DNA methylation was analyzed by either bisulfite and genomic 
sequencing (BGS), or next-generation sequencing (NGS), or pyrosequencing (PS). The three assays measured methylation in 29, 10, and 6 overlapping 
CpG dinucleotides, respectively. TSS is the transcription start site, and ATG is the first methionine codon. Shown are the hg19 coordinates of the analyzed 
regions.
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However, we observed a slight and progressive increase in fetal 
promoter DNA methylation from third trimester pregnancies 
into adulthood. Interestingly, the methylation of genes that 
are important for immune response and metabolism was also 
higher during the third trimester of pregnancy.25 In adult tissues 
and some fetal samples from third trimester pregnancies, DNA 
methylation of CFTR was higher due to the presence of few 
heavily methylated cells mixed with a majority of unmethylated 
cells. Heavily methylated cells may correspond to specific cell 
types, or may result from random accumulation of epimutations 
due to environmental cues and/or stochastic changes during 
lifetime.

To further investigate the regulation of CFTR expression in 
vivo, we analyzed histone posttranslational modifications. In 
digestive and lung tissues, which expressed CFTR, the promoter 
showed permissive chromatin and was characterized by the 
co-presence of active (H3K4me3) and repressive (H3K27me3) 
marks, which were suggestive of bivalent chromatin. A bivalent 
chromatin was first described in embryonic stem cells in the 
promoter of genes that are poised at this stage and become either 
active or repressed after lineage commitment.19 Through the 
survey of public databases, we found that human CFTR and 
mouse Cftr have bivalent chromatin in ES cells.26,27 Here, we show 
that in endoderm-derived tissues (lung, colon, and pancreas), the 
H3K4me3 mark was maintained. Very likely, the co-presence 

Figure 3. (A) Heat maps represent DNA methylation of the CFTR promoter in normal fetal and adult tissues (1, first; 2, second; 3, third trimester of preg-
nancy). Rows represent individual samples and columns the percentage of DNA methylation measured by pyrosequencing in 6 CpG within the promoter 
of CFTR. (B) Boxplots show DNA methylation distribution in fetal and adult tissues. Asterisks indicate statistical significance in two-by-two comparisons 
(*P = 9 × 10-3; **P = 7.4 × 10-7, ***P = 1.2 × 10-12, “ns” is not significant (P = 0.75). (C) Boxplots represent inter-individual DNA methylation variations 
in blood (n = 12), lung (n = 6), nasal cell (n = 12) and colon (n = 16) samples. In two-by-two comparisons with colon samples, ns P = 0.547; *P = 0.011;  
**P = 2.04 10-7. The triangle at the bottom represents (from left to right) increasing levels of CFTR expression in the tissues.
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Figure 4. For figure legend, see page 1013.
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of H3K27me3 was due to cellular heterogeneity. In contrast, in 
blood cells, which are derived from the mesodermal layer, the 
bivalent chromatin resolved in the silencing mark H3K27me3 
and all regulatory sequences were associated with low histone 
acetylation. Because bivalent domains were also found in adult 
muscle stem cells,28 it would be of interest to determine whether 
bivalent chromatin marks the CFTR promoter in adult stem cells 
of endoderm-derived tissues.

Most genes that are hypermethylated in human cancers 
have a bivalent chromatin in ES cells.29 Interestingly, the CFTR 
promoter was hypermethylated in cancer tissues of endodermic 
origin.15-17 Also of note, genes associated with bivalent chromatin 
in ES cells are prone to acquiring DNA methylation during 
aging.30 Based upon these findings, we suggest that the 
progressive decline of the pulmonary function in cystic fibrosis 
patients is, at least partly, a consequence of CFTR methylation 
in bronchial epithelial cells.

Two intestinal-specific enhancers were previously described 
in introns 1 and 11 of CFTR.8-11 Here, we show that (1) these 
intronic enhancers were acetylated in human tissues that express 
CFTR, including the lung; (2) the levels of acetylation of the 
enhancers correlated positively with the expression levels; (3) in 
fetal lung, acetylation of E11 was slightly higher than in fetal 
colon and much higher than in adult lung samples. Collectively, 
these data suggest that E1 and E11 enhancers are active not only 
in digestive, but also in human pulmonary tissues and play a role 
during fetal development. Lack of enhancer activity in the mouse 
lung suggests that E1 is not conserved in this species.8 In human 
pulmonary cell lines, E1 and E11 may have been inactivated 
by genetic and/or epigenetic changes that occurred during cell 
culture.8 E-35, a cis-regulatory sequence that maps 5′ to CFTR, 
enhanced transcription in airway cell lines.11 Low histone 
acetylation in various adult and fetal tissue samples showed that 
E-35 was associated with condensed chromatin, suggesting that 
this regulatory sequence was not active in vivo. Together, these 
data highlight the importance of using human tissues to validate 
cis-regulatory sequences in vivo.

It was previously shown that ectopic transcription of CFTR 
was stimulated by trans-activating factors that bring HATs 
favoring histone acetylation of the promoter and/or other cis-
regulatory sequences in human cell lines.3,7,18 Conversely, CFTR 
transcription was suppressed by repressors that were associated 
with HDAC activities.18 The present work shows that similar 
dynamic changes of histone acetylation occur in regulatory 
sequences of CFTR in human tissues. Overall, we provide 
evidence that a balance between activating and repressive histone 
modifications in the promoter and in intronic enhancers confines 

CFTR expression to specific tissues and modulates transcript 
levels during development.

Methods

Human fetal and adult tissues
The collection and analysis of fetal tissues was approved 

by the “Agence de la Biomédecine.” Fetal tissues (from 12 to 
39 wk of pregnancy) were obtained from spontaneous abortions 
and fetal death of fetuses with no detectable malformations 
(Table  S2). In one case (fetus F5), pregnancy was medically 
interrupted at the parents’ request and in accordance with French 
law, after the detection of a severe cardiac malformation; no 
other malformations were detected in this fetus. Fetuses were 
genotyped using SCAP (single condition amplification primers) 
sequencing, to exclude the presence of known pathogenic 
mutations in the CFTR gene.31 Adult digestive and respiratory 
tissue samples were provided by Amsbio. Peripheral blood and 
nasal epithelial cells were collected on adult healthy volunteers 
who provided their informed written consent (approved by the 
Nîmes Hospital Ethics Committee #2013.02.01bis). Prior to 
DNA and RNA extraction, 10–20 mg of adult and fetal tissue 
samples were ground using 1.4 mm ceramic beads (Precellys R 
Lysing kit CK14; Bertin Technologies) and Mixer Mill MM30 
Retsch. For chromatin preparation, about 200 mg of tissue were 
used.

Cell purification and sorting
Blood Mononuclear Peripheral Cells (BMPCs) were collected 

using Histopaque-1077 (#10771) from Sigma Aldrich according 
to the manufacturer’s instructions. BMPCs were then stained 
using a mouse anti-human anti-CD14 antibody (Ab) conjugated 
to phycoerythrin (A07764 Clone #RMO52) from Beckman 
Coulter. Isotype-matched mouse Ab recognizing no human 
antigen were used as controls. The monocyte fraction (CD14+) 
was sorted with a multicolor fluorescence-activated cell sorting 
(FACS) Aria device from BD with a purity ≥ 95%.

Expression analyses
Total mRNA from normal adult tissues was provided by 

Clontech, or by Amsbio or extracted from tissue samples. Total 
RNA was extracted using the following kits according to the 
manufacturer’s protocol: RNAeasy Plus (Qiagen) for solid tissues 
and PAXgene Blood DNA (Qiagen) for blood samples. One μg of 
total RNA from each sample was added to RNase free water up to 
8 μl and treated with DNase I for 15 min at room temperature. Each 
sample was then added to a reverse transcription mix containing 
4 μl of first strand 5X buffer, 2 μl of 10× dithiothreitol, 1 μl of 

Figure 4 (See opposite page). (A) DNA methylation of a 537-bp region in the promoter of CFTR was analyzed by bisulfite and genomic sequencing. 
Full and open circles represent methylated and unmethylated CpG, respectively. Fetal tissues have no methylation (left side); in adult tissues some 
sequences are heavily methylated (right side). (B) Next-generation sequencing of an amplicon containing 10 CpG dinucleotides from the promoter of 
CFTR: DNA methylation distribution (eleven 0–100% bins) was calculated in >500 sequences/sample. Fetal tissues (first row) are five fetal colon samples 
on the left side and five fetal lung samples on the right side; CD14+ (last row) are sorted mononuclear cells. (C) Principal component analysis on the 
same data as 4B. The x-axis is a good estimate of the average methylation (higher values for adult samples than for fetal samples). The y-axis, which has 
a large weight on the fifth bin (corresponding to sequences characterized by 40–50% of DNA methylation), quantifies the presence of highly methyl-
ated sequences. F3 and F6 are two third trimester-colon samples characterized by high cellular DNA methylation heterogeneity. T1, T2, and T3 are either 
whole blood (red dots) or CD14+ mononuclear cells (pink dots) from the same individual.
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10 mM dNTP mix, 300 ng/μl of hexaprimer (random primers), 
20–40 U/μl of RNasin® enzyme, and 200 U/μl of MMLV-RT 
enzyme. Reverse transcription reaction program consisted of three 
steps: 10 min at 25 °C, 50 min at 37 °C, and 15 min at 70 °C. 
Two independent reverse transcriptions were done for each RNA 
extraction. mRNA expression was evaluated by RT-quantitative 
PCR, using a LightCycler 480 real-time PCR system and SYBR 
Green I Master mix® (Roche Diagnostics) (primers are listed in 
Table S3). Standard curves for CFTR and β-actin, the latter used 
as reference gene, were generated by serial dilution of T84 cell 
cDNAs of the corresponding reverse transcription, and included 
in all qPCR runs. After normalization of threshold cycle values 

with the amount of β-actin, gene expression levels were expressed 
as ratios relative to that of T84 cells. Each sample was run in 
triplicate.

DNA extraction and Bisulfite treatment
Genomic DNA was extracted using the following kits 

according to the manufacturer’s protocol: QIAamp DNA Mini for 
solid tissues, QIAamp DNA Micro for nasal epithelial cells, and 
Flexigen for blood samples (Qiagen). Then, 300 ng of genomic 
DNA were treated with sodium bisulfite as previously described.30

Pyrosequencing
A 133-bp PCR product was amplified using 1 μl of bisulfite-

treated genomic DNA and the PyroMark PCR kit (#978703, 

Figure 5. Histone modifications in adult tissues (A) and in fetal and adult lung samples (B). The promoter (top lines) and two enhancers of CFTR, E1 
(middle lines) and E11 (bottom lines), were analyzed. Bars represent relative DNA enrichment (means ± sd calculated on ≥3 independent replicates). The 
amount of immunoprecipitated DNA was expressed relative to the amount of histone modifications either in GAPDH (H3K9Ac, H4KAc, H3K4me3) or in 
the STS JB10 (H3K27me3) as previously described.30,32 On the x-axis, adult tissues are indicated by the donor code, fetal tissues by weeks of pregnancy 
(WP).
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Qiagen), 10 μM forward and reverse primers (Table S3), and a 
final volume of 25 μl. The PCR program was 94 °C for 15 min, 
followed by 94 °C 30 s, 57 °C for 30 s, 72 °C for 30 s repeated 
45 cycles, and 72  °C for 10 min. PCR products were purified 
using 2 μl of Streptavidin Sepharose HP (GE Healthcare) and 
the WorkStation (Qiagen). Then, 10 μl of single strand DNA 
were pyrosequenced with the PyroMark Gold Q24 reagents 
(#970802), 7.5 μM sequencing primer (Table S3), and using a 
PyroMarkQ24 (Qiagen) following the manufacturer’s protocol. 
We quantified DNA methylation with the Pyromark Q24 
software 2.0.

Bisulfite and genomic sequencing
Bisulfite and genomic sequencing was done as previously 

described.32 Primers are listed in Table S3.
Next-generation sequencing
A 133-bp product was amplified using the PyroMark PCR kit 

(#978703, Qiagen) kit, and 10μM forward and reverse primers 
(Table  S3) in a 25-μl final volume. Fusion primers for 454 
sequencing of Amplicons were designed with MIDs (Multiplex 
Identifiers, Roche) to computationally screen each sample after 
analysis. PCR conditions were 95 °C for 15 min, followed by 94 °C 
for 30 s, 56 °C for 30 s, 72 °C for 30 s repeated 45 cycles, and 72 °C 
for 10 min. CFTR amplicons obtained on different tissue samples 
were purified with QIAquick PCR Purification Kit (Qiagen) 
and quantified on NanoDrop 2000 Spectrophotometer (Thermo 
Scientific) and QuBit 2.0 fluorometer (Life Technologies). 
Purified amplicons were pooled in equimolar amounts. Emulsion 
PCR and subsequent sequencing were done according to the 
GS Junior emPCR Amplification Method Manual-Lib-A and 
GS Junior Sequencing Method Manual, (#05996520001 and 
#05996554001 Roche, respectively). Raw sequencing data were 
analyzed with the Galaxy Tools (http://main.g2.bx.psu.edu/) 
and DNA methylation was quantified using BiQ Analyzer HT.33

Native chromatin immunoprecipitation
ChIP experiments were done in 2–3 biological replicates 

as previously described.32,34 The following antibodies were 
purchased from Upstate (Millipore): anti-H3K4me3 (#07-473), 
anti-H3K27me3 (#07-449; #ABE44), anti-hyperacetylated 
histone H4 (penta) (#06-946), and anti-acetylated H3K9 (#07-
352). Real-Time PCR was done using a LightCycler 480 real-
time PCR system and SYBR Green I Master mix® (Roche 
Diagnostics). Primers are listed in Table  S3. The euchromatic 
GAPDH locus and a heterochromatic STS (JB 10) served as 
references to normalize the amount of precipitated DNA. For 
a detailed description of normalization see Grunau et  al.33 In 
brief, ratios of precipitated DNA in each gene to that in the 
reference sequence (either GAPDH or STS JB10) were calculated 
as follows: enrichment factor = [ng GENE(B)/ng GAPDH(B)]/
[ng GENE(I)/ng GAPDH(I)] with (B) for antibody bound and 
(I) for input. The unbound fraction of mock-treated chromatin 
(i.e., precipitation in parallel with the other ChIP but without 
antibody) was considered as input. DNA immunoprecipitated 
with anti-trimethylated H3K27 was normalized with STS (JB 
10); DNA immunoprecipitated with anti-hyperacetylated histone 
H4 (penta), anti-acetylated H3K9, and anti-trimethylated H3K4 
was normalized with GAPDH.

Sequential ChIP
About 200 mg of adult lung were ground and treated with 

1.5% formaldehyde (20 min at room temperature) to cross-link 
chromatin. Then sequential ChIP was performed as previously 
described.35 After three 1X PBS and PIC washes, tissues were lysed 
in SDS lysis buffer (#20-163 Millipore) and then sonicated to 
obtain 0.5- to 1-kb DNA fragments. Chromatin was pre-cleared 
for 2 h with protein A agarose beads (#16-157 Millipore), then 
incubated in dilution buffer (0.01% SDS, 1.1% Triton, 1.2 mM 
EDTA, 167 mM Tris pH 8.0, 167 mM NaCl) overnight at 4 °C 
with the first antibody directed against either H3K4Me3 or 
H3K27Me3. The antibodies (5 μg) used in the first precipitation 
had been cross-linked to 50 μl of protein A agarose beads 
(Millipore) using 2.5 mM BS3 (Bis-sulfosuccinimidyl suberate) 
(ProteoChem #c1103). Beads were washed with 1 × RIPA, high 
salt buffer (0.5M NaCl; 0.5M Tris pH 8, 0.1% SDS, 1%NP40), 
LiCl buffer (0.5M LiCl, 0.5M Tris pH 8.0, 0.5% Na deoxycholate, 
1% NP40) and 1× TE (10 mM Tris pH = 8 and 1mM EDTA). 
Chromatin was then eluted with 500 μl of 0.1 M NaHCO3 and 
1% SDS, diluted (1:10) and incubated overnight at 4  °C with 
the second antibody. The second antibody was not immobilized 
to agarose beads. Washes and elution were performed as in 
the first precipitation. Chromatin crosslink was reversed with 
20 mM NaCl at 65 °C overnight. After RNase and proteinase K 
treatment, immunoprecipitated DNA was extracted with phenol/
chloroform and precipitated with isopropanol. Primers specific 
to the promoter of CFTR were used to detect DNA in input 
chromatin, chromatin precipitated by one antibody, chromatin 
precipitated by two consecutive antibodies, and chromatin 
precipitated by one antibody followed by a mock antibody.

Statistical analysis
Prior to ANOVAs, in general, the Barlett test was used to 

verify variance homogeneity.
Relative expression of CFTR was analyzed using ANOVA to 

determine the effect of the developmental stage, and Student 
t tests for subsequent two-by-two comparisons.

To homogenize the variance of pyrosequencing DNA 
methylation data, we analyzed the logarithm of these values. 
The effect of developmental stage was analyzed using a two-way 
ANOVA, with a fixed effect factor, the stage, and a random effect 
factor, the tissue. In adults, the effect of the tissue (lung, nasal 
cells, blood, and colon only) was analyzed with a fixed effect 
one way ANOVA. Subsequent two-by two comparisons were 
performed with Student t tests.

NGS DNA methylation data were represented using 11 bins 
(0%; 0–10%; 10–20%; …; 90–100%) as descriptors for a 
Principal Component Analysis (PCA).

ChIP data were analyzed with two different ANOVAs. 
Among adults, for each histone modification and each locus, 
the effect of the tissue was established with a two-way ANOVA 
without interaction, with the tissue as fixed effect factor and the 
individual as random effect factor, the two factors being crossed. 
Subsequent two-by-two comparisons were performed with 
Student t tests. For each histone modification and each locus, in 
lung and in colon, the effect of the developmental stage (adult or 
fetus) was investigated with a two-way ANOVA, with the stage as 
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fixed effect factor and the individual as random effect factor (the 
individual were nested in the developmental stage).

P < 0.05 was regarded as statistically significant.
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