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ackground & Aims: Cystic fibrosis (CF) is caused by
ver 1000 mutations in the cystic fibrosis transmem-
rane conductance regulator (CFTR) gene and presents
ith a widely variable phenotype. Genotype-phenotype
tudies identified CFTR mutations that were associated
ith pancreatic sufficiency (PS). Residual Cl� channel
unction was shown for selected PS mutations in heter-
logous cells. However, the functional consequences of
ost CFTR mutations in native epithelia are not well
stablished. Methods: To elucidate the relationships be-
ween epithelial CFTR function, CFTR genotype, and pa-
ient phenotype, we measured cyclic adenosine mono-
hosphate (cAMP)-mediated Cl� secretion in rectal biopsy
pecimens from 45 CF patients who had at least 1 non-
F508 mutation carrying a wide spectrum of CFTR muta-
ions. We compared CFTR genotypes and clinical manifes-
ations of CF patients who expressed residual CFTR-medi-
ted Cl� secretion with patients in whom Cl� secretion was
bsent. Results: Residual anion secretion was detected
n 40% of CF patients, and was associated with later
isease onset (P < 0.0001), higher frequency of PS (P
0.0001), and less severe lung disease (P < 0.05).

linical outcomes correlated with the magnitude of
esidual CFTR activity, which was in the range of
12%–54% of controls. Conclusions: Specific CFTR
utations confer residual CFTR function to rectal ep-

thelia, which is related closely to a mild disease
henotype. Quantification of rectal CFTR-mediated
l� secretion may be a sensitive test to predict the
rognosis of CF disease and identify CF patients who
ould benefit from therapeutic strategies that would
ncrease residual CFTR activity.

ystic fibrosis (CF) is the most frequent, lethal,
autosomal-recessive disease in the Caucasian pop-

lation and is caused by more than 1000 different
utations in the cystic fibrosis transmembrane con-
uctance regulator (CFTR) gene1,2 (cystic fibrosis mu-
ation database: https://www.genet.sickkids.on.ca/
ftr/). In part as a consequence of this wide spectrum
f CFTR mutations, the clinical presentation of CF
aries widely from monosymptomatic disease to mul-
iorgan involvement.2– 4

CFTR encodes a cyclic adenosine monophosphate
cAMP)-regulated Cl� channel expressed in the apical

embrane of many epithelia.2,5–7 Biochemical and func-
ional studies in heterologous cells identified several
olecular mechanisms by which CFTR mutations can

isrupt CFTR Cl� channel function, including defects in
rotein production (class I), processing (class II), Cl�

hannel regulation (class III), altered single-channel prop-
rties (class IV), and decreased abundance of CFTR Cl�

hannels (class V).4,8–11 The mechanisms by which CFTR
utations can reduce the number of functional membrane
l� channels are complex and include incomplete process-

ng defects12,13 and alternative splicing with reduced levels
f full-length CFTR messenger RNA.14 Based on these
tudies it was predicted that class I–III mutations result in
lack of functional CFTR Cl� channels at the cell surface,
hereas class IV and V mutations may retain significant

esidual function.

Abbreviations used in this paper: cAMP, cyclic adenosine monophos-
hate; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conduc-
ance regulator; FEV1, forced expiratory volume in 1 second; Isc,
hort-circuit current; IBMX, 3-isobutyl-1-methylxanthine; PCR, polymer-
se chain reaction; PI, pancreatic insufficiency; PS, pancreatic suffi-
iency; Rte, transepithelial resistance; Vte, transepithelial voltage.

© 2004 by the American Gastroenterological Association
0016-5085/04/$30.00

doi:10.1053/j.gastro.2004.07.006
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Previous genotype-phenotype correlation studies es-
ablished a close association between the CFTR genotype
nd exocrine pancreatic function and showed that specific
utations were related closely with pancreatic sufficiency

PS).15 Furthermore, a recent study identified a panel of
FTR mutations that were associated with mild clinical
anifestations and lower mortality.16 Based on these

esults and on functional studies of a limited number of
S mutations in heterologous cells, it was hypothesized
hat PS reflects residual CFTR function.10,12,13 However,
nformation on the relationship between CFTR function
n native epithelia, the CF genotype, and the clinical
henotype is limited. For many CFTR mutations, de-
ailed clinical and/or functional data are not available and
t is not known what level of CFTR activity is required
o ameliorate disease severity. Furthermore, functional
roperties in heterologous cells transfected with mutant
FTR may not always reflect the in vivo situation in
hich endogenous CFTR is expressed at low levels in
ative epithelial cells.
Several previous studies used nasal potential difference
easurements to examine the relationship between Cl�

ecretory responses in a native epithelium, CFTR muta-
ions, and clinical features of CF. These studies, however,
roduced conflicting results. Although one study re-
orted differences in mean nasal Cl� conductance in
atients carrying at least 1 mild CF allele compared with
atients with 2 severe CF alleles,17 other studies were not
ble to reproduce these findings. Instead, these groups
eported either a lack of residual Cl� conductance in
atients with mild CFTR mutations,18 or detection of
esidual Cl� secretory responses in both groups.19 In
art, the difficulty in detecting residual CFTR-mediated
l� secretion in nasal epithelia from individual patients
ith mild CFTR mutations may reflect the relatively low

evels of CFTR expression in the nose (e.g., compared
ith the colon20). Further, alternative Ca2�-dependent
l� channels expressed in nasal epithelia may contribute

o Cl� secretory responses in this tissue, which may
xplain why these studies did not find a correlation
etween nasal Cl� secretory responses, CFTR mutation
ype, and clinical status.17–19

We previously developed a sensitive functional proto-
ol for detection of CFTR-mediated Cl� secretion in
mall human rectal biopsy specimens.21,22 In the present
tudy, we used this approach to elucidate further the
elationship between CFTR function in native human
olon, genotype, and phenotype in CF. CF patients who
ave at least 1 non-�F508 mutation were chosen for this
tudy based on the consideration that clinical genotype-
henotype studies estimated that �15%–20% of CF
atients express mild CFTR mutants that confer
S.2,15,23 Approximately 44% of CF patients are �F508
omozygous, present with severe pancreatic insufficiency
PI), and lack CFTR function and mature protein in
ative colon.2,4,15,20 Accordingly, it is expected that
30%–40% of CF patients who are not �F508 homozy-

ous carry at least 1 mild CFTR mutation, allowing us to
ompare functional properties of mild vs. severe CFTR
utations. We determined CFTR function from cAMP-

ependent and cholinergic Cl� secretion across freshly
xcised rectal biopsy specimens from CF patients carry-
ng a wide spectrum of CFTR mutations, and compared
isease severity in CF patients who expressed residual
FTR Cl� channel function and CF patients in whom
l� secretion was absent.

Materials and Methods

Patients

The study was approved by the Ethical Committee at
he University Hospitals of Freiburg, Lisbon, and Vienna, and
ll patients gave their written informed consent. For children
nder 18, parents obtained detailed information and gave their
igned informed consent. Forty-five CF patients who carry at
east 1 non-�F508 mutation (29 PI, 16 PS; mean age, 16.5 �
.8 years; range, 5 months–47 years), 19 age-matched healthy
ontrols (15.6 � 3.7 years; range, 10 months–55 years), and
3 age-matched �F508 carriers (15.7 � 5.5 years; range,
5 months–65 years) were enrolled in the study between 1997
nd 2004 at the Children’s Hospitals at the Universities of
reiburg, Lisbon, and Vienna. The diagnosis of CF was estab-
ished by clinical signs of disease, increased sweat Cl� concen-
rations (�60 mmol/L), and/or detection of 2 CFTR muta-
ions.24 In all control subjects, sweat Cl� levels were normal
�30 mmol/L) and genetic screening for 20 of the most
ommon CFTR mutations was negative (Elucigene CF20 kit;
ellmark, Abingdon, UK). At the time of the study, medical

ecords of all CF patients were evaluated for weight, height,
ge at diagnosis, pancreatic function, and lung function mea-
urements. The nutritional status was assessed by determining
eight-for-height percentiles.25 Shwachman–Kulczycki clini-

al scores were determined as described.26 PI was defined by a
istory of malabsorption and fecal elastase E1 levels of
200 �g/g stool on 2 or more occasions. Elastase concentra-

ions of �100 �g/g were considered as severe PI and concen-
rations between 100 and 200 �g/g were considered as mod-
rate PI.27 The most recent measurements of forced vital
apacity and forced expiratory volume in 1 second (FEV1) were
valuated from CF patients who were �6 years of age, and
xpressed as a percentage of predicted normal values for sex,
ge, and height.

Ussing Chamber Experiments

Superficial rectal mucosa specimens (�2–3 mm in
iameter) were collected by forceps and immediately



s
(
v
b
b
l
a
K
1
e
g
e
c
u
a
T
m
s
f
fl

e
d
a
d
m
s
1
n
m
b
f
l
C
r
s
C
d
a
p
a
t
m
m
d
t
s
u
i
p
b

s
C
t
p
C
b
m
1
P
u
(
c

f
m
p

S
y
t
K
l
T
c
v
s

C
f
m
r
w
m
6
(
I
t
1
V
2
i
d
k
b
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tored in ice-cold buffer solution composed of the following
mmol/L): NaCl 127, KCl 5, D-glucose 5, MgCl2 1, Na-pyru-
ate 5, HEPES 10, CaCl2 1.25, and albumin (10 g/L). Rectal
iopsy specimens were mounted in modified micro-Ussing cham-
ers as previously described.21,22 In brief, the luminal and baso-
ateral surfaces of the epithelium were perfused continuously with

solution of the following composition (mmol/L): NaCl 145,
H2PO4 0.4, K2HPO4 1.6, D-glucose 5, MgCl2 1, Ca-gluconate
.3, pH 7.4, at 37° C. HCO3

�-free buffer solutions were used to
xclude a possible contribution of CFTR-independent electro-
enic HCO3

� secretion, which would be indistinguishable from
lectrogenic Cl� secretion and thus may mimic residual Cl�

hannel function in CF tissues.20 Experiments were performed
nder open-circuit conditions. Values for the transepithelial volt-
ge (Vte) were referenced to the serosal surface of the epithelium.
ransepithelial resistance (Rte) was determined by applying inter-
ittent (1 s) current pulses (�I 	 0.5 �A). The equivalent

hort-circuit current (Isc) was calculated according to Ohm’s law
rom Vte and Rte (Isc 	 Vte/Rte) after appropriate correction for
uid resistance.

Experimental Protocol and Analysis of
Ussing Chamber Experiments

Tissues were equilibrated for 60 minutes in the pres-
nce of indomethacin (10 �mol/L, basolateral) to inhibit en-
ogenous cAMP formation. Amiloride (10 �mol/L, luminal)
lso was added to block electrogenic Na� absorption. To
etermine the magnitude of CFTR-mediated Cl� secretion, we
easured cAMP-induced lumen-negative (Cl� secretory) re-

ponses after exposure to 3-isobutyl-1-methylxanthine ([IBMX]
00 �mol/L, basolateral) and forskolin (1 �mol/L, basolateral). In
ormal human colon, CFTR-mediated Cl� secretion is aug-
ented by cholinergic co-activation, which leads to stimulation of

asolateral K� channels that increase the electrical driving force
or luminal Cl� exit via CFTR.21 In CF tissues expressing CFTR
oss of function mutations, cholinergic activation fails to induce
l� secretion and results in inverse lumen-positive responses,

eflecting K� secretion that is unmasked in the absence of anion
ecretion.7,22 To increase the driving force for Cl� secretion by
FTR mutants that retain residual Cl� channel function, we
etermined the responses to carbachol (100 �mol/L, basolateral)
fter stimulation with IBMX/forskolin. Three different response
atterns were observed after stimulation with carbachol and an-
lyzed as follows: (1) for monophasic lumen-positive (K� secre-
ory) responses we determined the peak and the plateau, (2) for
onophasic lumen-negative (Cl� secretory) responses we deter-
ined the negative peak, and (3) for biphasic responses we

etermined the positive peak and the maximal negative deflec-
ion. To control for sample-to-sample variability, bioelectric mea-
urements were performed on 2–5 biopsy specimens per individ-
al, and data were averaged to obtain a single value for each
ndividual. In most cases, Ussing chamber experiments were
erformed before genotyping (see later) (i.e., investigators were
linded for the genotype).
CFTR Genotyping

Screening for CFTR mutations was performed by allele-
pecific polymerase chain reaction (PCR)28 (Elucigene CF20 kit;
ellmark) and denaturing gradient gel electrophoresis.29 To de-

ect CFTR mutations that were not identified by screening, we
erformed automatic DNA sequencing of all 27 exons of the
FTR gene. Exons and bordering intron sequences were amplified
y PCR from genomic DNA as previously described,30 with few
odified primer pairs leading to shorter PCR products for exons

, 2, 4, 9, 14a, and 21. PCR products were purified (QIAquick
CR purification kit; Qiagen, Hilden, Germany) and sequenced
sing the ABI Prism BigDye Terminator Cycle Sequencing Kit
Applied Biosystems, Weiterstadt, Germany). Homozygosity was
onfirmed by genotyping of parents.

Chemicals and Compounds

Amiloride, indomethacin, carbachol, IBMX, and
orskolin all were obtained from Sigma (Deisenhofen, Ger-
any). All chemicals used were of the highest grade of

urity available.

Statistics

Unless otherwise stated, data are shown as mean �
EM (n 	 number of individuals studied). Statistical anal-
ses were performed using paired and unpaired Student t
ests, the Mann–Whitney rank sum test, 
2 test, or the
ruskal–Wallis 1-way analysis of variance on ranks, fol-

owed by the Dunn multiple comparison test as appropriate.
he Pearson correlation coefficient was calculated between
AMP-mediated Isc responses and clinical outcomes. All P
alues are 2-tailed and P � 0.05 was accepted to indicate
tatistical significance.

Results

Assessment of CFTR Cl� Channel Function

CFTR function was measured as cAMP-mediated
l� secretion in freshly excised rectal biopsy specimens

rom 45 CF patients who have at least 1 non-�F508
utation, 19 age-matched controls, and 13 �F508 car-

iers. The magnitude of CFTR-mediated anion secretion
as assessed after inhibition of endogenous cAMP for-
ation by indomethacin (10 �mol/L, basolateral,

0 min) and electrogenic Na� absorption by amiloride
10 �mol/L, luminal). Under these conditions, Vte and
sc approached 0 and Rte was similar in control and CF
issues (control: Vte 	 �0.2 � 0.0 mV; Isc 	 �7.6 �
.1 �A/cm2; Rte 	 24.9 � 3.0 �cm2, n 	 19; vs. CF:
te 	 0.0 � 0.0 mV, Isc 	 �0.8 � 1.4 �A/cm2; Rte 	
3.9 � 1.8 �cm2, n 	 45), showing that electrogenic
on transport was largely inhibited. Next, cAMP-depen-
ent Cl� secretion was activated with IBMX and fors-
olin (100 �mol/L and 1 �mol/L, basolateral). Based on
ioelectric responses to IBMX/forskolin, 2 groups of CF
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atients could be distinguished. In the first group,
AMP-induced Cl� secretion was absent (CFabsent); in the
econd group, we detected residual cAMP-induced Cl�

ecretion (CF ). In control tissues, IBMX/forskolin

igure 1. Original recordings of the effects of cAMP-dependent
100 �mol/L IBMX and 1 �mol/L forskolin, basolateral) and cholin-
rgic (100 �mol/L carbachol and CCH, basolateral) activation on Vte

nd Rte in rectal tissues from (A) a control subject, (B) a CF patient
ith no detectable Cl� secretion (R1162X/Q552X), and (C) a CF
atient expressing residual Cl� secretion (S1159F/S1159F), as evi-
enced by lumen-negative Vte responses. Experiments were performed

n the presence of indomethacin and amiloride. Rte was determined from
te deflections obtained by pulsed current injection.
residual
nduced a large lumen-negative Cl� secretory response
�Isc 	 �94.3 � 8.6 �A/cm2, n 	 19, P � 0.0001)
Figures 1A and 2). The mean difference in Cl� secretory
esponses between rectal tissues from �F508 carriers and
ontrols was not significant (Figure 2). (Data from 8
ubjects in the group of �F508 carriers were included in
previous report.20) The CFabsent group (n 	 27) was

haracterized by small lumen-positive responses to
BMX/forskolin (�Isc 	 9.3 � 1.7 �A/cm2, n 	 27, P

0.0001) (Figures 1B and 2) that reflected K� secretion,
hich was revealed when CFTR-mediated Cl� secretion
as absent.22 In contrast, in the CFresidual group (n 	 18),

BMX/forskolin induced sustained Cl� secretory responses
�Isc 	 �28.1 � 2.9 �A/cm2, n 	 18, P � 0.0001) of the
ean magnitude of 29.8% � 3.0% of control tissues

Figures 1C and 2). Interestingly, in a subgroup of CF
atients (n 	 7), we detected high residual Cl� secretory
esponses in the range of 36%–54% of controls (Table 1,
igure 2).

Our previous studies showed that co-activation with
holinergic agonists increased the driving force for
FTR-mediated Cl� secretion in non-CF colonic

issues.7,21,22 To increase the sensitivity and assess
or small residual Cl� currents that may be

igure 2. Summary of cAMP-induced (IBMX/forskolin) Isc in native
ectal epithelia from controls, �F508 carriers, CF patients with resid-
al Cl� secretion (CFresidual), and CF patients with no detectable Cl�

ecretion (CFabsent). All experiments were performed in the presence
f indomethacin and amiloride. Individual data points represent the
ean of measurements on 2–5 biopsy specimens per individual.
Significantly different from controls and �F508 carriers. #Signifi-
antly different from CFresidual individuals (Kruskal–Wallis analysis of
ariance on ranks). Solid line, median; dashed line, 25th and 75th
ercentiles, respectively. Most data from �F508 carriers (n 	 8) were
eported previously.20
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ediated by mutant CFTR, we added carbachol in the
resence of cAMP-dependent stimulation (Figure 1,
able 1). In the presence of cAMP-dependent activa-

ion (IBMX/forskolin), in control tissues, carbachol
nduced large, monophasic, lumen-negative (Cl� se-
retory) responses (�Isc 	 �190.2 � 19.9 �A/cm2, n

19) (Figure 2). In contrast, in the CFabsent group,
holinergic co-activation induced K� secretion, as re-
ealed by a lumen-positive peak response (�Isc 	 43.8

able 1. Relationship Between the CFTR Genotype and Cl� C

CFTR genotype
Number of
individuals

Sweat Cl�

concentration
(mmol/L)a

l� secretion absent
R1162X/Q552X 1 71
W1282X/3121-2A�G 1 112
1898 � 1G � T/1609delCA 2b 114, 118
�F508/Q39X 2b 127, 129
�F508/G542X 1 102
�F508/R553X 3 112, 102, 109
�F508/E585X 1 115
�F508/Q637X 1 100
�F508/Y1092X 1 119
�F508/120del23c 1 72
�F508/182delT 1 116
�F508/3905insT 2 88, 96
�F508/V520F 1 68
�F508/A561E 3 113, 146, 100
�F508/R1066C 1 138
�F508/N1303K 3 100, 117, 94
A561E/A561E 2 101, 116

esidual Cl� secretiond

G542X/I148N 1 75
1898 � 3A � G/1898 � 3A � G 1 82
�F508/3272�26A � G 1 116
�F508/S108F 1 118
�F508/R117H 1 90
�F508/Y161Cc 1 44
�F508/P205S 1 80
�F508/V232D 1 120
�F508/R334W 1 92
�F508/R334W 1 101
�F508/T338I 1 73
�F508/G576A 1 40
�F508/I1234V 1 113
G576A/G85E 1 95
F1052V/M1137R 1 47
M1101K/M1101K 1 94
S1159F/S1159F 1 67
N1303K/R334W 1 91

OTE. CFTR Cl� channel function was determined in rectal epithelia fro
o-activation with carbachol (Isc-carbachol). Data are expressed as ab
bserved in controls.
Mean values of 2 or more sweat tests.
Siblings.
Novel mutation.
The intron 8 5T allele occurred in only 2 tested CF patients with resi
542X/1148N; the second patient had TG10-9T/TG12-5T with �F508/
7.5 �A/cm2, n 	 27) and a smaller lumen-positive
lateau response (�Isc 	 2.0 � 0.4 �A/cm2, n 	 27),
espectively. In the CFresidual group, carbachol induced
ither biphasic responses with an initial lumen-posi-
ive peak (�Isc 	 21.3 � 4.0 �A/cm2), followed by a
umen-negative deflection (n 	 13), or monophasic
umen-negative responses (n 	 5). Similar to cAMP-
ediated responses, average cholinergic Cl� secretory

esponses in CF tissues (�Isc 	 �51.5 � 12.9

el Function in Native Rectal Epithelia

cAMP-mediated response

Carbachol-induced plateau
response or maximal

lumen-negative response

Isc-cAMP
(�A/cm2)

Cl� secretion
(% of control)

Isc-carbachol
(�A/cm2)

Cl� secretion
(% of control)

17.1 0 0.7 0
1.9 0 0.6 0

25.4, 13.4 0, 0 0, 0.7 0, 0
2.6, 4.4 0, 0 1.7, 3.7 0, 0

29.0 0 6.6 0
3.1, 4.5, 23.8 0, 0, 0 1.5, 4.4, 1.0 0, 0, 0

1.4 0 1.1 0
2.9 0 1.2 0
0.0 0 �0.3 0

20.1 0 3.3 0
10.8 0 5.2 0

8.4, 5.6 0, 0 2.3, �1.1 0, 1
1.2 0 1.7 0

7.0, 17.0, 16.0 0, 0, 0 2.1, 1.5, 3.7 0, 0, 0
0.0 0 0.0 0

1.7, 4.1, 1.5 0, 0, 0 �0.6, 2.2, 0.8 0, 0, 0
6.6, 2.0 0, 0 7.3, 3.3 0, 0

�50.1 54 �22.2 12
�36.8 39 �12.9 7
�17.8 19 �27.2 14
�15.8 17 �12.3 7
�35.9 38 �207.7 109
�35.1 37 �45.9 25
�23.3 25 �10.4 5
�16.9 18 �26.9 14
�22.1 23 �21.1 11
�24.5 26 �37.4 20
�44.4 47 �79.4 42
�16.9 18 �115.5 61
�13.6 15 �8.6 5
�26.1 28 �61.6 32
�36.7 39 �146.6 77
�11.1 12 �4.8 3
�47.9 51 �38.7 21
�30.3 32 �47.7 25

� secretory responses induced by IBMX/forskolin (Isc-cAMP) and after
change in Isc and as percentage of mean Cl� secretory responses

CFTR-mediated Cl� secretion. One patient had TG10-9T/TG11-5T with
F.
hann

1

1

m Cl
solute

dual
residual



�
o

r
B
t
i
w
c
2
d
p
�
w
p
e
p
i
C

C

w
s
h
s
c
t
s
c
r
m
a
m
s
o
p
t
t
d
p
I
c
e
r
c

T

N
g
m
p
s
a

1090 HIRTZ ET AL. GASTROENTEROLOGY Vol. 127, No. 4
A/cm2, n 	 18) were attenuated to 27.1% � 6.8%
f the mean response of control tissues (Table 1).

CFTR Function and Genotype

Table 1 summarizes the CFTR genotypes and cor-
esponding CFTR Cl� channel function in rectal epithelia.
y extensive genotyping, 2 disease-causing CFTR muta-

ions were identified in all 45 CF patients studied, includ-
ng 2 novel mutations (120del23 and Y161C). Mutations
ere widespread throughout the CFTR gene, affecting the

ytosolic N-terminus, membrane-spanning domains 1 and
, nucleotide-binding domains 1 and 2, and the regulatory
omain of the CFTR protein (Table 2). In agreement with
revious in vitro studies,8,9,11 compound heterozygosity for
F508, nonsense or frameshift mutations was associated
ith the absence of CFTR-mediated Cl� secretion. CF
atients carrying at least 1 missense or splice mutation were
ither in the CFabsent group or in the CFresidual group. Im-
ortantly, CF patients with the same genotypes were always
n the same functional group (i.e., either CFabsent or
Fresidual).

CFTR Function and CF Phenotype

Table 3 compares clinical findings between
Fabsent and CFresidual individuals. CFresidual patients

able 2. Functional Classification and Protein Location of CF

Mutation type Severe mutations

Missense V520F, A561E (NBD1
R1066C (MSD2, CL4
N1303K (NBD2)

Splice 1898 � 1G � T (R do
3121-2A � G (MSD2

Single amino acid deletion �F508 (NBD1)
Nonsense Q39X (N-terminus)

G542X, Q552X, R55
Q637X (R domain)
Y1092X (MSD2, CL4
R1162X (pre-NBD2)
W1282X (NBD2)

Frameshift 120del23a 182delT (
1609delCA (NBD1)
3905insT (NBD2)

OTE. Severe mutation, Cl� secretion absent; mild mutation, residual
iven in parentheses and include the cytosolic N-terminus, transmem
embrane-spanning domains (MSD 1, 2), nucleotide-binding doma
remature stop codons with protein truncation for nonsense and fram
ingle amino acid changes (point mutations) for missense mutations
Novel mutation.
ere diagnosed at a later age, and exhibited better
omatic development, as determined from weight-for-
eight percentiles and higher Shwachman–Kulczycki
cores. Detection of residual CFTR function was asso-
iated closely with residual exocrine pancreatic func-
ion. All CF patients with loss of CFTR-mediated Cl�

ecretion presented with severe PI (mean stool elastase con-
entration of 7.7 � 2.2 �g/g), whereas all patients with
esidual CFTR function were either PS (n 	 16) or had
oderate PI with stool elastase concentrations between 100

nd 200 �g/g (n 	 2). CF patients with residual CFTR-
ediated Cl� channel function also had significantly lower

weat Cl� concentrations (Table 3). Consistent with previ-
us reports on CF patients with mild CFTR mutations,14 3
atients in this group had mean sweat Cl� concentrations in
he range of 40–60 mmol/L (Table 1). Furthermore, pa-
ients in the CFresidual group presented with less severe lung
isease, as determined from mean forced vital capacity
ercent and FEV1 percent of predicted values (Table 3).
mportantly, as shown in Figure 3, clinical outcomes in-
luding the age at diagnosis, sweat Cl� concentrations, fecal
lastase E1 concentrations, and FEV1 % predicted were
elated directly to the magnitude of residual CFTR Cl�

hannel activity (cAMP-induced Isc).

utations

in location) Mild mutations (protein location)

G85E (MSD1, TM1)
S108F, R117H (MSD1, EL1)
I148N, Y161Ca (MSD1, CL1)
P205S (MSD1, TM3)
V232D (MSD1, TM4)
R334W, T338I (MSD1, TM6)
G576A (NBD1)
I1234V (NBD2)
F1052V, M1101K (MSD2, CL4)
M1137R (MSD2, TM12)
S1159F (pre-NBD2)

) 1898 � 3A � G (R domain)
) 3272-26A � G (MSD2, TM10)

585X (NBD1)

minus)

-mediated Cl� secretion. Protein locations affected by mutations are
e segments (TM), extracellular (EL) and cytoplasmatic (CL) loops of
NBD 1, 2), and the regulatory (R) domain. Consequences include
ift mutations, aberrant/alternative splicing for splice mutations, and
TR M

(prote

)
)

main
, TM9

3X, E

)

N-ter
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bran
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Discussion

The elucidation of the relationship between
FTR protein function and phenotypic traits for specific
FTR mutations is important for the understanding of
F pathophysiology and for the development of novel

herapeutic strategies for patients with CF. Genotype-
henotype correlation studies estimated that �15%–
0% of CF patients express mild mutations that confer
S.2,15,23 The most frequent CFTR mutation, �F508,
ccounts for �66% of CF alleles and results in the loss of
ature CFTR protein and apical membrane Cl� channel

unction,4,8,11,20 and �F508 homozygosity is associated
ith severe PI.15 In contrast, most PS mutations occur at

ow allelic frequencies (�0.1%) and data describing phe-
otypic traits and/or functional properties in native ep-
thelia are not available for many rare CFTR mutations.
n �F508 carriers, 50% of wild-type CFTR is sufficient
o confer normal Cl� channel function to native intesti-
al epithelia and prevent the symptoms of CF.20,31 Fur-
hermore, it has been shown that as little as 5%–10% of
ull-length CFTR messenger RNA is sufficient to confer

mild clinical phenotype to CF patients with CFTR
plice mutations.14,32 However, little is known about the
hreshold of CFTR function that is required to protect
he host from CF, or ameliorate disease severity.

In an attempt to further elucidate the genotype func-
ion–phenotype relationship in CF, we performed sensi-
ive functional measurements in rectal epithelia from a
arge group of CF patients who carry at least 1 non-
F508 mutation with a wide spectrum of CFTR geno-

ypes and clinical presentation of disease. Previous stud-

able 3. Comparison of Clinical Phenotypes Between CF Pati
With Residual CFTR-Mediated Cl� Secretion (CFresidu

CFabsent

F patients (n) 27
sc-cAMP (�A/cm2) [% of control] 9.3 � 1.7 [0]
sc-carbachol (�A/cm2) [% of control] 2.0 � 0.4 [0]
ge at study (yr) 15.1 � 2.5
ge at diagnosis (yr) 1.7 � 0.3
weat Cl� (mmol/L) 107.2 � 3.9
eight for height (wfh %) 47.2 � 6.6
hwachman–Kulczycki score 70.7 � 4.2
ancreatic sufficiency (n [%]) 0 [0]
ulmonary function (n)e 19
ge (yr) 20.4 � 2.7
VC % predicted 63.6 � 6.0
EV1 % predicted 54.6 � 5.8

OTE. CFTR Cl� channel function was determined in native rectal epi
nd after co-activation with carbachol (Isc-carbachol). Data are show
Unpaired t test.
Mann–Whitney test.
2 PI individuals in this group presented with moderate PI (mean sto

2 test.
Pulmonary function tests were performed in all CF patients �6 year
es on rectal biopsy specimens from partially genotyped
F patients relied exclusively on cholinergic (Ca2�-de-
endent) activation to assess for anion secretion. These
tudies concluded that a subgroup of CF patients ex-
ressed alternative apical membrane Ca2�-activated Cl�

hannels and suggested that up-regulation of these alter-
ative Cl� channels in the intestinal epithelium may
odify CF disease severity.33 In our study, we used Cl�

ecretory responses elicited by cAMP-mediated activa-
ion as a direct readout for CFTR-mediated Cl� channel
unction. Residual CFTR activity was detected in 40% of
F patients in our study population (CFresidual), whereas
o anion secretion was detectable in the remaining CF
atients (CFabsent) (Figures 1 and 2, and Table 1). In
greement with our previous studies showing that Ca2�-
nd cAMP-dependent signaling act cooperatively in de-
ermining the magnitude of CFTR-mediated Cl� secre-
ion in the colon,21,22 co-activation with the Ca2�-medi-
ted agonist carbachol further enhanced cAMP-mediated
l� secretion in CFresidual patients, but failed to induce
l� secretory responses in the CFabsent group (Figures 1
nd 2, Table 1).

When CFTR function and genotypes were com-
ared (Table 1), it became apparent that our func-
ional data from native colonic epithelia agreed well
ith previous functional studies in heterologous cells.
FTR-mediated Cl� secretion was absent (or below

he level of detection) in all CF patients compound
eterozygous for class I and II mutations, including
F508, nonsense, frameshift, and missense mutations

hat result in defective processing (A561E, R1066C,

Without Detectable Cl� Secretion (CFabsent) and CF Patients

CFresidual P value

18
�28.1 � 9.8 [29.8 � 3.0] �0.0001a

�51.5 � 12.8 [27.1 � 6.8] �0.0001b

18.6 � 2.5 0.34a

12.2 � 2.6 �0.0001b

85.4 � 5.9 �0.01a

68.5 � 5.9 0.03a

79.0 � 6.3 �0.05b

16c [89] �0.0001d

15
20.0 � 2.3 0.93a

81.7 � 5.1 �0.05a

71.4 � 5.6 �0.05a

from Cl� secretory responses induced by IBMX/forskolin (Isc-cAMP)
mean � SEM and/or percentage.

stase concentrations of 111 �g/g and 154 �g/g, respectively).

ge.
ents
al)

thelia
n as

ol ela
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1303K).8,9,11,34 –36 Mutants that have been shown
reviously to form plasma membrane Cl� channels
ith altered single-channel properties in heterologous

ells (S108F, R117H, R334W, F1052V)10,34,35,37 were
ssociated with residual cAMP-mediated Cl� secretion
f �12%–54% of control rectal epithelia. Residual
unction also was observed for mutants, which are
xpected to form membrane Cl� channels that are
educed in number, either owing to improper protein
aturation (P205S, M1137R) or owing to reduced

evels of full-length CFTR messenger RNA (3272-
6A�G, G576A).32,38 – 40 The only exception was
1101K, which was reported as a loss of function
utation in heterologous cells34 and was associated
ith residual CFTR function in the 1 homozygous
atient studied (Table 1). No biochemical or func-
ional data were available for some of the splice and
issense mutations detected in our patients. Ac-

ording to our functional data, 3121-2A�G,
898�1G�T, and V520F constitute severe muta-
ions, whereas 1898�3A�G, I148N, Y161C,
232D, T338I, I1234V, and S1159F confer residual
FTR Cl� channel function (Table 1). Furthermore, 2
atients in the CF group also carried the 5T
residual
llele, which constitutes a common polymorphism in
ntron 8 of the CFTR gene (Table 1). Previous studies
ave shown that the 5T allele, especially in conjunc-
ion with a high number of adjacent TG repeats,
esults in enhanced skipping of exon 9 and thus
ecreased levels of CFTR protein.41,42 It is therefore
ossible that reduced posttranscriptional processing of
essenger RNA transcripts from mild CFTR muta-

ions (S108F and I148N) contributed to reduced
FTR-mediated Cl� secretion, and the disease pheno-

ype observed in these patients.
It is noteworthy that most CFTR mutations in the

rst nucleotide binding domain identified in our study
opulation lacked functional activity. This finding is
n agreement with previous reports that suggested
hat the structure of the first nucleotide binding do-
ain is particularly sensitive to mutational changes.43

n contrast to the study by Gregory et al.,43 most
ucleotide binding domain 2 (NDB2) mutants de-
ected in our patients also were associated with an
bsence of CFTR-mediated secretion, whereas most
utations associated with residual CFTR function
ere located throughout the 2 membrane-spanning
omains (membrane-spanning domain 1 and 2) of the

Figure 3. Relationship between clinical
outcomes and cAMP-mediated Isc (IBMX/
forskolin) in rectal tissues of CF patients.
Lumen-negative Isc responses reflect Cl�

secretion, lumen-positive responses reflect
K� secretion.22 Correlation between cAMP-
induced Isc and (A) age at diagnosis (r 	
�0.44, P � 0.002), (B) sweat Cl� concen-
tration (r 	 0.50, P � 0.0005), (C) exocrine
pancreatic function (fecal elastase E1 con-
centration) (r 	 �0.82, P � 0.0001), and
(D) pulmonary function (FEV1 %) (r 	
�0.38, P � 0.03) (Pearson’s correlation).
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FTR protein (Table 2). However, particularly in the
ase of missense and splice mutations, functional con-
equences could not be predicted from alterations in
he DNA sequence.

Comparison of the clinical presentation for CFresidual

nd CFabsent patients showed that residual CFTR function
orrelated with a milder disease phenotype (Table 3,
igure 3). CF patients with residual CFTR-mediated Cl�

ecretion (CFresidual) were diagnosed at a later age, had
etter somatic development, and had higher Shwach-
an–Kulczycki clinical scores than CF patients with

bsence of Cl� channel function (CFabsent). Furthermore,
esidual colonic Cl� secretion was correlated with lower
weat Cl� concentrations and exocrine pancreatic func-
ion. In agreement with previous studies of CF patients
arrying specific PS mutations,16,44,45 the severity of lung
isease was variable in individuals within both groups
CFresidual and CFabsent). Overall, however, lung disease
as less severe in the CFresidual compared with the CFabsent

roup. Importantly, we detected a direct correlation
etween the magnitude of residual CFTR-mediated Cl�

ecretion and clinical outcomes (Figure 3). Collectively,
hese data indicate that residual function of specific
FTR mutants detected in the colon extended to other
rgan systems, including pancreas, sweat glands, and
ung.

Interestingly, a number of patients in the CFresidual

roup expressed high residual Cl� secretory responses in
he range of 36%–54% of controls (Table 1, Figure 2).
revious studies in heterologous cells showed that
FTR, besides its role as a cAMP-dependent Cl� chan-
el, also acts as a regulator of epithelial Na� channels46,47

nd epithelial HCO3
� transport mediated by the SLC26

ransporters.48,49 The study by Choi et al.48 identified
pecific CFTR mutations that retained normal Cl� chan-
el function, but resulted in deficient CFTR-dependent
CO3

� transport in vitro, and were associated with a CF
isease phenotype. In a transgenic mouse model with
irway-specific overexpression of epithelial Na� chan-
els, we recently showed that dysregulation of epithelial
a� channel–mediated Na� absorption alone (i.e., in the

resence of normal Cl� transport) is sufficient to cause
F-like lung disease in vivo.50 These findings from het-
rologous cells and a murine model point to the possi-
ility that aberrant regulation of other ion transport
rocesses (e.g., HCO3

� and Na� transport) may contrib-
te to the heterogeneity of disease severity in CF patients
ith residual CFTR Cl� channel function. However,

urther studies are required to determine the impact of
pecific CFTR mutations on CFTR-related functions
ther than Cl� transport in native human tissues, and the
ole of defects in such functions in CF pathogenesis in
umans.
In conclusion, our data establish that residual CFTR

l� channel function is a mechanistic link between
pecific CFTR mutations and a mild CF pheno-
ype.1,3,15,16,44,45 In contrast to previous nasal potential
ifference studies,17–19 our Ussing chamber studies on
ectal biopsy specimens discriminate between CF pa-
ients who express residual CFTR-mediated Cl� channel
unction and patients in whom this function is absent.

e show that residual colonic Cl� secretion has a pro-
ective effect on the host and is associated with less severe
rgan disease. Because many CFTR mutations are not
dentified by standard screening tests, and functional
ata are not available for most rare mutations, measure-
ents of CFTR function in rectal biopsy specimens serve

s a sensitive test to predict the prognosis of CF. Fur-
hermore, functional assessment of native colonic epithe-
ia could assist in defining the role of factors other than
FTR (i.e., modifier genes or environmental factors4,51,52)

hat result in discordant phenotypes of CF patients carrying
he same CFTR genotypes. Finally, detection of residual
FTR function identifies CF patients who may benefit from

herapeutic strategies that increase residual CFTR activity.
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