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Abstract

Background/Aims: Mutations in the CFTR gene cause
Cystic Fibrosis (CF) the most common life-threaten-
ing autosomal recessive disease affecting Cauca-
sians. We identified a CFTR mutation (c.120del23)
abolishing the normal translation initiation codon,
which occurs in two Portuguese CF patients. This
study aims at functionally characterizing the effect of
this novel mutation. Methods: RNA and protein tech-
niques were applied to both native tissues from CF
patients and recombinant cells expressing CFTR con-
structs to determine whether c.120del23 allows CFTR
protein production through usage of alternative in-
ternal codons, and to characterize the putative trun-
cated CFTR form(s). Results: Our data show that two
shorter forms of CFTR protein are produced when
the initiation translation codon is deleted indicating
usage of internal initiation codons. The N-truncated
CFTR generated by this mutation has decreased sta-
bility, very low processing efficiency, and drastically
reduced function. Analysis of mutants of four methio-

nine codons downstream to M1 (M82, M150, M152,
M156) revealed that each of the codons M150/M152/
M156 (exon 4) can mediate CFTR alternative trans-
lation. Conclusions: The CFTR N-terminus has an im-
portant role in avoiding CFTR turnover and in ren-
dering effective its plasma membrane traffic. These
data correlate well with the severe clinical phenotype
of CF patients bearing the ¢.120del23 mutation.

Copyright © 2009 S. Karger AG, Basel

Introduction

Mutations in the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR, MIM# 602421) gene
cause Cystic Fibrosis (CF, MIM# 219700) the most com-
mon life-threatening autosomal recessive disease among
Caucasians [1]. The major CF symptoms are progres-
sive pulmonary dysfunction, pancreatic insufficiency and
elevated sweat electrolyte concentration [1]. CFTR pro-
tein, a Cl" channel in the apical membrane of epithelial
cells comprises several domains, namely: two membrane-
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spanning domains (MSD1/2), two nucleotide binding do-
mains (NBD1/2) and a regulatory domain (RD), besides
the N- and C-termini which are both also functionally
relevant [2, 3].

Although ~1,600 variants of the CFTR gene have
been identified [4], F508del, the most frequent mutation
(~70% of CF chromosomes worldwide) is associated with
a severe clinical phenotype. Most F508del-CFTR is re-
tained and degraded at the level of the endoplasmic re-
ticulum (ER) [5]. In Southern Europe the incidence of
F508del is lower, in Portugal it only accounts for ~60%
of CF chromosomes [6]. Hence, there is a higher preva-
lence of non-F508del alleles among Portuguese CF pa-
tients and this necessitates close assessment of other
predicted mutations to determine their functional conse-
quences at the cellular and physiological levels. The func-
tional characterization of such naturally occurring CFTR
mutations is of high relevance for genetic counselling and
clinical prognosis, not just for such gene variants, but also
for mutations in other disease-associated genes which
perturb the same molecular mechanism.

Here, we describe a novel CFTR mutation in exon
1, ¢.120del23, which we reported previously [4], that was
found in two CF patients from the Azores islands, both
with F508del in the other allele. As deletion of these 23
nucleotides (120-142) removes the translation initiation
codon (133-135), we asked whether this mutation still
allows for synthesis of CFTR protein through usage of
alternative internal initiation codon(s), as shown for other
CFTR variants [7]. We demonstrate that truncated CFTR
proteins are produced and show that M150/M152/M156
(but not M82) can mediate this alternative translation ini-
tiation. By functionally characterizing these N-truncated
protein(s) we show that at least one of these reaches the
cell membrane, but it is unstable and has drastically re-
duced CI channel activity. These findings correlate well
with the severe clinical phenotype of the two patients
bearing this mutation.

Materials and Methods

DNA analysis

The 27 CFTR exons, intronic flanking regions, 5’ and 3’
UTRs and [TG] T, were analysed by sequencing as described
elsewhere [8].

Transcript analysis

Following approval of this study by the hospital ethical
committee and written informed consent from the parents, na-
sal epithelial cells from one of the CF patients with the F508del/

¢.120del23 genotype were obtained. RNA extraction and cDNA
synthesis were performed as described before [9]. Briefly, quan-
titative (log-phase) RT-PCR analysis of CFTR transcripts from
nasal epithelial cells was performed in the region of exons 8-10,
using a FAM-labelled primer [10]. After separation in the auto-
matic sequencer, quantitative analysis of RT-PCR products was
performed with the GeneScan® software as before [10].

In silico analysis of the potential alternative in-frame

initiation codons

The CFTR mRNA sequence (GenBank:M28668, position
1-4575) was assessed for in-frame AUG codons as possible
alternative initiation codons using the “AUG evaluator” and
Open-Reading-Frame-Finder online software [11].

Constructs

By site-directed mutagenesis (QuikChange, Stratagene,
La Jolla, CA, USA) c.120del23 was introduced into the wt-
CFTR-cDNA in the pNUT mammalian expression vector [12,
13] using as primer the patient’s RT-PCR product (positions 96-
265). The exon-1-lacking-CFTR-cDNA-construct for in vitro
translation resulted from cloning (CFTR-cDNA, exons 2-24)
into the pSP73 vector. Other CFTR mutants were produced by
mutagenesis on c¢.120del23-CFTR-cDNA-pNUT or on the
exon2-24-CFTR-cDNA-pSP73 (primers shown in Table 1).

Stable CFTR-expressing BHK cells

The ¢.120del23-CFTR ¢cDNA pNUT plasmid and its me-
thionine mutants were used (2 pg) to produce novel stable
baby hamster kidney (BHK) cell lines by transfection with
lipofectin (Invitrogen, Paisley, UK) according to the manufac-
turer’s instructions. The novel cell lines stably expressing these
constructs were cultivated under metothrexate (500 pM) selec-
tion as previously described [14, 15].

Biochemical analysis

CFTR protein expression assessment by Western blot
(WB) was performed as described [16] using the anti-CFTR
monoclonal antibody (Ab) M3A7 (Millipore, Hampshire, UK)
and the SuperSignal® West Pico chemiluminescent substrate
system (Thermo Scientific, Rockford, IL, USA). Metabolic
pulse-labelling of cells, CFTR immunoprecipitation (IP), elec-
trophoresis, fluorography, and densitometry were also per-
formed as described before [17].

Immunocytochemistry

Immunofluorescence was also performed as previously
[18]. Briefly, CFTR-transfected BHK cells grown on chamber-
slides (Nalgene Nunc, Roskilde, Denmark) were fixed in metha-
nol, permeabilized and incubated for 1h with 24-1 monoclonal
anti-CFTR antibody (R&D Systems, Minneapolis, MN, USA)
and after washing, incubated with FITC-secondary antibody
(Amersham Biosciences Corp, Piscataway, NJ, USA) and
mounted in Vectashield (Sigma-Aldrich Corp, St. Louis, MO,
USA) with DAPI (blue) for nuclear staining. Preparations were
observed in a Zeiss Axioskop fluorescence microscope and
microphotographs obtained with a Photometrics image point
cooled CCD video camera.

336 Cell Physiol Biochem 2009;24:335-346

Ramalho/Lewandowska/Farinha/Mendes/Gongalves/Barreto/Harris/
Amaral



Table 1. Primers used for site-

Construct

Primers (name: sequence 5°-> 3°)

directed mutagenesis. Primers
used to mutagenize the CFTR
methionines in positions 82, 150,
152 and 156 into valines in the
120del23-CFTR-pNUT and in the
pSP73CFTRex2-24 constructs.

M82VEF: CGATGTTTTTTCTGGAGATT TGTGTTCTATGGAATC
M82VR: GATTCCATAGAACACAAAT CTCCAGAAAAAACATCG
M150V: CCTTCATCACATTGGAGTGC AGATGAGAATAG
M150V R: CTATTCTCATCTGCACTCC AATGTGATGAAGG
MI152VF: CATTGGAATGCAGGTGAGAA TAGCTATG

M152VR: CATAGCTATTCTCACCTGC ATTCCAATG

MI156VF: GATGAGAATAGCTGTGTTTA GTTTG

pNUT
120del23-
CFTR

M156VR: CAAACTAAACACAGCTATT CTCATC
MI150V/M152VF: CTTCATCACATTGGAGTGCA GGTGAGAATAGCTATGTTTA GTTTG

MI150V/M152V R: CAAACTAAACATAGCTATT CTCACCTGCACTCCAATGTGATGAAG
MI150V/M156VEF: CTTCATCACATTGGAGTGCA GATGAGAATAGCTGTGTTTA GTTTG
MI50V/M156V.R: CAAACTAAACACAGCTATT CTCATCTGCACTCCAATGTG ATGAAG
M152V/M156V.E: CTTCATCACATTGGAATGCA GGTGAGAATAGCTGTGTTTA GTTTG
M152V/M156VR: CAAACTAAACACAGCTATT CTCACCTGCATTCCAATGTG ATGAAG
MI150V/M152V/M156V.E: CTTCATCACATTGGAGTGCA GGTGAGAATAGCTGTGTTTA GTTTG
MI150V/M152V/M156V.R: CAAACTAAACACAGCTATT CTCACCTGCACTCCAATGTGATGAAG

CFTRex3ATG/GTGDIR: CTTCGGCGATGTTTTTTCTGGAGATTTGTGTTCTATGGAATC
CFTR ex3 ATG/GTGREV: GATTCCATAGAACACAAATCTCCAGAAAAAACATCG CCGAAG
CFTRex4ATG/GTGDIR: CITCATCACATTGGAGTGCAGATGAGAATAGCTATG
CFTRex4ATG/GTGREV: CATAGCTATTCTCATCTGCACTC CAATGTGATGAAG

pSP73
CFTR
ex2-24

CFTRex4ATG/GTG152DIR: TGGCCTTCATCACATTGGAATGCAGGTGAGAATAGCTATGTTTAGT
CFTRex4ATG/GTG152REV: ACTAAACATAGCTATTCTCACCTGCATTCCAATGTGATGAAGGCCA

CFTRex4ATG/GTG2xDIR: TGGCCTTCATCACATTGGAGTGCAGGTGAGAATAGCTATGTTTAGT
CFTRex4 ATG/GTG2XxREV: ACTAAA CATAGCTATTCTCACCTGCACTCCAATGTGATGAAGGCCA
CFTRexATG/GTG3XDIR: TGGCCTTCATCACATTGGAGTGCAGGTGAGAATAGCTGTGTTTAGT
CFTRex43ATG/GTG3XREV: ACTAAACACAGCTATTCTCACCTGCACTCCAATGTGATGAAGGCCA

lodide efflux assay

For the functional assessment of CFTR (the ¢.120del23,
F508del mutants and wt as a control) the CFTR-mediated io-
dide (I') efflux was measured at room temperature, as previ-
ously [19] using an I'-selective electrode (ThermoElectron Cor-
poration, Waltham, MA) and forskolin (10 uM), genistein (50
uM) as CFTR cAMP agonist and potentiator, respectively. Data
are expressed as means + SEM (standard error of the mean).

Statistical Analyses
Statistical analyses were performed using Student’s t test,
with a value of p<0.05 considered statistically significant.

In vitro transcription and translation

For in vitro transcription and translation, the TnT Cou-
pled Reticulocyte Lysate System (Promega, Madison, WI, USA)
was used with [**S]methionine, according to the manufactur-
ers’ instructions. SDS-PAGE (3%/6%) separation of protein
products was followed by autoradiography.

Results

CF Patients phenotype and DNA analysis

A Portuguese female patient from the Azores is-
lands was diagnosed with CF at the age of 1 month by
accepted criteria [20], including significant pulmonary
involvement (bronchiectasis and bronchial obstruction),
pancreatic insufficiency (PI) and elevated CI" in sweat

(72 mmol/L, mean of two independent measurements);
maxillary and ethmoid sinusitis; and suspicion of (but not
confirmed) meconium ileus. As only one mutation
(F508del) was identified by routine CFTR genotyping,
we sequenced all CFTR exons and flanking intronic re-
gions and found c.120del23 mutation (CFTR mRNA num-
bering as in GenBank:M28668). This mutation which had
not been reported previously, except by ourselves [4] is
localized in exon 1 and deletes 23 nucleotides (position
120 onwards) including the translation initiation codon
(Fig.1A). This patient was previously analysed for the
cAMP-mediated chloride (Cl) secretion in the colon and
no secretion was detected [21]. Subsequently, another
unrelated Portuguese CF male patient, also with a se-
vere clinical involvement (diagnosed at the age of 11 years;
PI; 119 mEqg/L CI- in sweat; mild bronchiectasis and lung
colonization by Pseudomonas aeruginosa) was identi-
fied with the same genotype. To understand the disease-
causing mechanisms of this novel mutation and to estab-
lish a correlation with the clinical phenotype, we studied
its molecular, cellular and functional consequences.

Effect of the c.120del23 mutation at the RNA level
To evaluate whether ¢.120del23 alters the levels of
CFTR transcripts, we quantified RNA from nasal epi-
thelial cells from one of the two above ¢.120del23/F508del

Clinical Relevance of Shorter CFTR
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Fig. 1. DNA and RNA analysis. (A) Alignment the wt-CFTR
sequence (upper sequence) with the ¢.120del23-CFTR sequence
(lower sequence) in the region of the mutation. The inset high-
lights the initiation translation codon M1 and the dashed line
in the lower sequence corresponds to the nucleotides (23 nts)
deleted by the mutation. (B) Representative analysis by capil-
lary electrophoresis of RT-PCR products from transcripts of
nasal epithelial cells from a CF patient with ¢.120del23/F508del
genotype (see Methods), where the y-axis represents the fluo-
rescence intensity and the x-axis the length of the RT-PCR prod-
ucts analysed (the // symbol represents a break in the scale). In
the electropherogram the faster migrating products (appearing
in the left) correspond to CFTR transcripts from both alleles
lacking the exon 9, and the slower migrating products (in the
right) correspond to the full-length transcripts (i.e., exon 9+).
The areas beneath the peaks correspond to the amount of the
PCR product amplified. (C) Graph summarizing quantification
of transcripts (see Methods) shown in Figl.B. Left - transcripts
from the F508del allele; right - ¢.120del23 transcripts. In each
column, the percentages of transcripts with and without exon 9
are represented as black and white areas, respectively. Graphs
and error bars are mean + standard deviation (SD) from inde-
pendent RT-PCR assays (n=3).

patients. To this end, we applied a previously described
quantitative (q) RT-PCR strategy (see Methods) which
allows allele-specific quantification of CFTR transcripts
when F508del is present in one allele and also enables
quantification of exon 9 skipping [10]. The latter occurs
to a lesser or greater extent depending on the intron
8 polymorphism [TG] T, [22]. This qRT-PCR approach
enables detection of 4 different PCR products which in
this patient are (Fig.1B): the two exon 9+ transcripts from
c.120del23 (391 nt) and F508del (381 nt) alleles, both at
the far right of the electropherogram; and the two exon
9- transcripts from c.120del23 (208 nt) and F508del
(205 nt) alleles, at the far left. Fig.1C summarizes the
quantification of these data (n =3) represented as the
percentage of total CFTR transcripts from each allele
(F508del, left; c.120del23, right) where values for exon
9+ and exon 9- transcripts are shown in black and in
white, respectively. These results show that although levels
of full-length (exon 9+) c.120del23 transcripts are lower
than those from the F508del allele, this is because skip-
ping of exon 9 (exon 9- transcripts) is higher for
c¢.120del23- than for F508del-transcripts. However, this
enhanced exon skipping in ¢.120del23 transcripts is plau-
sibly not induced by the ¢.120del23 mutation per se, but
rather by the [TG],, T, polymorphism, which we found to
be in cis with ¢.120del23 (data not shown), and which is
described to cause more exon 9 skipping than the [TG], T,
polymorphism which is in cis with F508del [22].
It should nevertheless be noted that the difference be-

A
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tween the total levels of F508del and c¢.120del23-tran-
scripts was not found to be statistically significant.

In silico analysis for putative in-frame alterna-

tive initiation codons

Next, we used “AUG evaluator” [10] to identify
downstream AUG codons in CFTR mRNA (positions
1-4575 of GenBank:M28668) that could be used as
alternative initiation codons according to the Kozak
mRNA scanning model. This analysis revealed 82 AUGs
of which only 38 are in-frame with M1 (Table 2). It also
observed that all the out-of-frame AUGs identified would
result in proteins smaller than in-frame CFTR (the
largest having only 51 amino acids (aa)), due to the pres-
ence of premature termination codons (PTCs) (data not
shown). The scores of the first four in-frame methionines
downstream of M1 (M82, M150, M152 and M156) are
shown in Table 2. Interestingly, all four have lower scores
than M1, with the lowest (i.e, the methionine with the
lowest probability of initiating CFTR translation)
being M82 (exon 3). The scores of the other three
methionines (M150, M152 and M 156 all in exon 4) are
very close to each other (Table 2) and truncated
CFTR initiated at any of them would lack TM1 and TM2
(of MSD1), and the N-terminus. Sequence alignment
of CFTR protein from several species [23] demonstrates
that M1 and M 150 are fully conserved through evolution
and that M82 is the least conserved of the four
downstream methionines.
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Table 2. In silico analysis of CFTR pu-

tative in-frame alternative initiation POSitIi{EA POSiti.OH m Sequence Score Protein
codons. Potential usage scores of the ke protein lenght (a2)
AUGs found in-frame with M1 in the 133 M1 CCGAGAGACC AUGCA 86. 1480
CFTR mRNA (Genbank accession 376 MS2 (exon 3) CUGGAGAUUUAUGUU  68. 1399
number M28668), as determined by the = g, M150 (exon4)  UCACAUUGGAAUGCA  76. 1331
“AUG evaluator” software (see Meth-
ods). These scores correspond to a com- 536 M152 (exon4)  UGGAAUGCAGAUGAG  74. 1329
parative sequence analysis of the con- 598 M156 (exon4)  GAGAAUAGCUAUGUU 75, 1325
sensus translation initiation site AUG 766 M212 (exon 6a) GGCACUCCUC AUGGG 81. 1269
and the sequence context of the AUGs  gs9 M243 (exon 6a) GCUAGGGAGAAUGAU  81. 1238
found in-frame in the CFTR mRNA se- g4, M244 (exon 6a)  AGGGAGAAUGAUGAU 8. 1237
quence. In italic (first row) is the AUG g5 M245 (exon 6a)  GAGAAUGAUG AUGAA  80. 1236
normally used in vivo to initiate CFTR
translation (i.c., M1). The four AUGs im- 925 M265 (exon 6b)  UACCUCAGAA AUGAU 79. 1216
mediately downstream of M1 (M82, 973 M281 (exon 6b) GGAAGAAGCA AUGGA 82. 1200
M150, M152, M156) are in bold. 982 M284 (exon 6b)  AAUGGAAAAAAUGAU 78, 1197
1174 M348 (exon7)  UGUUCUGCGC AUGGC 82. 1133
1312 M394 (exon8)  AGAAGUAGUG AUGGA  82. 1087
1537 M469 (exon 10)  UUCACUUCUA AUGAU 72. 1012
1540 M470 (exon 10)  ACUUCUAAUG AUGAU 77 1011
1546 M472 (exon 10)  AAUGAUGAUUAUGGG 77 1009
1624 M498 (exon 10)  UUCCUGGAUU AUGCC 80. 983
1915 MS598 (exon 13)  CUGUAAACUG AUGGC 77. 886
1951 M607 (exon 13)  CACUUCUAAA AUGGA 79. 874
2065 M645 (exon 13)  CUCAAAACUC AUGGG 74. 836
2293 M721 (exon 13)  UCCCUUACAA AUGAA 80. 760
2449 M773 (exon 13)  CCUGAACCUG AUGAC 78. 708
2641 M837 (exon 14a) UUUUGAUGAUAUGGA  77. 644
2917 M929 (exon 15)  UUUGCUUGCUAUGGG  76. 552
2986 M952 (exon 15)  ACACCACAAA AUGUU 77. 529
3013 M961 (exon 15)  UCAAGCACCU AUGUC 79. 520
3214 M1028 (exonl7a) GGCUUUUAUUAUGUU  72. 453
3433 M1101 (exon 17b) CUGGUUCCAA AUGAG 74. 380
3445 M1105 (exon 17b) GAGAAUAGAAAUGAU  77. 376
3541 M1136 (exon 18) GACUUUAGCC AUGAA 84. 344
3550 M1140 (exon 18) CAUGAAUAUC AUGAG  77. 341
3601 M1157 (exon 19) GGAUAGCUUG AUGCG 74 324
3637 M1169 (exon 19) GUUCAUUGAC AUGCC 79. 312
3703 M1191 (exon 19) CUCGAAAGUUAUGAU  75. 290
3760 M1210 (exon 19) AGGGGGCCAA AUGAC 84. 271
4192 M1354 (exon22) CAAGCAGUUG AUGUG 73 127
4351 M1407 (exon 23) GAUAGAAGCAAUGCU 79 74

Effect of the CFTR c.120del23 mutation at the

protein level

To determine whether ¢.120del23-CFTR mRNA
uses any of these alternative codons in vivo, we pro-
duced a stable BHK cell line expressing the
¢.120del23-CFTR-cDNA-pNUT construct. Western blot
analysis (Fig.2A) shows that this construct generates two

CFTR-specific products (lane 2, Fig.2A, arrows D and E
of ~133 and ~128 kDa, respectively), both of lower
molecular mass than the immature ER form (known as
band B ~140 kDa) of wt-CFTR (lane 1, Fig.2A).
The slower migrating of these two forms (D) predomi-
nates. Data in Fig.2A also indicate that expression levels
of the mutant forms (lane 2) at steady-state are lower

Clinical Relevance of Shorter CFTR
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Fig. 2. Biochemical analyses of the ¢.120del23-CFTR variant. (A) Western blotting of total protein (30 pg) from BHK cells stably
expressing wt- and ¢.120del23-CFTR. Lane 1, BHK cell line stably expressing wt-CFTR. Lane 2, BHK cell line stably expressing
¢.120del23-CFTR. D and E arrows indicate the positions of the upper and lower CFTR alternative translation initiation products.
(B) Pulse-chase experiments followed by CFTR IP in BHK cells stably expressing wt- (left) or ¢.120del23-CFTR (right). The cells
were pulse-labelled for 30 min with 100 pCi/ml [**S]methionine and then chased for 0; 0.5; 1; 2; 3 h. (C) Graph showing the turnover
of immature form (band B) of wt-CFTR (gray diamonds) and c.120del23-CFTR (open squares). The same graph also represents the
efficiency of immature form (band B) processing into the mature form (band C) of wt-CFTR (black circles). Since the band C of
¢.120del23 protein (very faint) was only detected after 3 h of chase, it was not possible to quantify its efficiency of processing.
Data correspond to the amount of labelled protein at chase time indicated as P relative to the amount of labelled protein at the start
of the chase indicated as P°. Symbols and error bars are means + SD (standard deviation) of the values at each time point (n=3).

than those of wt-CFTR (lane 1). This quantitative differ-
ence is not the result of clonal variation in expression
levels because lower expression levels were consistently
observed for multiple ¢.120del23-CFTR clones in com-
parison to wt-CFTR clones (data not shown). These low
levels may result from either decreased translation effi-
ciency of the mutant protein, higher turnover or both.

To distinguish between these possibilities, we ana-
lysed the turnover rate of ¢.120del23-CFTR by pulse-
chase experiments followed by IP (Fig.2B). The graph in
Fig.2C shows that the turnover rate of immature
c.120del23-CFTR is higher than that of immature wt-
CFTR. Results in Fig.2B also show that c.120del23-CFTR
is very inefficiently processed, as only a very faint band
corresponding to its fully-glycosylated form is detected
in comparison to that of wt-CFTR for which, after a 0.5h-
chase, the fully-glycosylated form (band C) can already
be observed. However, these data also suggest that a
small fraction of the c.120del23-CFTR may traffic to the
cell membrane.

Subcellular localization of ¢.120del23-CFTR and

Cl channel activity

To confirm that c¢.120del23-CFTR is present at the
plasma membrane, we performed immunocytochemis-
try. Data in Fig.3, show that, whereas wt-CFTR is mostly
detected at the membrane, c.120del23-CFTR (Fig.3C)
evidences a predominant intracellular staining, although

with a more widespread distribution throughout the cyto-
plasm than F508del-CFTR (Fig.3B), but also with some
faint staining appearing at the plasma membrane (arrows
in Fig.3C). To further confirm the presence of ¢.120del23-
CFTR at the cell membrane, we assessed its activity as
a CI- channel by the iodide efflux technique [24] which
assesses the function of a population of CFTR CI- chan-
nels in intact cells (see Methods). When cells expressing
c.120del23-CFTR were treated with forskolin (FSK)/
genistein (Gen), a detectable activity peak of iodide ef-
flux was elicited (Fig. 4A, open squares) which is signifi-
cantly lower (~25%, Fig.4B) than that of wt-CFTR (Fig.
4A black circles) but also significantly higher (~20%,
Fig.4B) than that of F508del-CFTR (Fig.4A, grey trian-
gles). Moreover, a delay of ~3 min in the peak response
of 120del23-CFTR to agonists is also observed in com-
parison to wt-CFTR (Fig. 4A). Nevertheless, these data
confirm that some c¢.120del23-CFTR is present at the
cell membrane, albeit at very low levels.

Assessment of CFTR alternative initiation of trans-

lation

To determine which of the alternative AUG codons
(Table 2) is used to initiate translation of the
¢.120del23-CFTR mRNA, resulting in the protein with
the above-described properties, the four methionine
codons (M82, M150, M152, M156) downstream of M1
(translation is a 5°->3” mechanism) were individually or
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120del23

Fig. 3. CFTR protein resulting from the ¢.120del23 ¢cDNA shows modest membrane localization. Immunocytochemistry analysis
shows CFTR staining (green) at the membrane (see arrows) of wt-CFTR BHK cells (A), whereas in F508del-CFTR expressing cells
(B) CFTR shows an intracellular staining pattern, consistent with the substantial ER-retention described for this mutant. In
¢.120del23-CFTR transfected cells (C), CFTR is detected predominantly intracellularly but some membrane staining is also
observed (white arrows). For the nuclear staining we have used DAPI (blue). Data are representative of independent experiments
(n=2) and no background staining or autofluorescence was observed with untransfected BHK cells. Bar = 20 pum.

Fig. 4. Functional assessment of ¢.120del23-CFTR by the io-
dide efflux assay shows partial function confirming membrane
localization. (A) Time-course analysis of activity as a Cl chan-
nel and response to agonists (FSK/Gen) of ¢.120del23-CFTR
expressed in comparison to wt and F508delCFTR (constructs
stably expressed in BHK cells cultured at 37°C) by the iodide
efflux technique (see Methods). Black circles, open squares
and gray triangles represent data from BHK-wt-CFTR, BHK-
¢.120del23-CFTR and BHK-F508del-CFTR cells, respectively.
During the period indicated by the bar (in the upper part of the
graph) forskolin (10 pM) and genistein (50 pM) were added to
the efflux buffer. Abscissa: time, -4 to 10 min; ordinate: iodide
efflux, 0 to 50 nmol min!. Symbols and error bars are mean =+
SEM. Where not shown, errors bars are smaller than symbol
size. (B) Summary of the peak iodide efflux magnitudes gener-
ated by c.120del23- and F508del-CFTR represented as a per-
centage of that of wt-CFTR. Asterisks and crosses represent
significant differences from wt-CFTR and F508del, respectively
p<0.05). Data evidence a significantly decreased (~25%) and
increased (~20%) global activity of the c.120del23-CFTR cells
in comparison to wt-CFTR and F508del expressing cells, re-
spectively.

jointly mutated into valines and the respective stable cells
were analysed by immunoblot for CFTR. Results in Fig.5A
reveal the presence of two proteins (D and E) for single
mutants of M82V, M150V, M152V and M156V (lanes 3-
6, respectively) and also for the double mutants M150V/

Fsk/Gen
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M152, M150V/M156V and M152V/M156V (lanes 7-9).
These two forms exhibit similar mobility to those detected
for ¢.120del23-CFTR (lane 2). The upper of these (D
~133 kDa) is also observed when the wt-CFTR construct
is analysed (lane 1) so CFTR alternative translation also
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Fig. 5. Methionines in exon 4 of the CFTR gene all contribute to translation initiation in the absence of M1. (A) In vivo analysis.
Total lysates of BHK cells stably transfected with the ¢.120del23-CFTR ¢cDNA recombinant plasmids were analysed by immunoblot.
The full length CFTR protein resulting from expression of wt- CFTR pNUT is observed in lane 1. Lane 2 — proteins resulting from
expression of ¢.120del23-CFTR pNUT. Lanes 3-10 correspond to the proteins produced by the methionines mutants all in the
¢.120del23-CFTR pNUT background: lane 3, M82V; lane 4, M150V; lane 5 M152V; lane 6, M156V; lane 7, M150V/M152V; lane 8,
M150V/M156V; lane 9, M152V/M156V; lane 10, M150V/M152V/M156V. Arrows D and E indicate the positions of the upper and
lower CFTR protein products resulting from alternative translation, respectively. Data correspond to independent experiments
(n=3). (B) Products of in vitro transcription/translation reactions separated on 3%/6% SDS/PAGE, gels dried and exposed to
autoradiographic film. Lane 1, Full length wt-CFTR, plasmid pCMV936C. Lanes 2-8 all in pSP73: 2, CFTR exons 2-24; 3, M82V/
MI150V/M152V/M156V; 4, M82V/M150V/M152V; 5, M82/M152V; 6, M82V/M150V;7, M150; 8, M82V. Arrow A (on the left)
indicates full-length translated wt-CFTR protein; D and E indicate the positions of the upper and lower alternative initiation
products of ~133 kDa and ~128 kDa, respectively, which are predominantly observed for the CFTR mutants analysed here. Data

correspond to independent experiments (n=3).

occurs when M1 is present at the sequence. However,
when the triple mutant (M150V/M152V/M156V) was
analysed (lane 10, Fig.5A), only the lower form (E ~128
kDa) could be detected. The failure to detect the larger
form (arrow D) for this variant demonstrates that it cor-
responds to usage of M150, M152 or M156 (lane 10,
Fig.5A). The shorter CFTR protein (arrow E) observed
when the M150/M152 and M156 are simultaneously
mutated probably results from usage of an AUG codon
downstream of M156. In exon 6a four additional AUG
codons (Table 2) are observed which can be used to
initiate translation of this shorter CFTR version.

To confirm these data by in vitro translation (IVT),
we used a cDNA construct lacking M1 (containing only
CFTR exons 2-24) in the pSP73 vector and generated
mutations in the same methionine residues. The cDNA
CFTR exon 2-24 pSP73 construct mimics the alterna-
tive splicing CFTR transcripts lacking exonl observed
during the human and sheep lung development [25]. The
IVT data shown in Fig.5B demonstrates that a number
of smaller protein products were generated from the
CFTR exon 2-24-pSP73 construct, including two promi-

nent proteins (lane 2, arrows D and E), likely correspond-
ing to the same species observed in vivo. The full-length
immature form of wt-CFTR migrates at about 140 kDa
(lane 1, arrow A, left). Additional products of CFTR exon
2-24-pSP73 construct IVT are observed (Fig.5B),
likely resulting from usage of AUGs that are not used
in vivo (Fig.5A) due to a more rigorous quality control
of translation or from premature termination events.
Individual and double mutations of M82V, M150V and
M152V (lanes 5-8) did not cause loss of either protein
species D or E, consistent with the corresponding
constructs in the in vivo assay. The mutant
M82V/M150V/M152V (lane 4) does not alter the
production of proteins D and E either. However, the
simultaneous deletion of all four methionines (M82, M 150,
M152 and M156) abolishes the production of the
upper migrating protein at D (lane 3). Thus, this species
likely corresponds to the CFTR variant resulting
from usage of M150/M152 or M156 (and not of M82
because the M82V mutation alone did not abolish the
appearance of this band).
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Discussion

Our aim here was to assess the functional impact at
the molecular and cellular levels of the ¢.120del23 muta-
tion, a novel mutation in the CFTR gene which we de-
scribe here for the first time in two Portuguese CF pa-
tients in compound heterozygosity with F508del.

The levels of c.120del23-mRNA are not decreased

in native respiratory tissue

We first assessed the total levels of c.120del23
mRNA in native nasal cells from one of the above CF
patients and found them to be at equivalent levels to
F508del transcripts. This suggested that the mutation must
generate CFTR protein(s), as translation usually precludes
mRNA from degradation [26]. Moreover, our
bioinformatic analysis indicates that all out-of-frame pro-
tein products (i.e., those resulting in open-reading-frames
other than CFTR) bear premature stop codons (PTCs,
data not shown). Hence, if these out-of-frame proteins
were produced in vivo, significant degradation of the
¢.120del23-CFTR transcripts by nonsense-mediated
mRNA decay (NMD) would be expected [27]. Our
¢.120del23 mRNA quantitative data thus predicts that out-
of-frame proteins must not be produced at all in vivo.

Our data also reveal that higher levels of exon 9
skipping occur for ¢.120del23 transcripts than for F508del
transcripts. However, these cannot be directly related to
¢.120del23 but rather to the [TG],, T, polymorphism which
in cis with the ¢.120del23-allele (not shown). Indeed, this
polymorphism is known to induce higher levels of exon 9
skipping [22] than [TG] T, which is in cis with the
F508del-allele.

The c.120del23 construct generates truncated

forms of CFTR of reduced stability

To determine whether downstream in-frame AUG
codons can be used to initiate CFTR translation in the
absence of M1 in the ¢.120del23 construct, we performed
WB analysis. Two CFTR alternative species (D and E,
~133 and ~128 kDa, respectively) with lower molecular
mass than wt band B are detected, thus demonstrating
usage of alternative initiation codons, consistently with
previous studies with other CFTR variants [7]. These
truncated forms of CFTR were consistently found at lower
expression levels than wt-CFTR, possibly reflecting their
lower efficacy in translation initiation [28], as predicted
from the respective in silico efficacy scores.

An additional explanation for the low expression lev-
els of c.120del23-CFTR at steady-state could be a faster

degradation of the protein, as recently described for the
A264 N-truncated CFTR [29]. Moreover, by WB only
core-glycosylated forms of the ¢.120del23 were detected
which also suggests low processing efficiency. Indeed,
our results from metabolic pulse-labelling show that im-
mature ¢.120del23-CFTR turns over faster than imma-
ture wt-CFTR (band B). This is an interesting finding
since immature F508del-CFTR evidences no significant
reduction in synthesis [30] or turnover [31, 32] relative to
immature wt-CFTR. Since these experiments also show
that maturation efficiency of ¢.120del23-CFTR is very
low (mature ¢.120del23-CFTR form is very faint), the
high turnover observed probably results from enhanced
degradation, as indicated by previous studies [29, 33].
These reduced levels of processed ¢.120del23-CFTR can
also result from reduced stability at the cell surface, as it
was proposed that CFTR N-terminus plays a role in en-
docytosis through protein interactions, namely with
cytoskeletal proteins [34, 35].

Altogether, these results for ¢.120del23-CFTR sug-
gest an important role of the N-terminus in CFTR fold-
ing, stability and processing, which was also evidenced
by other studies demonstrating that point mutations in this
region - S50P; E60K; G85E/V; E92K - prevent CFTR
maturation [35, 36]. Notwithstanding, since c.120del23-
CFTR completely lacks the N-terminus it thus misses
the arginine-framed-tripeptide (AFT) motif at residues
29-31 acting as a retention/retrieval signal for CFTR at
the ER exit checkpoint [15]. The absence of this AFT
would be predicted to enhance ER-to-Golgi transport of
¢.120del23-CFTR and this may actually account for the
detection of the truncated protein at the plasma mem-
brane.

Usage of CFTR alternative internal translation

initiation codons

Next, we investigated which of the methionines with
the highest probability of initiating translation (M82; M150;
M152; and M156) originate the truncated forms CFTR
of proteins detected here. Our in vivo and in vitro data
indicate that M150, M 152 and/or M 156 may all be used
to produce the major N-truncated CFTR protein (~133
kDa). It is not possible to determine which one is prefer-
entially used, since in single-mutant experiments they
appear as equivalent. In contrast, both in vivo and in
vitro data demonstrate that M82 (the one with the low-
est score and also the least conserved of the four), is not
used to initiate CFTR translation. Since M150 has the
highest score of the four and it is also the most conserved
one, we predict that it is the codon which is selected
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in vivo to initiate translation when M1 is missing (Fig.5A,
lane 7 and 8). However, our data show that M152 and
M156 can similarly be used to produce the form D
(~133 kDa), at least when M 150 is missing (Fig.5A lanes7-
8). Although the most crucial nucleotides for AUG con-
text are purine at -3 and guanine at +4 [28, 37], none of
the CFTR AUG codons (including M1) analysed here
has the latter. The fact that all three M150, M152 and
M156 can be used to initiate alternative translation of
CFTR, may result from a secondary structure on the
mRNA at this region that enables the ribosome to recog-
nize any one of them as initiation codon [38]. Indeed,
these codons are used even in the presence of the M1
although at lower efficiency. Moreover, the fact that
another truncated CFTR, of even greater mobility on
SDS/PAGE (~128 kDa), is also produced when these
three methionines are mutated, suggests the existence of
another initiation codon further downstream of M156.
Four additional AUG codons (in exon 6a) could initiate
translation of this shorter CFTR protein, the first being
M212. Other CFTR mutations reported in CF patients
[4] that abolish M1 (M1V; M1K; MIT) will probably
result in the production of the same N-truncated CFTR
proteins as c¢.120del23 mutation. Moreover, it was
previously showed that a transcript lacking exon 1, as a
result of the recruitment of alternative 5' exons joined to
exon 2, shows developmental regulation in the human and
sheep lung [25]. This form also initiates at the methionines
in exon 4 [39] suggesting a common function for this
N-truncated protein.

Functional studies of 120del23-CFTR

Despite its intrinsic instability and the very low
membrane levels of this mutant, we find here that
¢.120del23-CFTR, still has residual CI" channel activity,
in contrast to other CF-causing mutants like F508del-
CFTR (this study) and R560T-, or AS61E-CFTR [14, 15].
This may reflect a smaller impact on the CFTR CI chan-
nel activity by the most abundant N-terminal truncation
product resulting from c.120del23-CFTR (i.e.,
M150/M152/M156 which remove TM1; TM2) in com-
parison to the above NBD1 mutations. Consistently, it
was previously reported in Xenopus oocytes [7] that
segments TM1-TM4 are not essential components of the

conduction pore or the selectivity filter of CFTR, although
their removal causes lower conductance of the channel.
However, in another study by Ge et al [40], segments
M1 and M6 are defined as major contributors to the CFTR
channel pore and Sheppard et al [41] demonstrated that
the first half of CFTR forms a regulated Cl- channel with
conduction properties similar to those of wt-CFTR.

Interestingly, recordings of ¢.120del23-CFTR by
single-channel analysis were of two different types (André
Schmidt and David Sheppard, personal communication),
probably reflecting the presence of the two truncated
CFTR forms detected here by Western blot
(M150/M152/M156 and the shorter form). Both these
types evidenced a detectable conductance, although of
much lower open probability and burst durations than
those of wt, consistent with the study by Carroll et al [7].

Overall, the biochemical data indicating that the
prevalent N-truncated CFTR protein has decreased
stability and very low processing efficiency together
with these functional results showing that the
¢.120del23-CFTR has drastically reduced function,
demonstrate a good correlation with the severe clinical
CF phenotype of the two patients bearing this mutation.
In previously analysis by Ussing chamber of native tissues
from one of these patients, CFTR activity could not be
detected [21]. This apparent discrepancy with our current
results may simply derive from the higher CFTR
expression levels in the systems employed here which
allow enhanced sensitivity in functional measurements.
Nevertheless, this study demonstrates the relevance of
the molecular and functional characterization of mutations
for the clinical setting.
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