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Abstract

A massive deletion over three exons 16-17b in the CFTR gene was identified in Japanese CF patients with the highest fre-
quency (about 70% of Japanese CF patients definitely diagnosed). This pathogenic mutation results in a deletion of 153 amino
acids from glycine at position 970 (G970) to threonine at 1122 (T1122) in the CFTR protein without a frameshift. We name
it A(G970-T1122)-CFTR. In the present study, we characterized the A(G970-T1122)-CFTR expressed in CHO cells using
immunoblots and a super resolution microscopy. A(G970-T1122)-CFTR proteins were synthesized and core-glycosylated
but not complex-glycosylated. This observation suggests that the A(G970-T1122) mutation can be categorized into the
class II mutation like AF508. However, VX-809 a CFTR corrector that can help maturation of AF508, had no effect on
A(G970-T1122). Interestingly C-terminal FLAG tag seems to partially rescue the trafficking defect of A(G970-T1122)-CFTR;
however the rescued A(G970-T1122)-CFTR proteins do not assume channel function. Japanese, and perhaps people in other
Asian nations, carry a class II mutation A(G970-T1122) with a higher frequency than previously appreciated. Further study
of the A(G970-T1122)-CFTR is essential for understanding CF and CFTR-related diseases particularly in Asian countries.
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Introduction

Cystic fibrosis (CF) is one of the most common hereditary
diseases in Caucasians, with an estimated incidence of 1 in
2500-3500 newborns. In Caucasians, a deletion of pheny-
lalanine at position 508 (AF508) is the most common CF-
associated mutation present in nearly 90% of CF patients [1,
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2]. However, there are wide regional and ethnic variations in
the spectrum of the CFTR mutations [3, 4]. It is reported that
CFTR mutations in Asians are different from those in Cauca-
sians, that is, 55% of Asian CF patients in UK do not possess
any mutation in the routine newborn screening panel [5].

It has been thought that CF is very rare in Japan approxi-
mately three per million [6, 7]. However, definite diagnosis
of CF is often difficult for Japanese patients because the
sweat Cl test is not readily available as well as most of the
CFTR mutations are of rare types in Japan. This could lead
to an underestimation of the prevalence of CF in Japan.

Recently, Nakakuki et al. [8] identified a large heterozy-
gous deletion spanning exons 16, 17a, and 17b in the CFTR
gene of a Japanese CF patient. Following a series of defi-
nite genetic diagnosis (sequence of all exons and analysis
of genomic rearrangements by multiplex ligation-dependent
probe amplification), the ‘dele 16-17b’ mutation has been
found in Japanese CF patients with the highest frequency (13
alleles out of 28 CF alleles inherited from Japanese/Asian
ancestry). Importantly, five CF patients (two patients are
siblings but the other three patients are non-consanguineous)
with homozygous dele 16-17b mutation have already been
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found out of all 103 Japanese CF patients recorded from
1994. The heterozygous large deletion should be easy to
escape detection by conventional PCR-based techniques
because intact allele masks the deleted allele, which could
be the reason why this mutation had not been identified.
Thus, it is very important to study the dele 16-17b mutation
for understanding unknown CF and CFTR-related diseases
in Asians including Japanese.

The dele 16-17b mutation causes a deletion of 153 amino
acids from glycine at position 970 (G970) to threonine at
1122 (T1122) in the CFTR protein [A(G970-T1122)-CFTR]
(see Fig. 1 for detail). In the present study, we characterized
the A(G970-T1122)-CFTR protein with a combination of
imaging and functional assays to understand the molecular
defects associated with the A(G970-T1122) mutation.

Materials and methods

Preparation of plasmids carrying CFTR variant cDNA
WT-CFTR and WT-CFTR with C-terminal FLAG tag
(C-FLAG-WT-CFTR) constructs inserted into pcDNA3.1/
Zeo(+) plasmids [9-11] were used for the experiments.

The massive deletion mutant A(G970-T1122)-CFTR
was generated from the WT-CFTR templates using the

A

TTG AAA GCA G:GT GGG ATT CTT AAT ---—-————-—
969 | 970
Leu Lys Ala:Gly Gly Ile Leu Asn —-——--——-—

KOD-Plus-Mutagenesis Kit (TOYOBO Co., Ltd., Osaka,
Japan) according to the manufacturer’s protocol. The dele-
tion was confirmed by sequencing the inserted cDNA. To
express the GFP-fusion CFTR proteins, the CFTR cDNA
was inserted into the pEGFP-C1 vector (Clontech Lab-
oratories, Inc., Mountain View, CA, USA) between the
restriction enzyme sites of Pstl.

Expression of CFTR and its variants in CHO cells

CHO cells were maintained in Dulbecco’s modified
Eagle’s medium (D-MEM, Wako Pure Chemical Indus-
tries, Osaka, Japan) supplemented with 10% heat-inacti-
vated fatal bovine serum (FBS) and 100 U/ml penicillin
and 100 pg/ml streptomycin at 37 or 27 °C in a humidified
atmosphere of 5% CO, in air. To be transiently expressed
CFTR, CHO cells were transfected with CFTR-encoding
plasmids using SuperFect transfection reagent (QIA-
GEN, Hilden, Germany) according to the manufacturer’s
protocols.

For whole-cell recordings, CHO cells were co-trans-
fected with CFTR-pcDNA3.1/Zeo(+) plasmids and
pEGFP-C3 plasmids (Clontech Laboratories) encod-
ing GFP, and incubated at 27 °C after transfection for
2-6 days.

-—-—— ATT TCC ATT TTA ACA ACA GBA GAA GGA

1122 {1123

-——- Ile Ser Ile Leu Thr ThriGly Glu Gly

Fig. 1 Schematic illustration of A(G970-T1122)-CFTR. a The gene
mutation identified most frequently in Japanese CF patients. A mas-
sive deletion of 459 base pairs, which results in a deletion of 153
amino acids from glycine at position 970 (G970) to threonine at 1122
(T1122). b Topological location of the deleted region G970-T1122 in
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the membrane. The amino acid deletion is over three transmembrane
helices TM9-TM11. Asn894 and Asn900 on the fourth extracellular
loop are consensus sites for N-glycosylation. NBD nucleotide binding
domain, R regulatory domain, TMD transmembrane domain



The Journal of Physiological Sciences (2019) 69:103-112

105

Immunoblot analysis

For 24 or 48 h-incubation after transfection, culture medium
was removed and the cells were washed with PBS. Cells
were harvested with lysis buffer containing 50 mM Tris/
HCI (pH 7.4), 1% (w/v) Triton X-100, 1 mM dithiothreitol
(DTT), and protease inhibitor cocktail (Nacalai Tesque, Inc.,
Kyoto, Japan). The cell suspension sample was homogenized
by passage through a 27-gauge needle and then centrifuged
at 1000 x g for 10 min at 4 °C. The resulting supernatants
were then collected. For deglycosidase treatment, cell
lysate samples were incubated with 1 x GlycoBuffer 2 and
PNGase F (New England Biolabs, San Leandro, CA, USA)
for 10 min at 37 °C.

Proteins were separated by SDS-PAGE on 7.5 or 10%
polyacrylamide gels and electrophoretically transferred
onto polyvinylidene difluoride (PVDF) membranes (BioRad
Laboratories, Hercules, CA, USA). Immunoblotting was
performed using anti-CFTR antibody (#2269, Cell Signal-
ing Technology, Danvers, MA, USA), or anti-p-actin rabbit
monoclonal antibody (13ES, Cell Signaling Technology) as
the primary antibody, and anti-rabbit IgG-horseradish per-
oxidase (HRP)-linked antibody (Cell Signaling Technology)
as the secondary antibody. HRP-dependent luminescence
was developed using Immobilon Western Chemiluminescent
HRP substrate (Millipore, Bedford, MA, USA) and detected
in an ImageQuant LAS-4000 mini (GE Healthcare, UK Ltd,
Buckinghamshire, England).

Immunocytochemistry

Cells were incubated with CFTR-containing plasmids and
SuperFect transfection reagent for 6 h before they were
harvested with 0.05% trypsin/EDTA solution, seeded onto
cell culture dishes with glass bottom (Greiner Bio-One
GmbH, Kremsmiinster, Austria), and incubated under the
above-mentioned culture conditions at 37 °C for 24 h or at
27 °C for 48 h. Cells were washed with PBS and then fixed
with 4% paraformaldehyde in PBS at room temperature for
15 min. Thereafter, cell membranes were permeabilized with
0.1% Triton X-100 in PBS at room temperature for 10 min,
followed by a further incubation with 3% BSA blocking
in PBS at room temperature for 1 h. In some experiments
without membrane permeabilization (e.g., Fig. 4a), appli-
cation of Triton X-100 was omitted. To detect the Golgi
apparatus, cells were treated with anti-Golgi 58 K protein/
formiminotransferase cyclodeaminase antibody (monoclonal
58 K-9, Sigma-Aldrich, St. Louis, MO, USA) as primary
antibody, and subsequently with Alexa Fluor 555-conju-
gated anti-mouse IgG antibody (Thermo Fisher Scientific,
Waltham, MA, USA). To detect FLAG-tagged CFTR,
cells were treated with anti-FLAG M2 antibody (Sigma-
Aldrich) as primary antibody and subsequently with Alexa

Fluor 555-conjugated anti-rabbit antibody (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were finally sealed
with cover slips using DAPI Fluoromoun-G (Southern
Biotechnology Associates, Birmingham, AL, USA). The
immunofluorescence was detected with a super-resolution
microscopy (ELYRA OS.1, Carl Zeiss Inc., Oberkochen,
Germany).

Whole-cell patch-clamp experiments

The CFTR currents were recorded at room temperature with
an EPC9 amplifier (HEKA Elektronik, Lambrecht/Pfalz,
Germany) as described previously [9, 11]. The bath solu-
tion contained 145 mM NaCl, 5 mM KCI, 2 mM MgCl,,
1 mM CaCl,, 5 mM HEPES (pH 7.4 with NaOH), 5 mM
glucose, and 20 mM sucrose. The pipet solution contained
10 mM EGTA, 10 mM HEPES, 20 mM TEACI, 10 mM
MgATP, 2 mM MgCl,, 101 mM CsCl, and 5.8 mM glucose.
The pipette resistance was~5 MQ in the bath solution. To
monitor the CFTR currents, the membrane potential was
held at 0 mV and a 1-s voltage ramp (— 100 to + 100 mV)
was applied every 6 s. Currents were filtered at 1 kHz with
a built-in 4-pole Bessel filter, and digitized by the com-
puter at a sampling rate of 2 kHz. CFTR was activated with
10 pM forskolin and inhibited by 5 pM CFTRinh-172. The
net current was calculated as the current between — 100 and
+ 100 mV minus the basal current (leak current) at the same
voltages, using Igor software (Wavemetrics, Lake Oswego,
OR) or Clampfit software (Axon). Current—voltage (I-V)
relationships were obtained when whole-cell currents
reached a steady state under each condition.

Chemicals

VX-809 was purchased from ChemScene, LCC (Mon-
mouth Junction, NJ, USA). Forskolin (FSK) was purchased
from Alexis Corporation (Ldufelfingen, Switzerland), and
CFTRinh-172(4-[[4-0x0-2-thiox0-3-[3-(trifluoromethyl)
phenyl]-5-thiazolidinylidene methyl]-benzoic acid) was
kindly provided by Dr. Robert Bridges with support from
the Cystic Fibrosis Foundation Therapeutics.

Results
A(G970-T1122)-mutant CFTR proteins

The ‘dele 16-17b’ gene mutation identified in Japanese CF
patients with the highest frequency [6], leads to a deletion
of 459 base pairs from 2909G to 3367G in CFTR cDNA
(Fig. 1a) [8]. This massive gene deletion results in a deletion
of 153 amino acids from glycine at position 970 (G970) to
threonine at 1122 (T1122) without frameshift in the CFTR
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protein [A(G970-T1122)-CFTR] (Fig. 1a). The amino
acid deletion is located over three transmembrane helices
TM9-TM11 (Fig. 1b). However, the amino acid sequences
including TM12 and NBD2 are intact because no frameshift
is induced by the deletion. Note that the fourth extracel-
lular loop between TM7 and TM 8 containing two N-gly-
cosylation sites, Asn894 and Asn900 [12, 13], is retained
in the mutant construct. In WT-CFTR, the newly synthe-
sized CFTR protein undergoes core glycosylation at these
N-glycosylation sites in the endoplasmic reticulum (ER) and
further complex-type glycan attachment upon traversing the
Golgi apparatus [14, 15].

A(G970-T1122)-CFTR proteins mainly expressed
as immature forms

In order to investigate the influence of the dele 16-17b muta-
tion on CFTR protein expression, we transiently expressed
A(G970-T1122)-CFTR in CHO cells and performed immu-
noblotting using the anti-CFTR antibody.

WT-CFTR protein is known to be detected around
180-200 kDa (mature band) because of two oligosaccharide
chains of the N-glycosylation at Asn894 and Asn900 [12,
13], whereas theoretical molecular mass of WT-CFTR pro-
tein is about 168 kDa. At 37 °C, WT-CFTR proteins showed
two bands around 170 kDa (core-glycosylated immature B
band) as well as 200 kDa (complex-glycosylated mature C
band) (left panel in Fig. 2a) [16]. A PNGase F treatment,

which cleaves N-linked oligosaccharide chains from pro-
teins, shifted both two WT-CFTR bands to around 160 kDa,
presumably corresponding to non-glycosylated WT-CFTR.

AF508-CFTR proteins, due to defective folding, were
mainly detected as the immature B band (center panel in
Fig. 2a). The PNGase F treatment also shifted the AF508-
CFTR band to a little but significantly lower molecular
weight (center panel in Fig. 2a), consistent with that the
AF508-CFTR protein is core-glycosylated (immature gly-
cosylation) [14, 17].

A(G970-T1122)-CFTR proteins were mainly detected
around 140 kDa, which was consistent with the deletion
of 153 amino acids from WT-CFTR. Interestingly, like the
AF508 mutation, the A(G970-T1122)-CFTR proteins were
only shifted to a lower molecular weight band slightly by the
PNGase F treatment (right panel in Fig. 2a). This suggested
that A(G970-T1122)-CFTR proteins were mainly expressed
in the immature core-glycosylated form.

Effect of VX-809 on the CFTR protein expression

VX-809 (Lumacaftor), known as a CFTR corrector, acts as a
chemical chaperone for CFTR with the processing defect to
restore the cell-surface expression of CFTR mutant proteins
[18]. Incubations with VX-809 increased the mature form of
AF508-CFTR proteins in a concentration-dependent man-
ner. This effect was also more predominant when cells were
incubated at a lower temperature of 27 °C (center panels

Fig.2 Effect of VX-809 on A 37°C
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in Fig. 2a, b), probably because incubation at 27 °C pro-
moted thermodynamic stability of the mutant CFTR [19],
and subsequently enhanced the effects of VX-809 [20]. In
contrast, the expression pattern of A(G970-T1122)-CFTR
proteins was not significantly affected by the VX-809 treat-
ment: the mature forms were still extremely low at both 37
and 27 °C (right panels in Fig. 2a, b). These results indicate
that the corrector VX-809 fails to help the maturation of
A(G970-T1122)-CFTR.

A(G970-T1122)-CFTR proteins localized
in the intercellular compartment

To investigate the intercellular processing of A(G970-
T1122)-CFTR proteins in more detail, we performed
immunocytochemical analysis using the super-resolution
microscopy. Figure 3 depicts the immunofluorescence
images of CHO cells expressing N-terminal GFP-tagged
WT-, AF508-, and A(G970-T1122)-CFTR incubated at 37
or 27 °C 48 h after the corresponding constructs were tran-
siently transfected into the cells. The GFP signal can be
clearly detected in the plasma membrane as well as in the
intracellular compartments in GFP-WT-CFTR-expressing

3r'c none
none
27°C
+VX809

Fig.3 Localization of A(G970-T1122)-CFTR protein. Super-reso-
lution microscopic images for WT-, AF508-, and A(G970-T1122)-
CFTR expressed in CHO cells incubated at 37 °C for 24 h and with

cells (left panels in Fig. 3), which was not affected by the
low temperature 27 °C or the VX-809 treatment.

GFP-AF508-CFTR proteins were only detected in the
intracellular compartment at 37 °C (center/top panel in
Fig. 3). However, its expression in the plasma membrane
was detected with the combination of the low temperature
rescue and the VX-809 treatment (center/bottom panel in
Fig. 3), but not discernibly by the low temperature alone
(center/middle panel in Fig. 3).

In the case of GFP-A(G970-T1122)-CFTR, quite strong
GFP signals were distributed over the intracellular com-
partment; however, little signal was detected in the plasma
membrane at 27 °C as well as 37 °C. Even the combination
of the low temperature and the VX-809 treatment failed
to make a plasma membrane expression pattern for the
A(G970-T1122)-CFTR (right/bottom panel in Fig. 3).

Taking the immunoblotting data (Fig. 2) and the immu-
nocytochemical data (Fig. 3) together, we conclude that
A(G970-T1122)-CFTR is synthesized but not trafficked
to the plasma membrane. Therefore, the A(G970-T1122)
mutation can be categorized into the class I mutation like
AF508.

A(G970-T1122)

or without 10 uM VX-809 at 27 °C for 48 h. Green, GFP-tagged
CFTR proteins; blue, nuclei (DAPI); red, Golgi apparatus. Scale bars
10 um (color figure online)
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The C-terminal FLAG tag affects
A(G970-T1122)-CFTR expression

Surprisingly, we found that C-terminal FLAG tag changed
the expression manner of A(G970-T1122)-CFTR proteins.
Figure 4a depicts that immunoblots of WT- and A(G970-
T1122)-CFTR proteins with or without C-terminal FLAG
tag.

The signal intensity ratio between mature and imma-
ture forms of WT-CFTR proteins was little affected by the
C-terminal FLAG tag. In contrast, the C-terminal FLAG
tag clearly increased the signal intensity of the mature form
in A(G970-T1122)-CFTR proteins (Fig. 4a). Figure 4b
summarizes the relative expression levels of mature WT-
and A(G970-T1122)-CFTR proteins with and without the
C-terminal FLAG. Although the underlying mechanism for
this effect of the C-terminal FLAG tag on the maturation of
A(G970-T1122)-CFTR proteins is unknown, this observa-
tion does suggest that the C-terminal FLAG tag can be used
as a tool for further studies of this unusual CFTR mutant.

WT A(G970-T1122)

non FLAG non FLAG
250 250
—
150 150
(kDa) (kDa)

*%
3 —
t Bl mature form I
immature form

1IN

non FLAG non FLAG
WT A(G970-T1122)

N
o

o
o

o

Relative protein expression level
(/(mature form + immature form)

Fig.4 Effects of the C-terminal FLAG tag on expression of A(G970-
T1122)-CFTR proteins. a Immunoblots for WT- and A(G970-T1122)-
CFTR with or without C-terminal FLAG tag. The black and gray
arrowheads indicate mature and immature forms of CFTR proteins.
Cells were incubated at 27 °C for 48 h after transfection. b Summary
for the immunoblot signal intensity of immature (grey) and mature
(black) forms of WT- and A(G970-T1122)-CFTR proteins. Data were
normalized to the total signal intensity and expressed as relative pro-
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C-terminal regions of A(G970-T1122)-CFTR
proteins might be located at the intracellular side
of the plasma membrane

According to the membrane topology of CFTR, the C-termi-
nal region including NBD2 of A(G970-T1122)-CFTR could
be located in the extracellular space because an odd number
(three) of transmembrane helices (TM 9-10) were lost in
TMD?2 of A(G970-T1122)-CFTR (Fig. 1b). To investigate
this possibility, we performed immunostaining experiments
to localize the C-terminus of the C-FLAG-A(G970-T1122)-
CFTR using anti-FLAG antibody.

As demonstrated in Fig. 4c, C-terminal FLAG-tagged
WT- and A(G970-T1122)-CFTR proteins were probed with
the anti-FLAG antibody and then labeled with red fluores-
cence dye (Alexa Fluor 555) under permeabilized or non-
permeabilized condition.

C-FLAG-tagged WT-CFTR proteins were clearly
detected both in the plasma membrane and in the intracel-
lular compartments under the permeabilized condition.

c WT-FLAG A(G970-T1122)-FLAG

tein expression levels. Mean value +SD from triplicate experiments.
Statistical significance (¥, p<0.01) was evaluated by Student’s ¢ test.
¢ Immunocytochemical staining of CHO cells transiently expressing
C-terminal FLAG-tagged WT- and A(G970-T1122)-CFTR proteins
with (P) or without (non-P) membrane permeabilization. Red, FLAG-
tagged CFTR proteins stained with Alexa Fluor 555-linked anti-
FLAG antibody; blue, nuclei (DAPI). Scale bar 10 pm. Cells were
incubated at 27 °C for 48 h after transfection (color figure online)
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However, the red fluorescence signal was completely abol-
ished under the non-permeabilized condition (left/bottom
panel in Fig. 4c). This suggests that the C-terminal region
of WT-CFTR is located inside the cell membrane.

In the case of the C-FLAG-tagged A(G970-T1122)-
CFTR, a line of red fluorescence signal dots was detected
along the putative plasma membrane (right/top and mid-
dle panels in Fig. 4c), but much more mutant proteins were
detected in the intracellular compartments. In the non-per-
meabilized cells (right/bottom panel in Fig. 4c), the red fluo-
rescence was completely abolished just like in the C-FLAG-
WT-CFTR-expressing cells.

Similar results were obtained by cell surface biotinyla-
tion assays. That is, the anti-FLAG antibody failed to cap-
ture C-FLAG-A(G970-T1122)-CFTR proteins possibly
expressed on the cell surface (data not shown) although it
might be due to its low expression density.

These results support the idea that the C-terminal region
of the C-FLAG-A(G970-T1122)-CFTR protein is surpris-
ingly located inside the plasma membrane.

C-terminal FLAG-tagged A(G970-T1122)-CFTR
proteins have no channel activities

Finally we investigated the channel function of the C-FLAG-
A(G970-T1122)-CFTR presumably expressed in the plasma

membrane. As shown in Fig. 5, 10 pM forskolin failed to
induce whole-cell currents in the cells expressing the
C-FLAG-A(G970-T1122)-CFTR as well as the A(G970-
T1122)-CFTR, whereas it constantly induced large whole-
cell currents of nanoampere magnitude for both WT- and
C-FLAG-WT-CFTR. However, a large degree of cell-to-cell
variation of whole-cell CFTR current amplitudes in our tran-
sient expression system is noted. Thus, even if the C-FLAG-
A(G970-T1122)-CFTR can be expressed in the plasma
membrane, no detectable chloride channel activity is seen.

Discussion

In the present study, we characterized A(G970-T1122)-
CFTR, the most frequent CFTR mutant identified in Jap-
anese cystic fibrosis patients. We conclude that A(G970-
T1122)-CFTR can be categorized into a class II mutation,
like AF508 mutation, but VX-809 could not rescue the
trafficking defect of A(G970-T1122)-CFTR (Figs. 2, 3). In
addition, considering the drastic deletion of three transmem-
brane segments that likely participate in the construction of
the anion permeation pathway [21, 22], we propose that the
mutant protein is non-functional as the electrophysiological
experiments also imply.

WT WT-FLAG A(G970-T1122) A(G970-T1122)-FLAG
Forskolin Forskolin Forskolin Forskolin
172-inh 172-inh 172-inh 172-inh
I I I I
\ \
T
<<
< c
c
o SL
20s 20s
1(nA) 1(nA) 1(nA) 1 (nA)
10 20 0.8 0.8
. 1.0 0.4 _ 0.4 —
I T T T T : T T T T I I T T T T T T T T I '7', T T T ] T T T T I I T T T T i T T T T I
100 - 100 -100 ] 100 -100 0.4 - 100 -100 0.4 100
] Vm (mV) #1.0 Vm (mV) o Vm (mV) - Vm (mV)
-10 20 ] 0.8 0.8

Fig.5 Whole-cell experiments for channel function of A(G970-
T1122)-CFTR proteins. Representative whole-cell current traces
obtained from CHO cells expressing WT-, C-terminal FLAG-tagged
WT-, A(G970-T1122)-, and C-terminal FLAG-tagged A(G970-
T1122)-CFTR proteins. CFTR currents were stimulated by 10 pM

forskolin, and 5 pM CFTRinh-172 (inh-172) was subsequently
applied to confirm the CFTR currents. The lower panel shows the
I-V relationships of forskolin-induced conductance by subtracting the
leak currents at position I from the overall current at position II. Each
group represents the average of five data points
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No effects of VX-809 on the trafficking defect
of A(G970-T1122)-CFTR

CFTR molecule contains two TMDs with four intracellular
loops (ICL1-4), two NBDs, and a regulatory domain [13].
These domains interact with each other for the structural
and functional integrity of the channel. The AF508 muta-
tion in NBD1 caused structural instability at the interfaces
between ICL1 in TMD1, ICL4 in TMD2, and NBD1, so that
AF508-CFTR proteins fail to fold properly and do not effi-
ciently traffic to the plasma membrane [23, 24]. A previous
report suggested that corrector VX-809 stabilizes the NBD1-
TMD1/TMD?2 interface to rescue the defective protein fold-
ing mutant (e.g., AF508) CFTR proteins [25]. Recently, it
was proposed that VX-809 binds to TMD1 to repair folding
and processing defects of CFTR by promoting interactions
between ICL1 and NBD1 [26].

Unfortunately, VX-809 was not effective for the A(G970-
T1122)-CFTR (Figs. 2, 3). In A(G970-T1122)-CFTR pro-
teins, the middle half of TMD2 including ICL4 is lost
(Fig. 1b), leading to the lack of the NBD1-CL4 interface in
A(G970-T1122)-CFTR. Although we do not know the rea-
son why VX-809 does not help the maturation of A(G970-
T1122)-CFTR, it should be noted that the AF508 mutant
proteins retain some channel function, but A(G970-T1122)-
CFTR does not.

C-terminal FLAG tag partially rescued
A(G970-T1122)-CFTR

We found that C-terminal FLAG tag increased the mature
band of A(G970-T1122)-CFTR in the immunoblot analysis
(Fig. 4a, b). A simple interpretation of this finding is that the
C-terminal FLAG tag promotes maturation of the A(G970-
T1122)-CFTR proteins. Several previous studies have
investigated the importance of the C-terminal region that
influences the localization, protein stability, and function of
CFTR. The PSD-95/discs-large/Z0O-1 (PDZ) binding motif is
the most relevant region of the CFTR C-terminus, which has
been demonstrated to interact with the PDZ domain proteins
including Na*/H"-exchanger regulatory factor isoform-1
(NHERF-1; also known as EBP50, ezrin/radixin/moesin-
binding protein 50), NHERF2, NHERF3 (also known as
CAP70, CFTR-associated protein 70), NHREF4, and CFTR-
associated ligand (CAL) [27-29]. NHERF-1 could tether
CFTR to cortical cytoskeletal elements via binding to ezrin
in a phosphorylation-dependent manner as well as with
other membrane proteins [30, 31]. An anchoring of CFTR
to cytoskeleton could potentially make it possible to stabi-
lize CFTR proteins in the plasma membrane and it has been
suggested that the interaction with either NHERF or CAP70
might increase the channel activity of CFTR [32-34]. On the
other hand, interaction with CAL causes the inhibitory effect
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of CFTR localization on the cell surface: the binding of CAL
retains CFTR within the cell and targets CFTR for degrada-
tion [35]. Furthermore, a sequence upstream of the PDZ
binding motif within CFTR C-terminus also enhances the
interaction with the PDZ domain proteins [36]. Other C-ter-
minal regions also play pivotal roles in the CFTR protein
lifetime. Some motifs on the C-terminus, e.g., tyrosine-based
internalization motif and di-leucine-based motif, are related
to CFTR endocytosis, and C-terminal truncations enhances
its proteasome-dependent degradation [37]. Therefore, the
C-terminus FLAG tag may interfere with the interactions of
A(G970-T1122)-CFTR with many of the above-described
binding proteins.

It is also worth noting that the C-terminal FLAG tag-
induced band shift (molecular weight shift) in A(G970-
T1122)-CFTR was smaller than the maturation-included
band shift in WT-CFTR (Fig. 4a). Although the exact rea-
son for this difference is unclear, one possibility is that the
complex-glycosylation of A(G970-T1122)-CFTR was not as
extensive as that of WT-CFTR [38].

Further studies are needed to elucidate the mechanism of
A(G970-T1122)-mutation induced trafficking defect as well
as its rescue by the C-terminal FLAG tag.

Clinical impacts of A(G970-T1122)-CFTR

The dele 16-17b gene mutation has been found in Japanese
CF patients with the highest frequency (13 alleles out of 28
CF alleles of Japanese/Asian ancestry completely-analyzed),
that is, about 70% of Japanese CF patients have the dele
16-17b gene mutation. On the other hand, the Cystic Fibrosis
Mutation Database (www.genet.sickkids.on.ca/cftr) includes
39 different genomic rearrangements accounting for only
1-3% of the CFTR mutations in Caucasians [39].

Note that five homozygous dele 16-17b patients have
already been found in Japanese CF patients. Two of them
are siblings (a 4-year-old girl and a 2-year-old boy), who
share an identical genotype. However, importantly, the elder
sister shows mild bronchitis whereas the younger brother
shows a severe phenotype with pancreatic insufficiency
(clinical data not shown). This suggests that pathogenesis
of CF caused by A(G970-T1122) mutation could be more
complicated and other modifier genes may be important.
Also, the homozygote patients with little CF symptoms sug-
gest a possible underestimation of the population with the
dele 16-17b gene mutation in Japan where no systematic CF
screening is available. Historically, the first report of the dele
16-17b gene mutation was from a French CF patient whose
healthy mother originated from South Korea [40], suggest-
ing that the dele16-17b mutation might be unique to Asian
CF. Further study of the A(G970-T1122)-CFTR is essential
for comprehensively understanding CF and CFTR-related
diseases in Japanese/Asian populations.
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Conclusions

The most frequent disease-associated mutation in Japa-
nese CF patients, dele 16-17b, produces a class II mutant
A(G970-T1122)-CFTR. Interestingly, a C-terminal FLAG
tag partially rescues A(G970-T1122)-CFTR whereas
lumacaftor (VX-809), a US FDA-approved class II mutant
CFTR corrector, is of little help. In addition, even when
A(G970-T1122)-CFTR proteins reach the cell membrane,
it is unlikely for them to carry out the function of cAMP-
regulated chloride channel or respond to CFTR potentia-
tors. Although current advancements in developing phar-
maceutical reagents for the treatment of patients with CF
have benefited a significant numbers of patients, it remains
an overbearing challenge to overcome defects caused by
some mutations such as A(G970-T1122).
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