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Aberrant protein subcellular localization caused by mutation is a prominent feature of many human
diseases. In Cystic Fibrosis (CF), a recessive lethal disorder that results from dysfunction of the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR), the most common mutation is a deletion of
phenylalanine-508 (pF508del). Such mutation produces a misfolded protein that fails to reach the cell
surface. To date, over 1900 mutations have been identified in CFTR gene, but only a minority has been
analyzed at the protein level. To establish if a particular CFTR variant alters its subcellular distribution, it
is necessary to quantitatively determine protein localization in the appropriate cellular context To date,
most quantitative studies on CFTR localization have been based on immunoprecipitation and western
blot. In this worl, we developed and validated a confocal microscopy-image analysis method to quan-
titatively examine CFTR at the apical membrane of epithelial cells. Polarized MDCK cells transiently
transfected with EGFR-CFTR constructs and stained for an apical marker were used. EGFP-CFTR fluo-
rescence intensity in a region defined by the apical marker was normalized to EGFP-CFTR whole cell
fluorescence intensity, rendering “apical CFTR ratio”. We obtained an apical CFTR ratio of 0.67 4 0.05 for
witCFTR and 0.11 4 0.02 for pF508del. In addition, this image analysis method was able to discriminate
intermediate phenotypes: partal rescue of the pF508del by incubation at 27 °C rendered an apical CFTR
ratio value of 0.23 & 0.01. We concluded the method has a good sensitivity and accurately detects milder
phenotypes. Improving axial resolution through deconvolution further increased the sensitivity of the
system as rendered an apical CFTR ratio of 0.75 + 0.03 for wild type and 0.05 + 0.02 for pF508del. The
presented procedure is faster and simpler when compared with other available methods and it is
therefore suitable as a screening method to identify mutations that completely or mildly affect CFTR
processing. Moreover, it could be extended to other studies on the biology underlying protein subcellular
localization in health and disease.

@ 2014 Elsevier Lid. All rights reserved.

1. [ntroduction

An example of these conditions is Cystic Fibrosis {CF), the most
common autosomal recessive lethal disorder among Caucasian

Subceellular localization is essential for protein function as it
determines the access of proteins to interacting partners, inte-
grating these into functional biological networks. Indeed, aberrant
protein localization caused by mutation, or by deregulation of
components of the trafficking machinery, is a prominent feature of
many human diseases as diverse as Alzheimer's disease, kidney
stones and cancer [1].
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populations. This genetic disease results from mutations and
consequential dysfunction of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR}[2,3]. CFTR is a cyclic AMP-dependent
chloride channel that localizes at the apical membrane of epithelial
cells where it plays a key role in salt and water homeostasis. About
90% of CF cases involve a deletion of phenylalanine-508 (pF508del}
[4]. Such mutation produces a misfolded protein that is retained in
the endoplasmic reticulum (ER} and degraded, so that a small
fraction of translated CFIR reaches the apical surface [5]. At least
eighteen other disease-causing mutations have been reported to
affect CFTR membrane targeting as well (6 9].

To date, over 1900 mutations have been identified in CFTR gene,
but only a minority have been analyzed at the protein level [10,11].
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To establish if a particular CFTR variant alters its subcellular dis-
tribution, it is necessary to quantitatively determine protein local-
ization in the appropriate cellular context.

Overall, subcellular fractionation and microscopy-based
methods have been developed to address the localization of inte-
cral membrane proteins. Microscopy-based methods are quite
diverse and in most cases they are specific for the cell type andfor
membrane compartment that is being addressed. Some methods
are based on manual assignment of the membrane compartment
[12,13] while others rely on signal filtering and automated seg-
mentation of the compartment of interest [14,15].

Regarding CFTR, most quantitative studies on its localization
have been based on immunoprecipitation and western blot. For
example, Streptavidin-agarose isolation of biotinylated surface
proteins followed by immunoblot analysis with anti-CFTR anti-
bodies has been extensively used [16]. This experimental approach
is laborious, time consuming and has low sensitivity. Another
method currently employed is the generation of stable cell lines
expressing extra-cytoplasmic loop epitope-tagged CFTR variants.
These cells lines are then used in ELISA assays which detect surface
CFTR by an anti-tag antibody and amplification of the signal by
chemo-luminescence or fluorescence reactions [17,18]. Although
more sensitive, this method still involves the generation of cell lines
and results more appropriate to evaluate potential correctors of the
localization defect imposed by pF508del or other known mutations.
Recently, Almaca and coworkers have published a fluorescent mi-
croscopy quantitative method that uses a CFTR chimera construct
carrying mCherry plus a Flag epitope tag in CFTR 4th extracellular
loop. In non-permeabilized cells, the Flag tag allows to quantify
CFTR localized at the cell surface, while mCherry fluorescence in-
dicates CFTR whole cell expression [19]. While this method pro-
vides a good dynamic range, it is limited to proteins with
extracellular domains.

Here we report a novel method for assessing apical membrane
protein targeting by fluorescence confocal microscopy and quan-
titative image analysis. We also show that applying deconvolution
procedures further increases both the sensitivity and dynamic
range of the method. This method is advantageous to determine the
effect that clinically-relevant and uncharacterized mutations exert
on CFIR localization. In addition, this method can be applied to
measure targeting efficiency of any other apical membrane-
localized protein of interest.

2. Materials and methods
2.1. Plasmid constructions

Human CFTR cDNA inserted in pGEMHE was kindly provided by
Dr. Pablo Artigas (Texas Tech University, Health Sciences Center).
Sequence was verified. CFTR cDNA was amplified by polymerase
chain reaction (PCR} and cloned into the pEGFP-C1 expression
plasmid kindly provided by Ruben Agrelo (Institut Pasteur de
WMontevideo) to generate the pEGFP-wtCFTR fusion construct as
previously reported [20]. A CFTRE mutant version lacking the
phenylalanine 508 (pEGFP-pF508delCFTR} was constructed using
pEGFP-witCFTR as a template and the site-directed mutagenesis
system QuikChange II Kit (Stratagene, Agilent Technologies).
Identities of constructed vectors were confirmed by DNA
sequencing.

2.2. Cell culture and transfection
Madin-Darby canine kidney (MDCK} cells type Il were grown in

minimal essential medium (MEM) containing 5% fetal bovine
serum (Sigma Aldrich} at 37 °Cin a 5% C0; atmosphere. Cells were

seeded (4.5 x 107 cells per well) on trans-wells {polycarbonate
filters, 0.4 um pore size, Corning Fsher, NY, USA) and were trans-
fected 48 h later using Lipofectamine 2000 and Opti-MEM (Invi-
trogen, USA) with 1 pg of plasmid constructs. Samples were fixed
and processed 24 h after transfection.

2.3. Antibodies and immunofiucrescence staining

The apical marker anti gp135 was a gift from G. Ojakian (State
University of New York Downstate Medical Center, Brooklyn, NY},
the basolateral marker p58 was a gift from K. Matlin (University of
Cincinnati, Cincinnati, OH}, anti-Calnexin was purchased from
AbCam (ab10286). Prior to immunostaining, samples were washed
three times with phosphate-buffered saline (PBS} and fixed with 4%
paraformaldehyde for 30 min at room temperature. Permeabiliza-
tionwas carried out with 0.1% TritonX100 in PBS for 15 min at 37 °C.
Samples were blocked with fish skin gelatin (Sigma} 0.7% in PBS
and then incubated over-night at 4 °C with primary antibody (both
were diluted 1/3000 in blocking solution). Samples were then
incubated for 1 h at 37 °C with secondary antibody {Alexa-543,
Invitrogen} and finally 15 min a room temperature with TO-PRC 3
(Invitrogen}. Samples were mounted with ProLong® Gold antifade
reagent (Invitrogen} and cured for 24 h.

2.4. Confocal laser microscopy and deconvolution

Samples were examined with a confocal microscope (Leica TCS-
SP5} using a HCX PL APO 63x{NA1.40 CS oil objective. Images were
recorded as 8-bit, and sampled at values smaller than the Nyquist
rate (43 nm lateral and 130 nm axial) to prevent aliasing. This was
accomplished with an additional 8x zoom and an image resolution
of 1024 = 1024 pixels. Confocal stacks were acquired from
approximately 20 transfected cells/condition/experiment selected
by manual boustrophedon scanning of the entire sample. Blind
deconvolution was performed by Huygens Essential software
(version 4.2, Scientific Volume Imaging, Hilversum, The
Netherlands} using an adaptive point spread function (psf} and the
classical maximum likelihood estimation [CMLE} algorithm. The
signal to noise ratio employed was 20 and the quality threshold
0.001. A maximum number of 500 iterations were employed. 32bit
float deconvolved images were exported as 16-bit TIFF files using
the linked scale option to reduce the intensity dynamic range.
Image analysis was performed using Image ] software.

2.5, Statistics

A simple linear model was applied to the data considering both
CFTR genotype and CFTR channel intensity and after verifying that
there were not significant differences between same groups from
different experiments. Cutliers were detected using the Cooks's
distance, which identifies leverage points.

Sets of data were compared using the non-parametric Kruskal
Wallis test. Significant differences presented a p < 0.0001. Statis-
tical analysis were performed using R Software [21]. Results were
expressed as mean + SD of at least three independent experiments.

3. Results and discussion
3.1. Image acquisition

CFTR cellular localization was analyzed in polarized MDCK cells
transiently transfected with different EGFP-CFTR constructs and
stained with TO-PRO 3 and an antibody against gp-135 to mark
nuclear and apical membrane compartments respectively. Isolated
cells were xyz imaged from the top to the bottom. Z-stacks
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boundaries were consistently defined establishing the basolateral
limit one micron below the nuclei and the apical limit two microns
above gpl35 apical marker. TOPRO-channel was turned off before
scanning.

In order to avoid EGFP signal clipping (a large amount of satu-
rated pixels, e.g. pixels with a 255 value in an 8-bit image} acqui-
sition settings (laser power, gain and offset} were first adjusted for
the cell that exhibited higher EGFP signal. These acquisition set-
tings were kept invariable for all the cells in that particular exper-
iment making their fluorescence intensities comparable.

3.2. Expression of EGFP-wtCFIR and EGFP-pF508delCFIR in
polarized MDCK cells

As shown in Fig. 1, both, p58 and gpl35 markers, properly
distribute within the basolateral and apical membranes, respec-
tively (Fiz. 1A and B). As expected, EGFP-wtCFTR is largely distrib-
uted at the apical membrane (Fig. 1A and B} while EGFP-
pF508delCFTR shows intracellular localization (Fig. 1C). ER reten-
tion of EGFP-pF508delCFIR is clearly visualized on flat MDCK cells
grown on coverslips, and immunostained against the ER marker

A GFP-W{CFTR - p58

calnexin (Fig. 11}. These results show that EGFP-wtCFIR and EGFP-
pF508delCFTR are distributed accordingly with previously reported
data, indicating our system is suitable for screening the CFTR
localization phenotypes of different mutant alleles.

3.3. Quantification of CFIR subcellular distribution through Imagef
analysis

To quantify the proportion of CFIR residing at the apical
membrane, we considered the EGFP-CFTR fluorescence intensity in
a region defined by the apical marker gpl135. This value was
normalized to EGFP-CFTR whole cell fluorescence intensity,
rendering “apical CFIR ratio”. Such procedure was carried out as
follows:

1} Orthogonal planes, perpendicular to the imaged XY planes (Z-
axis), were generated for both Alexa-543 (anti-gp135 secondary
antibody-conjugated -fluorophore} and EGFP [CFTR} channels,
using the Image] “Reslice” function (Fig. 24, left panels).

2} To delineate aregion of interest, image thresholding was applied
to both channels. Otsu method, a binarization algorithm that

1

B. GFP-wiCFTR -gp135

| CFTR - gp135

—

3| CFTR - calnexin

Fig. 1. Expression of GFP-wtCFTR and GFP-pF508delCFTR in polarized MDCK cells. Confocal fluorescence micrographs {xz planes) of polarized MDCK cells transiently expressing
GFP-CFTR and stained with the basolateral marker pS8 {A) or the apical marker gp135 {B, C). /D) Confocal XY plane of MIDCK grown on glass coverslips, transfected with GFP-
pF308delCFTR and stained for the endoplasmic reticulum marker calnexin, A, B, GFP-wtCFTR is localized primarily at the apical membrane, C and D, GFP-pF508deICFTR exhibits
intracellular localization and resembles the reticular pattern of the endoplasmic reticulum. Three-dimensional reconstructions of field sections containing transfected cells {A, C,

right) confirm CFTR localization, Scale bars represent 5 pm.
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Fig. 2. Quantification of apical CFTR through Image analysis. A. Scheme of the quantit@ative image analysis procedure {representation showing one slice). B, "Apical CFTR ratio” values
for GFP-wtCFTR and GFP-pF508deICFTR. Data represent mean + standard deviation from at least three independent experiments. “p < 0.0001

finds the threshold value where the sum of foreground and
background spreads is at its minimum, was independently
applied to each slice of the image [22]. The resulting apical
marker channel voxels defined the apical mask whereas the
resulting CFTR-channel voxels defined the CFTR mask (Fig. 2A,
middle panels}.

3} The CFIR mask was intersected with the CFIR signal by the
operation “AND” rendering as a result intensities for “whole cell
CFTR” for each slice. (Fig. 2A, upper panels}

4} The apical mask was then intersected with “whole cell CFTR" by
the operation “AND” rendering as a result intensities for “apical
CFTR” for each slice (Fig 2A, curved arrow).

5) The integrated density of the “SUM” projected stacks was
calculated for “apical CFTR” and “whole cell CFTR". The pro-
portion of these values determined the “apical CFTR ratio”. Thus,
apical CFTR ratio = apical CFTR{whole cell CFTR.

The “apical CFTR ratio” was calculated for 95 total cells (EGFP-
witCFTR plus EGPF-pF508delCFTR} within three independent ex-
periments. Five, out of these 95 values were detected as outliers
and discarded (all EGFP-wtCFTR). It is worth noting that most of
those were also high intensity outliers, suggesting that high
expression levels lead to aberrant subcellular localization. If those
cases were included “apical CFTR ratio” would be influenced by
expression level. We confirmed that the remaining data was within
an intensity range where the “apical CFTR ratio” was independent
of intensity (Correlation between the ratio and the
intensity ~ 0.03}.

An average value of (0.67 + 0.05) was obtained for EGFP-
witCFTR, meaning that 67% of total GFP-CFTR is localized at the
apical membrane. For EGFP-pF508delCFTR an average value of
(011 + 0.02} was obtained (Fig. 2B}. We concluded our method

quantitatively renders the difference between apical wtCFIR and
pF508delCFTR.

To quantitatively evaluate CFTR mutants delivered to the baso-
lateral membrane | 16], an equivalent image analysis procedure can
be applied. In such cases, the mask must be generated considering
the region defined by a basolateral marlker.

3.4. Deconvolution of confocal images increases the dynamic range
of the system

Subeellular fractionation and purification of the plasma mem-
brane followed by immunodetection studies indicate that 80% of
total wild type CFTR is enriched at the plasma membrane fraction
whereas the pF508delCFTR variant it is virtually excluded from it
[23]. Thus, although our quantification method is able to measure
the distribution difference between wild type and mutant versions
of CFTR, it still does not entirely reflect the high contrast reported
by the mentioned study. More likely, limited axial resolution ren-
ders an apical mask that includes a significant part of the cellular
interior. As image resolution is critical to this methodology, we
decided to further improve it by applying deconvolution. Resolu-
tion of both, confocal and widefield images has been shown to
significantly increase by deconvolution, an image restoration
technique that has also had a profound impact on colocalization
studies [24]. For membrane localization studies, the application of
this image restoring calculation would be especially pertinent, due
to the restricted region under study.

We applied blind deconvolution to both Alexa543 and GFP
channels considering the following parameters:

a) PSF: The mismatch between the immersion (refractive index
n = 142} and mounting media (n = 1.518)} gives spherical
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Fig. 3. Deconvolution of confocal images increases the dynamic range of the system, A, Distribution patterns of the apical marlker gpl35 and GFP-CFTR {both wt and pF508del) were
already discernible in unprocessed images {upper panels) and improved by deconvolution {lower panels). 5cale bars represent 3um, B, GFP-CFTR intensity patterns of a vector inxz
confocal slice for unprocessed {red) or deconvolved {blue) images. The overlay demonstrates the similarity of the patterns. C. “Apical CFTR ratio” for wt and pF508del before and
after deconvolution. Data represent mean % standard deviation from at least three independent experiments. *p < 0.0001, Values of wt/pF508del ratio illustrate deconvolution
increases by two and a half-fold the dynamic range of the system. {For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article,)

aberration that increases with the observation depth [25].
We solved this difficulty by applying a theoretical psf, which can
be adjusted to sample depth by deconvolution software
caleulation.

b} Signal to noise ratio (S{N}: We first determined a range for this
value (10 20} according to the quality of our images by visually
estimating their granularity in comparison with confocal images
of known S{N ratio. We then refined this value to 20, since after
deconvolution, better axial resolution was obtained
(Supplementary Fig. 1},

¢y Number of maximum iterations and quality threshold criteria:
The number of maximum iterations was kept high (500
iterations} making the quality threshold criteria the limiting
factor for the iterative calculations. This latter value was set
in 0.001, which additionally sharpened the intensity pealk
(Supplementary Fig. 1},

As shown in Fig. 3A, axial resolution, as indicated by the
reduction in gp135 apical marker signal full width at half maximum

[FWHM) value, increases almost by two-fold after deconvolution
(note decrease in pealc width, Fig. 3B). Noteworthy, intensity pat-
terns of deconvolved images closely correspond to those obtained
for unprocessed images. Hence deconvolution does not remove or
create any artifactual features in the original images (Fig. 3B). After
deconvolution, the apical CFTR ratios were 0.76 &+ 0.03 for wild type
and 0.05 + 0.02 for pF508del, resembling the results previously
reported (Fig. 3C} [23]. Thus, deconvolution expands the dynamic
range of this measurement system (represented by wt{pF508del},
offering a better resolution to discern populations with milder
phenotypes.

3.5. Reported system accurately detects milder phenotypes

We further tested our system by measuring rescue of the
pF508del phenotype by incubation at 27 °C. This condition has
previously been reported to partially restore CFTR localization by
overcoming protein folding-dependent ER retention and allowing
the protein to proceed on its route to the plasma membrane [23].

* *
* * * *
08 - | 1 | | | |
0.6
0.4
N .
" - i
wt pF508del pF508del - 27°C wt pF508del pF508del - 27°C

Unprocessed image

Deconvolved image

Fig. 4. Rescue of pF508del. To obfain pF308del-rescued phenotype, cells were incubated after transfection at 27 °C in a 5% CO; atmosphere for 24 h, and then used for the ex-
periments, “Apical CFTR ratio” is represented for wt, pFS08del and pF508del-27 *C for unprocessed and deconvolved images. Data represent mean + standard deviation from at

least three independent experiments, “p < 0.0001,
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WMDCK cells were transfected with EGFP-pF508del and incu-
bated for 24 h at 27 °C (pF508del-27 °C). In accordance with pre-
viously reported data, our system detected a partial restoration of
apical pF508del-27 °C, with an average ratio of 0.23 + 0.01 or
0.22 £ 0.03 after deconvolution (Fig. 4}.

Apical targeting of pF508del at 27 °C exhibits ratio values close
to both wt and pF508del values. The distribution of pF508del-27 °C
values might be due to cell to cell variability in the levels of the
different cellular components needed for protein folding, quality
control and subsequent delivery to the apical membrane [26]. We
observed that whereas the average ratio of pF508del-27 °C before
and after deconvolution is almost unchanged, there is a slight in-
crease in its SD after deconvolution (see Supplementary Fg. 2).
Restoring spatial information of the imaged objects increases im-
aging resolution and therefore it expands the distribution of data
points due to cell to cell variation rendering a higher SD.

We conclude that this image analysis method is able to
discriminate intermediate phenotypes, and therefore it is suitable
for detecting mutations that mildly affect CFTR apical membrane
targeting.

In comparison with other available methods for CFTR targeting
estimation, ours is fast and straightforward without compromising
sensitivity. In addition, our method can be extended to proteins
that cannot be modified at extracellular domains and also to pro-
teins that are internally associated to the cell membrane.

4. Conclusion

In this work we developed and validated an image analysis
method to quantitatively examine CFIR at the apical membrane.
This method reproduces previously reported results of CFIR local-
ization and quantitatively detects partial protein localization
restoration at the apical membrane. This method has good sensi-
tivity, which can be further increased by deconvolution calcula-
tions. Therefore, it is suitable to identify mutations that either
completely or mildly affect protein apical delivery. In contrast to
whole population-based methods to quantify CFTR subcellular
localization, this quantitative image analysis method retrieves sin-
cle cell data, evidencing population heterogeneity that is otherwise
hidden in a population average. Moreover, the analysis of approx-
imately twenty cells per condition and experiment is sufficient to
retrieve conclusive data. This method could be a valuable tool in the
understanding of the effect of unknown mutations in CFTR. Addi-
tionally, it can be extended to other studies centered in the biology
underlying protein compartmentalization in health and disease.
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