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ABSTRACT

Background Mutations in the gene encoding surfactant protein C (SP-C) cause familial and sporadic interstitial
lung disease (ILD), which is associated with considerable morbidity and mortality. Unfortunately, effective
therapeutic options are still lacking due to a very limited understanding of pathomechanisms. Knowledge of
mutant SP-C proprotein (proSP-C) trafficking, processing, intracellular degradation and aggregation is a crucial
prerequisite for the development of specific therapies to correct aberrant trafficking and processing of proSP-C
and to hinder accumulation of cytotoxic aggregates.

Materials and methods To identify possible starting points for therapeutic intervention, we stably transfected
A549 alveolar epithelial cells with several proSP-C mutations previously found in patients suffering from ILD.
Effects of mutant proSP-C were assessed by Western blotting, immunofluorescence and Congo red staining.

Results A group of mutations (p.I73T, p.L110R, p.A116D and p.L188Q) resulted in aberrant proSP-C products,
which were at least partially trafficked to lamellar bodies. Another group of mutations (p.P30L and p.P115L) was
arrested in the endoplasmic reticulum (ER). Except for p.I73T, all mutations led to accumulation of intracellular
Congo red–positive aggregates. Enhanced ER stress was detectable in none of these stably transfected cells.

Conclusions Different SP-C mutations have unique consequences for alveolar epithelial cell biology. As these
cannot be predicted based upon the localization of the mutation, our data emphasize the importance of studying
individual mutations in detail in order to develop mutation-specific therapies.
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Introduction

Surfactant protein C (SP-C) is a component of pulmonary sur-

factant, a mixture of lipids and proteins that reduces alveolar

surface tension and is therefore indispensable for normal

breathing and gas exchange [1,2]. Lamellar bodies are specific

organelles for the storage and secretion of pulmonary surfac-

tant in alveolar type II cells [3–6]. Surfactant secretion from

mature lamellar bodies is accomplished by their fusion with the

plasma membrane [7,8]. SP-C is encoded by the SFTPC gene,

which is expressed exclusively in alveolar type II cells. The 21-

kDa proprotein (proSP-C) consists of 197 amino acids and is

proteolytically cleaved in four steps, yielding mature SP-C with

a size of 3�7 kDa that comprises the amino acids 24–58 of

proSP-C [7]. The C-terminus comprises a non-BRICHOS

domain, reaching from His59 to Thr93, and a BRICHOS domain

from Phe94 to Ile197.

Mutations in the SFTPC gene were the first molecularly

defined genetic cause in the large and heterogeneous group of

patients with sporadic and familial interstitial lung diseases

(ILD) [9,10]. However, for the majority of ILD cases, the caus-

ative genes still remain unidentified [11]. All hitherto described

SFTPC mutations have been found in a heterozygous state in

affected individuals consistent with an autosomal dominant

pattern of inheritance observed in familial cases [7,9,12]. Clini-

cally, patients with SFTPC mutations either present with acute

respiratory distress and early death in infancy or with chronic

lung disease characterized by dyspnoea and hypoxaemia.

Histologically, various patterns are found with no obvious

relationship between SFTPC genotype and the clinical pheno-

type.

Little is known regarding the pathogenesis of ILD associated

with SFTPC mutations. It has been suggested that SP-C muta-

tions lead to the induction of ER stress [13], cytotoxicity [14]1These authors contributed equally to this paper.
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and caspase-mediated apoptosis [15–17]. However, it is not

known whether these mechanisms are generally applicable or

apply only to certain mutations. This is crucial because in case

the mechanisms were different for distinct mutations, specific

therapies had to be developed, based upon the actual features

of each class of mutations. Therefore, the goal of this study was

to determine the influence on SP-C trafficking, processing,

intracellular degradation and aggregation of different clinically

relevant mutations. Until 2009, p.P30L was the only mutation

known localized in the mature SP-C protein [7]. Histopatho-

logical alterations include thickened alveolar septa, a hyper-

plastic alveolar epithelium and accumulation of alveolar

macrophages [8]. In the C-terminal non-BRICHOS part of

proSP-C, several mutations have been described [18–22].

Among these, p.I73T represents a mutational hot spot,

accounting for about 30% of all SP-C mutations described [23].

Mutations located in the C-terminal BRICHOS domain have

been suggested to primarily affect proper folding, trafficking

and processing of proSP-C [7,15,16,24]. Several clinically rele-

vant mutations in the BRICHOS domain have been examined

so far, for example, p.A116D, p.L188Q and Dexon4
[9,10,18,25,26]. Apart from p.A116D and p.L188Q, which have

been described previously to some extent [10,13,27,28], we

focused on two mutations whose cellular biology has been

barely investigated yet, namely p.L110R and p.P115L [7,9,12].

In children, these mutations were associated with interstitial

pneumonitis, cough and respiratory distress. We found that all

SFTPC mutations investigated herein caused altered intracel-

lular SP-C degradation or aggregate formation without

increasing ER stress.

Materials and methods

Plasmid vectors
For the expression of SP-C with N-terminal hemagglutinin

(HA)-tag (HAN-SP-C), hSP-C cDNA was cloned into a modified

pUB6/V5-His vector, as previously described [29]. The SP-C

point mutations were introduced into hSP-C cDNA by site-

directed mutagenesis (QuickChange Site-Directed Mutagenesis

Kit, Stratagene, La Jolla, CA, USA).

Cell culture
The human lung epithelial cell line A549 (ACC 107; DMSZ,

Braunschweig, Germany) was stably transfected with HAN-

SP-C at 70% confluence using EXGEN 500 (Fermentas, St. Leon-

Rot, Germany). Transfected cells were selected using 6 lg/mL

blasticidin (Invivogen, San Diego, CA, USA) and incubated for

14 days in 96-well plates. For immunoblotting, cells were

grown in 6-well plates (106 cells/well) for 48 h prior to har-

vesting. For immunofluorescence and Congo red staining,

cells were grown on cover slips in 12-well plates (105 cells/

well) for 24 h and fixed in 4% paraformaldehyde.

Immunofluorescence
Immunofluorescence was performed using the following pri-

mary antibodies: anti-HA (Roche, Penzberg, Germany), anti-

LAMP3/CD63 (Millipore, Schwalbach, Germany), anti-calnex-

in (Enzo Life Sciences, Lörrach, Germany), anti-EEA1 (Acris

Antibodies, Herford, Germany), anti-ubiquitin (Biomol, Ham-

burg, Germany) and anti-GM130 (Santa Cruz Biotechnology,

Santa Cruz, CA, USA). Signals were visualized using Alexa 488,

Alexa 546 and Alexa 555 secondary antibodies (Invitrogen,

Karlsruhe, Germany). Cells were mounted by Vectashield�

with DAPI. Fluorescent signal was examined with an Axiovert

135 fluorescence microscope (Carl Zeiss, Jena, Germany).

Quantification of colocalization was performed by counting HA

dots and merge dots in the cells and calculation of the ratio of

merge dots to HA dots.

Staining Congo red–positive aggregates
After growing, fixing and permeabilization, cultured cells were

treated by 0�02% Congo red solution (80% ethanol, saturated

NaCl, 1% NaOH) and dehydrated using increasing concentra-

tions of ethanol. Cells were mounted with Rothi-Histokitt (Carl

Roth, Karlsruhe, Germany). The fluorescence signal was

examined using an Axiovert 135 fluorescence microscope.

Immunoblotting
Cultured cells were harvested with trypsin (PAA, Pasching,

Austria) and resuspended in lysis buffer (0�15 M NaCl, 1%

Triton-X100, 0�5% sodium deoxycholate, 50 mM Tris, 5 mM

EDTA) with protease inhibitor complete (Roche). 30 lg of

total protein was transferred to a PVDF membrane and

immunoblotted using anti-HA (Roche), anti-LC3A/B (Cell

Signaling, Danvers, MA, USA), anti-BiP/GRP78 (Cell Signal-

ing) and anti-ß-actin HRP conjugate (Santa Cruz) as primary

antibodies. HRP-conjugated secondary antibodies anti-rat IgG

(Dako, Glostrup, Denmark) and anti-rabbit IgG (Dianova,

Hamburg, Deutschland) were used. The chemiluminescence

signal was detected by ECL Detection Reagent (GE Health-

care, Freiburg, Germany) and analysed by densitometry.

Immunoprecipitation
Hemagglutinin antibody was coupled to magnetic beads

(Dynabeads; Invitrogen) overnight. Cultured cells were

harvested and resuspended in lysis buffer, as described above.

After proSP-C from lysates was precipitated by beads and

collected in a new tube, precipitates were loaded to an immu-

noblotting gel, and proSP-C was detected by HA antibody as

described.
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Secreted Luciferase reporter assay
For luciferase assay, A549 cells stably expressing SP-CWT or

SP-C mutations were transfected together with p-MET-luc

vector using EXGEN500 (Fermentas). Luciferase activity

(secretory level) was measured in cell supernatant 24 h later by

photometry.

MTT assay
To measure cell viability and cytotoxicity of SP-C mutations,

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay was performed. For this assay, A549 cells stably

expressing SP-CWT or SP-C mutations were seeded in 96-well

plates (1250 cells/well) and incubated for 48–72 h, followed by

MTT/DMSO treatment and absorbance measurement using a

spectrophotometer at wavelength 540 nm.

Real-time quantitative PCR
Total RNA was collected from cells grown for 48 h in T75 flasks

using the High-Pure RNA Isolation Kit (Roche) according to the

manufacturer’s instructions. RNA concentrations were deter-

mined with a NanoDrop spectrophotometer (Thermo Scientific,

Schwerte, Germany). One microgram of total RNAwas tran-

scribed into cDNAwith theQuantiTect transcription kit (Qiagen,

Hilden, Germany). Quantitative PCR was carried out on a 7900

HT PCR system (Applied Biosystems, Foster City, CA, USA)

using SensiFAST SYBR Hi-ROX premix (Bioline, Luckenwalde,

Germany) in 20 ll reaction volumes. Relative gene expressions

were calculated using the 2�ΔΔCT method withHPRT1 as house-

keeper. Sequences of primers used were GGCCTCGTGGTG-

TATGAC (forward primer) and TGGCCCAGCTTAGACGTA

(reverse primer) for SFTPC and CATTGTAGCCCTCTGTGTGC

(forward primer) and CTGACCAAGGAAAGCAAAGTCTG

(reverse primer) forHPRT1.

Statistical analysis
Statistical analyses were performed by one-way ANOVA and

Dunnett post hoc test using SPSS 17.0 (SPSS Inc., Chicago, IL,

USA) Results were presented as mean values � SEM from a

minimum of four experiments. P-values < 0�05 were considered

significant.

Results

SFTPC mutations do not influence cellular viability
and overall cell secretory capacity
Cell viability assessed using the MTT assay was not compro-

mised by expression of proSP-C mutations (data not shown). To

analyse whether overexpression of proSP-C leads to variations

in the general secretory capacity of the cells, we assayed

secretory activity using luminescence measurement of secreted

luciferase activity. Overexpression of proSP-CWT increased

secretory activity compared with A549 cells. However, after

normalizing to proSP-C mRNA expression measured by

quantitative PCR, secretory activity did not differ significantly

between proSP-CWT and all mutant SP-C species analysed.

A549 cells process mutant proSP-C aberrantly and
accumulate SP-C processing intermediates
To identify potential processing differences between pro-

SP-CWT and mutant proSP-C forms, we analysed proSP-C in

A549 alveolar epithelial cells stably expressing N-terminally

HA-tagged proSP-CWT, proSP-CP30L, proSP-CI73T, proSP-

CL110R, proSP-CP115L, proSP-CA116D and proSP-CL188Q by Wes-

tern blotting. Expression of the N-terminally HA-tagged proSP-

CWT resulted in appearance of strong protein bands at

approximately 21, 16 and 10 kDa (Fig. 1), thus resembling the

pattern we previously reported for MLE-12 cells expressing

HA-tagged proSP-CWT [14]. A pattern similar to wild type was

observed in proSP-CL110R, while expression of proSP-CI73T,

proSP-CA116D and proSP-CL188Q yielded intense bands that

(a)

(b)

Figure 1 A549 cells process mutant proSP-C aberrantly and
accumulate SP-C processing intermediates. Immunoblotting
was performed using antibodies against the hemagglutinin
(HA) tag for detection of proSP-C in cells expressing wild-type
and mutant SP-C, respectively. In case of p.30L and p.P115L, no
bands at 10 kDa could be detected. Aberrant bands were found
in p.I73T, p.A116D and p.L188Q. (a) Blot was carried out using
whole cell lysates. (b) Blot that was carried out after
immunoprecipitation with HA beads for proSP-C purification.
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were not seen in the wild type, indicating accumulation of

misprocessed proSP-C. In contrast to these mutations and also

to proSP-CWT, neither proSP-CP30L nor proSP-CP115L yielded

bands of < 16 kDa, indicating that processing was arrested at

the 16-kDa stage.

Mutant proSP-C forms show altered intracellular
distribution
The intracellular localization of proSP-C, monitored by immu-

nofluorescence, differed between cells expressing proSP-CWT

and mutant proSP-C forms. ProSP-CWT showed only little

cytoplasmic background and a strong vesicular signal which

colocalized with the lamellar body marker LAMP3/CD208

(Fig. 2b). Whereas proSP-CL110R almost completely colocalized

with LAMP3, similar to proSP-CWT, the signals of proSP-CP30L,

proSP-CI73T, proSP-CA116D and proSP-CL188Q were substantially

less vesicular with a stronger cytoplasmic background. Pro-

SP-CP115L hardly colocalized with LAMP3. Dots showing colo-

calization of HA and LAMP3 were counted, and results were

calculated as fraction of all HA dots (merge/HA) (Fig. 2c). The

difference to wild type reached statistical significance in case of

p.P30L and p.P115L. (P < 0�05 and P < 0�001, respectively).
This indicates that mutant proSP-C is trafficked to LAMP3-

positive vesicles to some extent, with the exception of proSP-

CP115L. In contrast to proSP-CWT, proSP-CP30L, proSP-CP115L

and proSP-CL188Q colocalized with the ER marker calnexin

(Fig. 2a). This suggests retention of proSP-CP30L, proSP-CP115L

and proSP-CL188Q in the ER. Two recent reports have suggested

some extent of mistrafficking of proSP-CI73T to the plasma

membrane [23,30]. We performed immunofluorescence using

nonpermeabilized cells to assess plasma membrane localization

of proSP-C. From our results, we can confirm localization of SP-

CI73T (Fig. S1). Interestingly, similar albeit less pronounced

plasma membrane localization was seen in proSP-CA116D cells.

However, in contrast to a recent study by Beers et al. [23], we

did not find pronounced differences regarding endosomal

localization of wild type and mutant proSP-C when using EEA1

as marker for early endosomes (Fig. S2). Likewise, no

differences between wild type and mutant proSP-C were seen

when we analysed colocalization with the Golgi marker GM130

(Fig. S3).

Stable expression of mutant SP-C is not associated
with increased ER stress
It has previously been shown that SP-C mutations lead to an

increase in ER stress [13,17]. An indicator of ER stress is the

increased expression of ER resident chaperones like GRP78/

BiP [31]. We therefore analysed BiP expression in A549 cells

stably expressing proSP-C mutations. BiP expression was not

changed in cells expressing proSP-CWT or proSP-CL110R when

compared with nontransfected A549 cells (Fig. 3). In cells

expressing proSP-CP30L, proSP-CI73T, proSP-CP115L, pro-

SP-CA116D and proSP-CL188Q, we found a reduced expression of

BiP. Lowest BiP expression level was seen in proSP-CP115L cells.

Mutant SP-C forms intracellular Congo red–positive
aggregates
Congo red is a well-known marker for ß-sheet amyloid aggre-

gates in numerous diseases, for example, in Alzheimer′s dis-

ease [32]. Congo red staining revealed that proSP-CI73T does not

lead to aggregate formation as it is the case with proSP-CWT

(Fig. 4). In the case of proSP-CP30L and proSP-CP115L we

detected strong intracellular Congo red–positive aggregates.

Interestingly, proSP-CL110R also formed ß-sheet aggregates as

indicated by Congo red–positive aggregates. Other BRICHOS

mutations, that is, p.A116D and p.L188Q, also resulted in the

presence of Congo red–positive aggregates.

Mutant proSP-C is degraded by the ubiquitin–
proteasome system while wild-type proSP-C enters
the autophagocytosis pathway
In order to further assess the fate of misfolded proSP-C, we

performed immune fluorescence analysis of ubiquitin. Wild-

type proSP-C showed few dot-like signals and almost no col-

ocalization with ubiquitin (Fig. 5a). In the case of proSP-CL110R,

there was also very little colocalization. In marked contrast, for

proSP-CP30L, proSP-CI73T, proSP-CP115L, proSP-CA116D and

proSP-CL188Q
, we observed significant colocalization of HA-

tagged proSP-C with ubiquitin (Fig. 5b). Autophagocytic

activity was assessed by immunoblotting using a LC3A/B

antibody [33]. Lysates from cells expressing proSP-CWT showed

increased intensity of the lower LC3 band at 14 kDa when

compared with untransfected cells, indicating increased

autophagy in these cells (Fig. 5c). For proSP-C mutants, the

band pattern resembled that of untransfecting cells, indicating

unaltered autophagocytic activity. Taken together, mutant

proSP-C forms enter ubiquitin-mediated degradation, while

overexpression of SP-CWT induces autophagy.

Discussion

While it has been recognized that mutations in the SFTPC gene

are the basis of a significant proportion of genetically deter-

mined ILD, the mechanisms whereby mutations trigger these

diseases are still far from clear. In stably transfected A549 cells,

a cell line resembling alveolar type II cells in several important

aspects, we characterized specific abnormalities of intracellular

proSP-C trafficking and the fate of several mutant proSP-C

species. All mutations in the SFTPC gene we investigated

showed alterations of alveolar cell biology in comparison with

SP-CWT, whereas the cell viability was not impaired. Based on

our results, we can distinguish a group of mutations (p.I73T,
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(a) (b)

(c)

Figure 2 Mutant proSP-C forms show altered intracellular distribution. The intracellular localization and trafficking of proSP-C
were analysed by fluorescence microscopy. Green channel: proSP-C visualized by hemagglutinin (HA) antibody. (a) Red channel:
calnexin-positive structures, as a common marker for endoplasmic reticulum (ER); merge: overlapped green and red channel for the
detection of colocalization between HA and calnexin. (b) LAMP3-positive vesicles are visualized in red channel by antibodies against
LAMP3. LAMP3 is used as a marker for lysosomal structures, that is, lamellar bodies, which are important for proSP-C trafficking.
Right side: green and right channel merged to visualize colocalization (yellow). Nuclei were visualized by DAPI (blue). (c) Dots
showing colocalization of HA and LAMP3 were counted, and results were calculated as fraction of all HA dots (merge/HA).
* P < 0�05; *** P < 0�001.

European Journal of Clinical Investigation 795

SFTPC MUTATIONS CAUSE SP-C DEGRADATION



p.L110R, p.A116D and p.L188Q; partial lamellar body traffic)

that result in aberrant proSP-C, which were at least partially

trafficked to lamellar bodies, from another group of mutations

(p.P30L and p.P115L; no lamellar body traffic) that do not enter

the physiological pathway at all. The ‘no lamellar body traffic’

mutations induce ER arrest of the aberrant protein and inhibit

further processing, as indicated by the absence of bands of

< 16 kDa (Fig. 1). This is in concordance with our immunoflu-

orescence studies that clearly demonstrate ER arrest of proSP-C

with the mutations p.P30L and p.P115L (Fig. 2). Of interest, a

feature observed in all mutations with the exception of p.I73T is

the pronounced formation of Congo red–positive aggregates

(Fig. 4). Thus, our data show that mutations localized in dif-

ferent domains of proSP-C may lead to very similarly impaired

proSP-C processing.

Mutations with partial lamellar body traffic lead to proteins

that are at least partly located to lamellar bodies. These proSP-C

forms are correctly processed in the ER and routed into

LAMP3-positive vesicles, that is, lamellar bodies, through

which they could be subsequently secreted. This is in agree-

ment with observations in bronchoalveolar lavages of infants

with SFTPC mutations [4,19,34]. However, the intracellular

effects of the mutations are different. While most of these

mutations are aberrantly processed and result in intracellular

accumulation of proSP-C, only proSP-CI73T and proSP-CA116D

reach the plasma membrane via an alternative trafficking

pathway [23,30]. p.L110R is the only mutation which does not

induce increased degradation of proSP-C via the ubiquitin–

proteasome system (Fig. 5a,b). ProSP-CL110R behaves similar to

proSP-CWT in several aspects with the important exception that

it forms intracellular Congo red–positive aggregates, like all

BRICHOS mutants. Our data suggest that besides disturbed

secretion, additional factors related to the intracellular traf-

Figure 3 Stable expression of mutant proSP-C is not
associated with increased ER stress. Semi-quantitative
immunoblotting of cell lysates with antibody against BiP was
performed. Protein expression was quantified by densitometry.
BiP expression levels are given relative to proSP-CWT. The
difference to wild type reached statistical significance in all
mutations investigated except for p.L110R. * P < 0�05;
** P < 0�01

Figure 4 Certain proSP-C mutations lead to accumulation of
intracellular Congo red–positive aggregates. Images from
fluorescence microscopy at 555-nm emission after Congo red
staining. For all BRICHOS mutations, intracellular aggregates
were found. Also in the case of the non-BRICHOS mutation
p.P30L mutation, some Congo red–positive aggregates were
seen. proSP-CWT and proSP-CI73T did not show intracellular
accumulation of Congo red–positive aggregates.
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ficking of proSP-C and its precursors have to be involved in the

pathogenesis of ILD associated with mutations in SFTPC.

In apparent conflict with our results, previous studies con-

ducted in cells transiently expressing SP-C mutations sug-

gested a stress-induced up-regulation of BiP [13,16,31,35].

However, in such models, transfection itself poses a severe

cellular stress, which is very likely to influence BiP levels for at

least 48 h afterwards. Increased BiP levels may thus at least

partly be attributable to cell stress related to transfection.

Moreover, when using transient expression, cells are assayed

for stress after only a few days. This period may be too short for

cells to adapt to the ER stress induced by accumulation of

mutant protein. In our model, cells are grown for several weeks

and can thus compensate effects due to mutant protein

expression. Adaption to chronic ER stress imposed by stable

expression of the SP-C Δexon4 mutation has previously been

demonstrated [36].

The BRICHOS domain of proSP-C has been described as

critical for the correct post-translational processing of the pro-

tein [7]. Distinct mutations within this domain are believed to

lead to similar consequences with regard to mistrafficking and

intracellular accumulation of misfolded protein [7,16,37].

However, this assumption is not supported by our findings.

Cells expressing SP-CL110R did neither show ubiquitination nor

show aberrant processing, and SP-CL110R was properly

localized in lamellar bodies. In marked contrast, SP-CP115L did

not reach lamellar bodies but is arrested in the ER. We suggest

that in case of p.P115L, the replacement of proline, a so-called

helix breaker, by leucine is likely to have more serious conse-

quences for the conformation of the SP-C protein than the

replacement of leucine by arginine in the case of p.L110R. To

further support the notion that different BRICHOS mutations

lead to distinct cellular consequences, we investigated two

further BRICHOS domain mutations, namely p.A116D and

(a) (b)

(c)

Figure 5 Mutant proSP-C is degraded by
the ubiquitin–proteasome system, while
wild-type proSP-C enters the
autophagocytosis pathway. (a)
Immunofluorescence microscopy was
performed using antibodies against
hemagglutinin (HA) tag (green channel) for
detection of proSP-C and against ubiquitin
(red channel). Right column shows both
channels merged. For all proSP-C
mutations except SP-CL110R

, colocalization
of HA signal with ubiquitin can be seen,
which indicates that proSP-C is being
degraded in proteasomes. Nuclei were
visualized by DAPI (blue). (b) Dots showing
colocalization of HA and ubiquitin were
counted, and results were calculated as
fraction of all HA dots (merge/HA). The
difference to wild type reached statistical
significance in case of all proSP-C mutants
except for p.L110R (** = P < 0�01;
*** = P < 0�001). (c) To detect autophagy in
proSP-C cells, immunoblotting was
performed using antibody against LC3A/B.
In contrast to SP-C mutants, wild-type
proSP-C shows increased band at about
14 kDa, as a marker for upregulated
autophagy. Same amounts of whole cell
lysates were used.
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p.L188Q. These mutations also showed distinctly altered traf-

ficking: while p.L188Q was mostly arrested in the ER, p.A116D

appeared in lamellar bodies (Table 1). We conclude from the

findings presented that not all BRICHOS domain mutations

have similar consequences for proSP-C processing. Of interest,

a common feature seen in all BRICHOS domain mutations was

the formation of Congo red–positive aggregates. This is in line

with the supposed role of the BRICHOS domain as an intra-

molecular chaperone that inhibits conformational changes of

the transmembrane segment of proSP-C from a-helices to

ß-sheet forms, that is, amyloid-like inclusions [8,24,37,38].

However, aggregate formation does not seem to be an exquisite

characteristic of mutations affecting the BRICHOS domain

because p.P30L, a non-BRICHOS domain mutation, also

induced Congo red–positive intracellular aggregates. Nor-

mally, cysteine residues at positions 28 and 29 become palmi-

toylated during processing of proSP-C [7]. Correct interaction

between palmitoylated cysteine and lipids stabilize the a-helix
of the instable transmembrane domain [8,39]. Proline at posi-

tion 30 is necessary for correct 3D-orientation of transmem-

brane domain. In case of p.P30L, this orientation could be

disrupted because of replacement of proline by leucine [8,40].

As a consequence, the orientation of palmitoylated cysteines

could be altered, causing the transmembrane domain to form

Congo red–positive ß-fibrils.

In summary, our results demonstrate unique consequences

of different proSP-C mutations for alveolar epithelial cell

biology that are dependent on the actual residue altered.

Intracellular trafficking and the fate of proSP-C cannot be

predicted based on the localization of the actual mutation.

Importantly, enhanced ER stress was not a general feature of

the cells stably expressing mutated proSP-C. Our results

strongly support the importance of studying single mutations

in detail in order to develop specific therapies that target

individual mutations or groups of mutations that share certain

pathological features.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Figure S1 ProSP-CI73T and proSP-CA116D enter the plasma

membrane. Immunofluorescence microscopy with anti-HA

antibody was performed in unpermeabilized cells to detect

proSP-C in the plasma membrane. In case of proSP-CI73T and

proSP-CA116D, the plasma membrane shows HA staining,

indicating presence of proSP-C in the plasma membrane.

Figure S2 ProSP-C is localized in endosomal vesicles to some

extent. The images show fluorescence microscopy was per-

formed with antibodies against HA-tagged proSP-C (green

channel) and EEA-1 (red channel), a marker for early endo-

somes. While some proSP-C can be seen in endosomal vesicles,

no pronounced differences could be detected. Nucleoli were

visualized by DAPI.

Figure S3 ProSP-C is trafficked to Golgi apparatus. Images

show fluorescence microscopy was performed with antibodies

against HA-tagged proSP-C (green channel) and GM130 (red

channel), a commonly used marker for the Golgi apparatus,

especially for cis-Golgi. Colocalization was observed for proSP-

CWT and also for proSP-C mutants. Nucleoli were visualized by

DAPI.
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