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Abstract30 
31 

The function of caveolae, small invaginations of the32 
plasma membrane, remains a matter of debate.33 
Endocytosis and compartmentalization of metabolic34 
and signaling pathways are discussed. Caveolin 335 
and PTRF are two important proteins that ensure36 
shaping of caveolae in muscle cells. We37 
investigated caveolae morphologically by electron38 
microscopy in human myotubes obtained from39 
patients with CAV3 mutations and did functional40 
analyses in human fibroblasts derived from a41 
patient with a mutation in PTRF. We found that42 
despite the complete clinical picture of a43 
caveolinopathy the caveolin 3-deficient myotubes44 
displayed normal caveolae in shape and number.45 
Further, PTRF-deficient fibroblasts devoid of46 
caveolae took up cholera toxin B differently in47 
comparison to normal fibroblasts. However, after48 
caveolae were rescued by transfection of PTRF, the49 
cholera toxin B uptake did not normalize. We50 
conclude that the presence of caveolae as an51 
anatomical structure is not sufficient to ensure their52 
proper function. Alternatively, the functional53 
properties assigned to caveolae might be mediated54 
by different mechanisms yet to be resolved.55 

56 
57 

Introduction58 
59 

Caveolae are vesicular structures that can open up60 
to the outer cell membrane and are there identified61 
as flask-like invaginations. They are 25 to 100 nm in62 
size and are encountered on numerous mammalian63 
cell types such as adipocytes, myocytes and64 
fibroblasts. Caveolae are characterized by the65 
presence of scaffolding proteins, the most important66 
being caveolin and the family of cavins. There are67 
three caveolin proteins. Caveolin 3 (CAV3) is68 
specific for muscle, caveolin 1 (CAV1) is present on69 
all other caveolae-bearing cell types. There are four70 
cavin proteins. Cavin 1, subsequently named71 
polymerase I and transcript release factor (PTRF),72 
appears to be a very good marker for caveolae73 
because PTRF binds to CAV1 only when caveolae74 
are fully assembled at the cell membrane (3). The75 
function of caveolae is not resolved. They probably76 
are involved in endocytosis and the formation of the77 
t-tubular structure in muscle cells. However, the78 
dynamics of caveolar endocytosis, the cargo79 
transported through caveolae or the cell type80 
specificity of caveolae are not clear (8). It has also81 
been shown that caveolae maintain a plasma82 
membrane reservoir to adjust changes in cell83 
volume (15).84 

85 

Several diseases are associated with mutations in86 
genes encoding the caveolins and PTRF. If PTRF is87 
mutated affected patients suffer from muscular88 
dystrophy with the rippling muscle phenomenon,89 
lipodystrophy, hypertrophy of the striated and90 
smooth muscle, cardiac conduction defects as well91 
as endocrinological abnormalities (13). Mutations in92 
CAV3 lead to mild to moderate muscle weakness,93 
muscle rippling, often myalgias and sometimes94 
cardiomyopathy (limb girdle muscular dystrophy 1A;95 
LGMD1A). Mutations in CAV1 are associated with96 
cancer (10). Whether these diseases and symptoms97 
are caused by the absence of caveolae and98 
subsequent disturbances of endocytosis or whether99 
a role of the affected proteins independent of the100 
anatomical structure of "caveolae" is responsible is101 
unresolved.102 
We investigated caveolae in human CAV3 and103 
PTRF mutations morphologically and functionally.104 

105 
Materials and methods106 

107 
Cells, cell culture, and transfection108 
Primary myoblasts were isolated from patients with109 
mutations in CAV3 and immortalized as described110 
before (12). The cell line established in our lab111 
harbored a heterozygous mutation in exon 1112 
(c.80G>A, p.R27E). Another cell line was derived113 
from a patient with a heterozygous mutation in114 
exon 1 (c.83C>T, p.P28L) and provided by Dr.115 
Vincent Mouly (UPMC, Paris, France). The muscle116 
cells were cultivated in a CO2-incubator (BBD 6220,117 
Thermo Fischer Scientific, Schwerte, Germany) at118 
37 °C with 5 % CO2 and 96 % relative humidity. As119 
proliferation medium, Skeletal Muscle Cell Growth120 
Medium (Provitro, Berlin, Germany) complemented121 
with 10 % fetal calf serum (Biochrom, Germany),122 
1.5 % GlutaMax (Gibco/Life, Darmstadt, Germany)123 
and 40 μg/ml gentamycin (Gibco) was used.124 
Myoblasts were grown to 80-90 % confluence and125 
subsequently switched to differentiation medium126 
(Opti-MEM® I (1x), Gibco) for 4-6 days.127 
Primary human fibroblasts lacking polymerase I and128 
transcript release factor (PTRF, c.362dupT) and129 
fibroblasts from healthy controls (13) were cultured130 
in DMEM (Gibco). The medium contained 10 % fetal131 
calf serum and gentamycin (40 μg/ml).132 
We transfected fibroblasts one day after plating133 
either by microinjection or by lipofection. The134 
plasmid DNA used for the experiments was human135 
PTRF cloned into pEGFP-N3 vector (Clontech136 
Laboratories, Mountain View, CA, USA). We diluted137 
the plasmid DNA in ultrapure water to a final138 
concentration of 0.05 µg/µl and 1 µg/µl,139 
respectively. One day after transfection we140 
controlled protein expression by eGFP141 
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epifluorescence. For microinjection, we seeded142 
fibroblasts onto culture dishes with a cover glass143 
bottom (FD35, World Precision Instruments, Berlin144 
Germany). We transfected the cells with a FemtoJet145 
system (Eppendorf, Wesseling-Berzdorf, Germany)146 
combined with the InjectMan NI2 (Eppendorf). After147 
centrifugation at 4 °C for 30 min we loaded the148 
supernatant immediately onto the capillaries149 
(Femtotip II, Eppendorf). Microinjections into the150 
cytoplasm of fibroblasts were done with an injection151 
pressure of 150 hPa. For lipofection, we plated152 
fibroblasts in 6-well plates (TPP, Cotech, Berlin,153 
Germany). We added 200 µl/well serum-free DMEM154 
containing 1 µl plasmid DNA and 2 µl transfection155 
reagent (X-tremeGENE HP, Roche, Mannheim,156 
Germany). One day after transfection we controlled157 
protein expression and calculated the transfection158 
rate (2-5 %).159 

160 
RT-qPCR161 
After extraction from cultured skin fibroblasts,162 
primary and immortalized myotubes using (TriZol?163 
Which kit?), 500 ng of total RNA were reversely164 
transcribed into cDNA using the Superscript® III kit165 
(Life Technologies) with random hexamers. RT-166 
qPCR reactions were run in triplicate on an167 
ABI7700 System (Applied Biosystems) using the168 
SYBR® green (Life Technologies) chemistry with169 
the following oligonucleotide primer pairs: (CAV1)170 
FORW 5’-CGT GGT CAA GAT TGA CTT TGA A-3’,171 
REV 5’-CAC AGT GAA GGT GGT GAA GC-3’;172 
(CAV3) FORW 5’-GAG GAC ATA GTC AAG GTG173 
GA-3’, REV 5’-TGT AGC TCA CCT TCC ACA C-3’;174 
(PTRF) FORW 5’-AGA TCA AGA AGC TGG AGG175 
T-3’, REV 5’- AGC TTC ACT TCA TCC TGG T-3’.176 
The primers were chosen to comprise all known177 
splice isoforms of the genes. 18S rRNA, GAPDH178 
and HPRT were used as reference genes as179 
described (6). In order to be able to calculate180 
amplification ratios between test- and reference-181 
genes using the PCR-efficiency corrected –ΔΔCt182 
method (11), we first determined the efficiency of183 
each PCR reaction with a 1:10 standard dilution184 
series as described.185 

186 
187 

CTxB uptake assay188 
For subsequent immunofluorescence and189 
fluorescence imaging, we plated fibroblasts in 8-well190 
chamber slides (Nunc LabTek, Thermo Fischer191 
Scientific). Three days after plating we incubated192 
the cells for 5, 10 or 15 min at 37 °C with Alexa 193 
Fluor 555 labeled CTxB (Molecular Probes/Life,194 
Darmstadt, Germany) at a concentration of195 
200 ng/ml in cell culture media. Fibroblasts intended196 
for FACS experiments were seeded onto 6-well197 

plates. We incubated the cells with Alexa Fluor 488198 
or 647 labeled CTxB (Molecular Probes) at 37 °C199 
and at a concentration of 400 ng/ml in cell culture200 
media. CTxB incubation times were set to 2 min,201 
15 min, and/or 60 min. For the starving assay, the202 
labeled CTxB was diluted in glucose-free HEPES203 
buffered Krebs-Ringer solution (1 mM CaCl2, 5 mM204 
NaOH, 25 mM HEPES, 135 mM NaCl, 3.6 mM KCl,205 
0.5 mM K2HPO4, 0.5 mM MgSO4, pH=7.4).206 
Furthermore, we pre-incubated fibroblasts before207 
CTxB treatment either in DMEM including208 
supplements or in glucose-free Krebs-Ringer209 
HEPES buffer.210 

211 
212 

Immunofluorescence213 
We washed fibroblasts with PBS (Gibco) and fixed214 
them in 3.7 % formaldehyde-PBS solution for215 
12 min at room temperature (RT). After repeated216 
washing in PBS we permeabilized the cells with217 
0.2 % Triton X-100 in PBS for 2 min. We washed218 
the cells with PBS and applied for 30 min 1 % BSA219 
(Carl Roth, Karlsruhe, Germany) in PBS for220 
blocking. We incubated the primary antibodies in221 
PBS containing 1 % BSA for 60 min at RT. After222 
thorough washing with PBS we incubated the cells223 
with the secondary antibodies for 60 min at RT in224 
1 % BSA in PBS. After the washing procedure we225 
stained the nuclei with Hoechst 33342226 
(Invitrogen/Life, Darmstadt, Germany) diluted227 
1:2,000 in 1 % BSA in PBS for 3 min at RT. After a228 
final washing procedure we mounted the samples in229 
Aqua PolyMount (Polysciences, Eppelheim,230 
Germany). We applied the primary antibodies at the231 
following dilutions: monoclonal antibody to Cav1232 
(sc-53564, Santa Cruz, Heidelberg, Germany) at233 
1:200 and polyclonal antibody to Cav1 (ab2910,234 
Abcam, Cambridge, UK) at 1:250. As secondary235 
antibodies we used anti-mouse Alexa Fluor 488 and236 
anti-rabbit Alexa Flour 647 (Molecular Probes) at237 
1:500.238 

239 
FACS experiments240 
Before FACS analysis fibroblasts were washed in241 
PBS and fixed in 3.7 % formaldehyde-PBS solution242 
for 12 min at RT. To increase the sample size we243 
pooled identically treated wells and analyzed them244 
in a BD FACSCanto (Becton Dickinson, Sparks,245 
MD, USA). We evaluated the resulting data using246 
FlowJo 10.0.7 software (TreeStar, Ashland, OR,247 
USA). For further post-processing of the FACS data248 
and for statistics we used the R software version 3.1249 
(16). FACS gating parameters were set to250 
selectively assess eGFP-positive or -negative cells.251 

252 
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Atomic force microscopy, confocal imaging, and253 
image processing254 
The day after microinjection we fixed the fibroblasts255 
in 3.7 % formaldehyde-PBS solution for 12 min at256 
RT. After thorough washing in PBS we transferred257 
the dish to the AFM stage. We used a Nanowizard II258 
atomic force microscope (JPK Instruments, Berlin,259 
Germany) mounted to a confocal laser-scanning260 
microscope (LSM 700, Zeiss, Göttingen, Germany).261 
Prior to each experiment we applied the thermal262 
noise method to calibrate the cantilever (4). The263 
AFM was operated in contact mode under liquid264 
(PBS). A Petri dish heater (JPK Instruments) kept265 
the temperature constant at 25 °C. A translucent266 
and uncoated soft silicon nitride cantilever with a267 
silicon tip (Hydra 2R-100N, Applied NanoStructures,268 
Mountain View, CA, USA) was chosen. The269 
cantilever had a nominal spring constant of270 
0.011 N/m and a resonant frequency of 21 kHz.271 
Immediately after taking a bright-field image of the272 
cantilever tip and a fluorescence image of the273 
sample, AFM scanning was started. We acquired274 
the scans at a force setpoint of 0.3 nN and a line275 
rate of 1 Hz.276 
The AFM data were processed with JPK Data277 
Processing 4.2 software (JPK Instruments) and278 
Gwyddion software (9). We removed very few279 
isolated streaks by line interpolation and enhanced280 
the image contrast by slope correction resulting in281 
image flattening. To visualize fine structures, we282 
fitted a polynomial to the entire height image and283 
subtracted this background slope from the image.284 
We combined and overlaid confocal and AFM285 
images using the cantilever tip as landmark (17).286 
For confocal imaging, we used the Zeiss LSM 700287 
confocal microscope equipped with a LCI Plan-288 
Neofluar 63x/1.3 glycerol immersion lens (Zeiss).289 
For the quantification of fluorescence intensities we290 
took 8-10 images per cell type and treatment using291 
a LD Plan-Neofluar 40x/0.6 lens (Zeiss). We292 
processed the fluorescence images with the Fiji293 
distribution of ImageJ (14) adjusting brightness and294 
contrast, removing background noise, and applying295 
Gaussian smoothing. Next, we measured the296 
cumulated fluorescence intensities per image and297 
normalized the result to the respective number of298 
nuclei. Using the R software (16) we calculated the299 
statistical significance of the quantified fluorescence300 
intensities. Finally, we assembled all images and301 
graphs in Adobe Illustrator CS5 software (Adobe302 
Systems, Dublin, Ireland).303 

304 
Transmission electron microscopy305 
Three days after sorting by FACS we processed306 
cells for conventional electron microscopy. Adherent307 
fibroblasts and myotubes or FACS-sorted eGFP-308 

positive fibroblasts were fixed for 2 hours in 2.5 %309 
glutaraldehyde at pH 7.4. Due to the low amount of310 
cells, FACS-sorted fibroblasts were resuspended in311 
10 % gelatin and pelleted. The gelatin was solidified312 
at 4 °C for 30 min. Subsequently, we sectioned the313 
cell pellet to 1 mm3 cubes and processed them314 
further for Epon embedding. Adherent and gelatin-315 
embedded cells were postfixed with 1 % osmium316 
tetroxide, gradually dehydrated in ethanol and317 
embedded in Epon resin. Ultrathin sections were cut318 
using an ultramicrotome (Ultracut S, Reichert319 
Division of Leica, Vienna Germany), stained with320 
uranyl acetate and lead citrate, and observed under321 
a transmission electron microscope (EM 910, Zeiss,322 
Oberkochen, Germany). Pictures were taken with a323 
CDD camera (Quemesa, Olympus Soft Imaging324 
Solutions, Münster, Germany) integrated in the325 
imaging software iTEM (version 5.2, Olympus Soft326 
Imaging Solutions).327 
Selection criteria for quantification of caveolae in328 
myotubes were: (i) contrasted and sharp plasma329 
membrane, (ii) fully accessible transversal or330 
longitudinal sections, (iii) lack of strong artefacts331 
from fixation as vacuoles, extracted organelles and332 
raptured cells. As morphological differentiation333 
markers, the presence of more than two nuclei (2)334 
was defined for quantification (Fig. 1B). For every335 
cell line 10-13 myotubes of one embedding336 
preparation were analyzed and a minimum of337 
600 µm plasma membrane per cell line was338 
quantified. Pictures at a magnification of 5,000 were339 
acquired and analyzed with the iTEM software. The340 
length of the plasma membrane and the amount of341 
distinct endocytic structures were quantified.342 
Statistical analyses were done using R software343 
version 3.1 (16). 344 

345 
346 
347 

Results and Discussion348 
349 

CAV3 mutants in human skeletal muscle lead to350 
severe reduction of CAV3 protein but caveolae351 
decorate the sarcolemma normally.352 
Serial sections obtained from muscle biopsy353 
specimens from patients with heterozygous354 
mutations in CAV3 (p.P28L and p.R27E,355 
respectively) demonstrate a mild myopathy with a356 
slight increase in connective tissue components and357 
a severe reduction in CAV3 protein expression (Fig.358 
1A). We then quantified caveolae in human359 
myotubes obtained from the same patients with360 
CAV3 mutations by electron microscopy. Myotubes361 
for quantification were carefully selected using362 
predefined criteria (see Material and Methods) (Fig.363 
1B, C). The number of open caveolae in normal364 
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myotubes and in myotubes carrying CAV3 365 
mutations was almost identical (Fig. 1D). The 366 
morphology of individual caveolae was also not 367 
different between normal and CAV3 mutant 368 
myotubes. One could argue that caveolae form 369 
nevertheless because only one CAV3 allele is 370 
mutated in autosomal-dominant LGMD1A. 371 
However, the number of caveolae was not reduced 372 
accordingly. Apparently, caveolae form even if 373 
CAV3 is severely reduced.  374 
 375 
Mutation in one structural component of the 376 
caveolae (e.g. caveolin or cavin) is not 377 
compensated by mRNA up-regulation of the 378 
other components. 379 
Despite the presence of a heterozygous mutation in 380 
CAV3, the CAV3-mRNA copy number did not differ 381 
significantly between immortalized CAV3+/- and 382 
control myotubes (Fig. 2). The primary myotubes of 383 
the controls had a varying tendency towards higher 384 
CAV3-mRNA copy numbers (ratio 1.2-2.5, 385 
depending on the reference gene). 386 
The CAV1 and PTRF-mRNA copy numbers in 387 
mutant CAV3+/- myotubes were not compensatory 388 
up-regulated. 389 
The PTRF-mRNA transcripts in PTRF-/- mutant 390 
fibroblasts were grossly reduced in comparison to 391 
control fibroblasts, probably due to nonsense-392 
mediated messenger decay secondary to the 393 
frame-shift mutation c.362dupT. Depending on the 394 
chosen reference gene, CAV1-mRNA transcripts 395 
were only inconsistently upregulated (if referred to 396 
GAPDH and HPRT) or remained unchanged (if 397 
referred to 18S rRNA). CAV3-mRNA transcripts 398 
were absent in both control and PTRF-/- mutant 399 
fibroblasts. 400 
Taken together, all three proteins seem to 401 
participate in the formation and function of the 402 
caveolae in different contexts and cannot easily 403 
compensate for each other. 404 
 405 
Uptake of cholera toxin in human PTRF-negative 406 
fibroblasts is distinct from healthy fibroblasts.  407 
To gain further insight into the impact of caveolae 408 
on endocytosis we selected human fibroblasts with 409 
a mutation in PTRF that are completely devoid of 410 
caveolae and compared these with normal 411 
fibroblasts (Fig. 1D) (13). As a model we chose the 412 
uptake of cholera toxin subunit B (CTxB). CTxB is 413 
enriched and internalized by caveolae but also 414 
diffuses into cells in the absence of caveolae (1, 5). 415 
First, fluorescently labeled CTxB was followed on 416 
the single cell level using confocal microscopy (Fig. 417 
3). After CTxB uptake, cells were fixed and co-418 
stained with anti-CAV1 ab. In healthy PTRF+/+ 419 
fibroblasts CAV1 and CTxB co-localized clearly at 420 

the membrane and also at intracellular structures. In 421 
contrast, PTRF−/− fibroblasts displayed a diffuse 422 
distribution pattern of CTxB and no co-localization 423 
of CAV1 and CTxB (Fig. 3).  424 
 425 
High-throughput FACS analysis is suitable to 426 
detect differences in CTxB uptake dependent on 427 
caveolae. 428 
Attempts to quantify CTxB uptake by measurement 429 
of fluorescence intensities in confocal images was 430 
found to be difficult and rather subjective. We 431 
therefore developed an alternative strategy to 432 
quantify CTxB uptake not on the single cell level but 433 
rather as a high-throughput strategy. We incubated 434 
human PTRF+/+ and PTRF−/− fibroblasts with Alexa-435 
488-CTxB for 15 min and analyzed the cells by 436 
fluorescence-activated cell sorting (FACS). Now, 437 
the intensity distribution represented by density 438 
curves and box plots showed significant differences 439 
in CTxB uptake (Fig. 4A). In PTRF−/− fibroblasts the 440 
mean intensity was significantly lower than in 441 
healthy controls (13,885 vs. 24,455, p < 0.001). 442 
Further, the distribution of CTxB uptake had 443 
characteristic differences between PTRF+/+ and 444 
PTRF−/− fibroblasts with a distinctive bimodal curve 445 
in PTRF-negative cells. These results support the 446 
notion that caveolae are important for CTxB uptake. 447 
We wondered if CTxB uptake was dependent on 448 
the time of CTxB incubation or on cell culture media 449 
components and tested multiple conditions (Fig. 450 
4B). CTxB intensities increased with prolonged 451 
incubation time of CTxB, thus the intensity 452 
distribution slightly shifted towards higher 453 
intensities. We also modified the media by depleting 454 
glucose or serum growth factors. The impact of 455 
media modification, however, was negligible. The 456 
bimodal curve of CTxB uptake in PTRF-deficient 457 
cells and the differences to normal fibroblasts 458 
remained. Therefore, the differences in subcellular 459 
CTxB distributions as well as the distinct uptake 460 
characteristics quantified by FACS suggest a role of 461 
caveolae in CTxB uptake.  462 
 463 
Rescue of PTRF in PTRF-/- fibroblasts is 464 
sufficient to induce de novo formation of 465 
caveolae. 466 
If the caveolae account for the differences in CTxB 467 
uptake, then a PTRF rescue in PTRF−/− cells should 468 
alter the uptake behavior and the curve shape of 469 
FACS analysis should transform to that seen in 470 
normal fibroblasts. Before analyzing the CTxB 471 
uptake we verified by three different methods that 472 
PTRF rescue was sufficient to induce the formation 473 
of caveolae in PTRF−/− fibroblasts. First, we 474 
transfected PTRF−/− fibroblasts with eGFP-tagged 475 
hPTRF plasmid DNA. One day after transfection 476 
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anti-Cav1 ab and PTRF-eGFP co-localized at the 477 
membrane and intracellularly, strongly indicating the 478 
presence of caveolae (Fig. 5A).  479 
Next, using combined confocal fluorescence and 480 
atomic force microscopy (AFM) we verified that 481 
spots of PTRF-eGFP fluorescence matched 482 
topographical depressions of the plasma membrane 483 
in transfected PTRF−/− fibroblasts. The fluorescence 484 
image of PTRF-eGFP showed a punctuate pattern, 485 
whereas the AFM height image revealed a highly 486 
corrugated surface (Fig. 5B). In the overlay of the 487 
properly aligned images we could identify eGFP-488 
positive depressions indicating caveolae. 489 
Finally, we demonstrated the presence of caveolae 490 
in PTRF-eGFP transfected PTRF−/− fibroblasts by 491 
electron microscopy (Fig. 5C). Caveolae in FACS-492 
sorted, eGFP-positive fibroblasts were identified 493 
and were well distinguishable from clathrin-coated 494 
pits, another type of membrane depressions 495 
capable of endocytosis. 496 
 497 
PTRF rescue does not alter CTxB uptake 498 
characteristics in PTRF-/- fibroblasts. 499 
Being confident that PTRF rescue induces caveolae 500 
formation in PTRF−/− fibroblasts, we repeated the 501 
FACS analysis to compare uptake of CTxB in 502 
PTRF−/− fibroblasts with or without PTRF rescue. 503 
The characteristic shape of the basic uptake 504 
distribution in each cell type remained unchanged 505 
after caveolae had formed (Fig. 6A). The proportion 506 
of CTxB-negative cells, as defined by the 99.9 % 507 
threshold criterion of untreated cells, was not 508 
affected by transfection in both groups (Fig 6C). In 509 
both, PTRF+/+ and PTRF−/− fibroblasts, 510 
overexpression of PTRF led to a slight reduction of 511 
CTxB intensities (Fig. 6B). The negative effect of 512 
PTRF overexpression on CTxB uptake is in line with 513 
a study reporting reduced CTxB trafficking to the 514 
Golgi caused by Cav1 overexpression in both, WT 515 
and Cav1−/− mouse embryonic fibroblasts (5). In 516 
contrast, a study on CTxB uptake in Cav1 517 
overexpressing Caco-2 cells, which are otherwise 518 
devoid of caveolae, reported no effect (18). The 519 
negative effect of overexpression in the PTRF−/− 520 
cells might be caused by a general negative side-521 
effect of protein overexpression or by the fact that 522 
de novo generated caveolae do not contribute to 523 
the CTxB uptake. Alternatively, a potential negative 524 
side effect could mask the positive contribution of 525 
caveolae to the CTxB uptake.  526 
 527 
Although PTRF transfection induces caveolae 528 
formation, the role of caveolae in CTxB uptake upon 529 
PTRF overexpression is unclear. Fluorescence 530 
analysis on a subcellular level as well as distinct 531 
uptake characteristics revealed by FACS, strongly 532 

suggest a contribution of caveolae to CTxB uptake. 533 
Our hypothesis, that upon PTRF rescue in PTRF−/− 534 
fibroblasts the uptake characteristics converges to 535 
that of control fibroblasts, did not prove true. Our 536 
investigation is limited by the fact that we studied 537 
human cells only. Suitable animal models would be 538 
required to correlate caveolae morphology and 539 
function more extensively (7). 540 
 541 
Caveolar function does not correlate well with the 542 
presence of the mere "caveolae" as an anatomical 543 
structure. Our findings can be interpreted in two 544 
ways: The presence of caveolae as an anatomical 545 
structure is not sufficient to ensure proper caveolar 546 
function. This would be the case in patients with 547 
CAV3 mutations as well as after overexpression of 548 
PTRF in our in vitro model. Alternatively, the 549 
functional properties assigned to caveolae are 550 
mediated by different mechanisms yet to be 551 
resolved. 552 
 553 
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Figure captions657 
658 

Figure 1. Primary human myotubes from659 
skeletal muscle with CAV3 mutations display660 
caveolae at the plasma membrane normal in661 
abundance and shape. (A) Histological staining of662 
skeletal muscle from patients with mutations in663 
CAV3 (p.P28L; p.R27E) shows a slight increase in664 
connective tissue, reduced levels of CAV3 but665 
normal beta-dystroglycan staining at the666 
sarcolemma. Scale bar: 20 µm. (B) Electron667 
micrograph of a representative multi-nucleated668 
myotube selected for quantification studies, scale669 
bar: 10 µm. (C) The distribution of caveolae (black670 
arrowheads) over the plasma membrane is variable.671 
Scale bar: 1 µm. (D) Morphological and quantitative672 
analysis on caveolae show that shape and673 
abundance are not altered in myotubes from674 
patients with CAV3 mutations whereas caveolae675 
are absent in  PTRF−/− deficient fibroblasts. Other676 
endocytic structures as clathrin-coated pits (white677 
arrowheads) are not altered by PTRF-deficiency.678 
Scale bars: 200 nm.679 

680 
Figure 2. RT-qPCR measurement of681 
relative mRNA copy numbers for CAV1, CAV3682 
and PTRF. Copy numbers were determined in683 
primary (n=2) and immortalized myotubes (n=2) of684 
controls and CAV3+/- patients (n=2) as well as in685 
PTRF-/-(n=1) and control (n=1) fibroblasts. The686 
horizontal lines depict the mean of each triplicate687 
measurement. The mRNA ratios were expressed in688 
relation to the mRNA copy numbers of GAPDH,689 
HPRT, and 18S rRNA. Mutant cell lines are690 
depicted by red and control cell lines by black691 
symbols. The kind of mutation on the amino acid692 
level is given in the legend.693 

694 
Figure 3. The uptake and subcellular695 
localization of CTxB in healthy fibroblasts is696 
distinct from fibroblast devoid of caveolae.697 
CAV1 immunostaining after 10 min of incubation698 
with Alexa-555 labeled CTxB. Nuclei are stained699 
with Hoechst. In contrast to PTRF−/− fibroblasts700 
CTxB co-localizes with CAV1 in the healthy701 
controls. Scale bars: 5 µm.702 

703 
Figure 4. The characteristic differences704 
in CTxB uptake do not depend on CTxB705 

incubation time nor on incubation media706 
(starving). (A) Intensity distribution and box plots of707 
Alexa-488 labeled CTxB revealed by FACS708 
analysis. Due to differing sample sizes we show709 
density curves of the control and PTRF−/− fibroblasts710 
compared with untreated cells. (B) Density curves of711 
Alexa-488 labeled CTxB of control and PTRF−/−712 
fibroblasts dependent on incubation time and713 
incubation media. We tested different pre-714 
incubation conditions (I) and CTxB incubation715 
media (II).716 

717 
Figure 5. Rescue of PTRF in PTRF−/−718 
fibroblasts is sufficient to induce de novo719 
formation of caveolae. (A) Immunostaining of720 
CAV1 after transfection of PTRF−/− fibroblasts with721 
PTRF-eGFP using microinjection. The inset picture722 
at higher magnification shows partial co-localization723 
of PTRF-eGFP with CAV1. Scale bars: 20 µm. (B)724 
Fixed biological sample imaged with combined725 
confocal and atomic force microscopy. PTRF−/−726 
fibroblasts were transfected with PTRF-eGFP. From727 
left to right, the image series shows the728 
fluorescence signal of the eGFP, the AFM height729 
and the background filtered, i.e. flattened height730 
image, and the overlay of fluorescence and filtered731 
height images. Arrowheads depict eGFP spots732 
matching membrane depressions. Scale bars:733 
1 µm. (C) Electron micrographs of FACS-sorted734 
PTRF−/− fibroblasts transfected with PTRF-eGFP.735 
The black arrowheads indicate caveolae and the736 
white arrowheads clathrin-coated pits. Scale bars:737 
200 nm. 738 

739 
Figure 6. Although slightly reduced, de740 
novo formation of caveolae does not alter the741 
typical uptake characteristics of CTxB in742 
PTRF−/− fibroblasts. (A) Density curves of Alexa-743 
647 labeled CTxB dependent on CTxB treatment744 
and PTRF-eGFP transfection. (B) Box plots745 
showing the effect of transfection on the intensities746 
of Alexa-647 labeled CTxB in healthy and PTRF−/−747 
fibroblasts.  (C) Impact of PTRF-eGFP transfection748 
on the proportion of CTxB-negative fibroblasts as749 
defined by the 99.9 % threshold of CTxB untreated750 
cells.751 

752 
753 

754 
755 

756 
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