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(ICAN), Paris, France; {UMRS 1166, Sorbonne Université, Paris, France; and kMRC Centre for Neuromuscular Diseases, UCL Institute of
Neurology, Queen Square London, United Kingdom

ABSTRACT: Dynamin 2 (DNM2) is a GTP-binding protein that controls endocytic vesicle scission and defines a whole
class of dynamin-dependent endocytosis, including clathrin-mediated endocytosis by caveoli. It has been suggested
that mutations in the DNM2 gene, associated with 3 inherited diseases, disrupt endocytosis. However, how exactly
mutations affect thenanoscalemorphologyof endocyticmachineryhasneverbeen studied. In this paper,weused live
correlative scanning ion conductance microscopy (SICM) and fluorescence confocal microscopy (FCM) to study how
disease-associated mutations affect the morphology and kinetics of clathrin-coated pits (CCPs) by directly following
their dynamics of formation, maturation, and internalization in skin fibroblasts from patients with centronuclear
myopathy (CNM) and in Cos-7 cells expressing corresponding dynaminmutants. Using SICM-FCM, which we have
developed,we showhowp.R465Wmutationdisrupts pit structure, preventing itsmaturation and internalization, and
significantly increases the lifetimeofCCPs.Differently, p.R522Hslowsdownthe formationofCCPswithout affecting
their internalization.We also found that CNMmutations inDNM2 affect the distribution of caveoli and reduce dorsal
ruffling in human skin fibroblasts. Collectively, our SICM-FCM findings at single CCP level, backed up by electron
microscopydata,arguefor the impairmentofseveral formsofendocytosis inDNM2-linkedCNM.—Ali,T.,Bednarska,
J., Vassilopoulos, S., Tran,M.,Diakonov, I.A., Ziyadeh-Isleem,A.,Guicheney, P.,Gorelik, J., Korchev, Y. E.,Reilly,M.
M., Bitoun, M., Shevchuk, A. Correlative SICM-FCM reveals changes in morphology and kinetics of endocytic pits
induced by disease-associated mutations in dynamin. FASEB J. 33, 8504–8518 (2019). www.fasebj.org
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Dynamin 2 (DNM2) is amechanochemical and regulatory
GTPase that defines the whole class of dynamin-
dependent endocytosis mechanisms, including clathrin-
mediated (CME), caveolin-mediated, and raft-dependent
endocytosis (1–3). It also plays a crucial role in actin
and membrane remodelling (4). Autosomal-dominant
centronuclear myopathy (CNM) (5), dominant Charcot-
Marie-Tooth disease (CMT) (6), and autosomal-dominant
hereditary spastic paraplegia (HSP) (7) are 3 distinct
neuromuscular disorders associated with mutations
in DNM2 gene. Also, mutations in DNM2 were found
to be associated with acute lymphoblastic leukemia
(8). DNM2-related CNM is a slowly progressive con-
genital myopathy resulting in generalized muscle
weakness with variable severity, ranging from severe
neonatal to mild late-onset forms (9–11). CMT is an
inherited peripheral neuropathy characterized by
muscle weakness and atrophy and loss of touch sensation,
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which occurs in 1 in 2500 people, making it currently one of
themost common incurable inherited neurologic disorders.
Mutations inDNM2havebeen identified in theaxonalCMT
(CMT2) and dominant intermediate forms of CMT (6, 12).
HSP is a large group of clinically and genetically heteroge-
neous disorders resulting in progressive gait disorder be-
causeof thedysfunctionof longaxons in the spinal cord (13).

Currently, the commonly accepted model of dynamin
action in CME depicts a highly orchestrated involvement
of all of its domains in the formation and constricting
dynamin helix around the neck of invaginated clathrin-
coatedpits (CCPs) to achieve complete pit separation from
the cell membrane and form an endocytic vesicle (14).
Based on the spatial-temporal correlation of clathrin,
dynamin, andmembranecargo fluorescencepuncta in live
cells, it was suggested that dynamin plays a regulatory
role in CME, starting from the very early stages of CCP
nucleation (15–18). DNM2 is formed of a GTPase domain
that binds and hydrolyses GTP, a middle domain (MD)
that is responsible for the assembly of rings and helixes, a
pleckstrin-homology (PH) domain that binds phosphoi-
nositides and is responsible for the targetingof dynamin to
the plasma membrane, a GTPase effector domain that
regulatesGTPase activity and self-assembly, and aproline-
rich domain mediating protein-protein interactions. To
date, 10 heterozygous mutations associated with CMT,
24 with CNM, and 1 in HSP were identified in MD, PH,
GTPase effector domain, and proline-rich domain with
no common mutations to these 3 disorders.

Basedon the early findings that transferrin (Tfn) receptor
is internalized predominantly viaCCPs (19, 20), researchers
traditionally used fluorescently labeled or biotinylated Tfn
uptake as ameasure of CME efficiency. In these assays, the
total amount of internalized Tfn molecules is measured in
cell lysates or chemically fixed preparations. Several at-
tempts to test whether the disease-associated mutations in
DNM2 affect CME levels using Tfn uptake produced con-
tradictory results. For example, p.R465W mutation in MD
has been reported to result in significant reduction in Tfn
uptake by Bitoun et al.(11) and Koutsopoulos et al. (21), but
not by Liu et al. (22) or Sidiropoulos et al.(23), who reported
no difference in the uptake levels.

TheeffectofDNM2mutationsonendocytosis canalsobe
studied by imaging endocytic pits and vesicles in fixed
preparations using various electron microscopy (EM)
techniques or in living cells by fluorescence live imaging
such as confocal or total internal reflection fluorescence
microscopy. Though EM is capable of ultra-high resolution
sufficient todepictCCPstructure at close tomolecular level,
it cannot provide important information on the kinetics of
endocytic vesicle formation. In contrast, fluorescence im-
aging techniques have an acquisition rate appropriate to
follow CCP dynamics in real time but lack the resolution
necessary to resolve CCP structure. Advances in super
resolution optical imaging, such as stimulated emission
depletion (STED), stochastic optical reconstruction micros-
copy, structured illumination microscopy, and lattice light
sheet microscopy (LLSM), now allow for the detection of
fluorescently labeled molecules with a resolution of tens of
nanometers (24–27). However, the ability of detecting
nothing but fluorescent tags attached to structures of

interest with certain affinity is the greatest limitation of
fluorescence microscopy. Super resolution fluorescence
microscopy has been successfully applied to image endo-
cytosis in live cells (26, 28), although until recently it was
difficult to correlate molecular-specific fluorescence data to
cell membrane nanostructures. This is because the visuali-
zation of the cell membrane topography by live imaging
techniques remains challenging. Collectively, the above
limitations resulted in remarkable heterogeneityof putative
CCPs because fluorescence signals from clathrin contained
ingenuineCCPs, flat lattices, and endosomesaredifficult to
distinguish (29, 30). Recently, developments in fluorescence
probes for phospholipid components of cell membranes
have enableddetailed characterizationof vesicle fusion and
fission kinetics and helped to elucidate the role of dynamin
in fusion pore dynamics in live cells at;60 nm spatial and
subsecond temporal resolution using STED (31, 32). Also,
LLSMwasused to followmembrane remodellingand track
CCPs and dynamin in live cells at 5.7 s per frame temporal
and 1503 280 nm xz resolution (33, 34).

Correlative superresolution fluorescence and metal-
replica transmission EM (TEM) has recently been proven
suitable for locating fluorescently labeled proteins on the
landscape of the cellular plasmamembrane at the scale of
20nm (35). Although researchers havedemonstrated clear
colocalization between AF647-labeled clathrin and CCP
structures, the technique is not capable of studying CCP
kinetics. The lack of live anddynamic investigations in cell
membrane morphologic changes, resulting from the re-
cruitment of specific molecules, is a limitation of current
imaging techniques, which has been previously high-
lighted (36, 37).

Previously, we have developed an imaging technique
that, in contrast to microscopies described above, enables
us to follow morphologic changes of endocytic pits
through their entire lifecycle in living cells at close to few
nanometers resolution (38). This technique is based on the
combination of scanning ion conductance microscopy
(SICM) invented byHansmaand colleagues (39) and later
adapted to be capable of live imaging (40, 41). SICM is
a scanning probe microscopy that generates high-
resolution topographical images of samples immersed
in liquid by raster scanning a glass nanopipette (probe)
that follows the surface of a sample very closely without
touching. Importantly, SICM imaging does not require
anykindof chemicalprocessingof the studied sample and
effectively operates in physiologic conditions. This fully
noninvasive aspect of imaging makes SICM ideal for liv-
ing cell studies. The SICM instrument (Fig. 1A) consists of
a glass nanopipette mounted on a Z piezo actuator con-
nected to a scan control unit (data not shown) that per-
forms vertical measurements. The same unit also controls
raster scanning by moving XY piezo actuator that carries
the cell sample in a Petri dish. The ion current that flows
between the probing and the reference electrodes located
inside the SICMpipette and in the bath, respectively (Fig.
1B), is constantly measured by the control electronics.
When the pipette vertical position (Fig. 1C, top trace)
approaches the sample surface to a distance equal to ;1
radius of pipette opening, the ion current (Ipip) drops (Fig.
1C, bottom trace). This drop is used by the control
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software to stop the approach and record the vertical
position of Z piezo actuator as the sample height at a
given imaging point. Then, the pipette is withdrawn,
and the sample is moved to the next location or pixel.
Simultaneous fluorescence confocal imaging is per-
formed by focusing a laser beam at the pipette tip (42,
43). This provides colocalized fluorescence excitation,
which is then recorded by a photomultiplier. Confocal
autofocusing is achieved by vertical movement of the
objective-focusing piezo actuator that is synchronized
with the SICM height measurement by Z piezo actu-
ator. This eliminates the need for numerous confocal
slicing and subsequent 3-dimensional (3D) recon-
struction and allows the fluorescence data to be ac-
quired precisely from the apical membrane in a single
scan (red dashed line, Fig. 1B). SICM topographical
3D images can be shown either in 2-dimensional view
with the height color coded so that the lower areas
appear darker and higher areas lighter or as 3D pro-
jections. Figure 1D shows the example of a 3D
topography scan of a cell cytoplasmicmembranewhere
the CCP can be seen as dark invagination (left panel) as
well as corresponding fluorescence of clathrin light
chain (CLC) a–green fluorescent protein (GFP) (right
panel).

Integration of SICM with fluorescence confocal mi-
croscopy (FCM) together with 2 orders of magnitude
improvement in topographical resolution (38) and
higher imaging rates made it possible to correlate live
observations of nanoscale changes in cell membrane
morphology with the localized recruitment of fluo-
rescently labeledmolecules of interest. Using correlative
SICM-FCM, the recruitment of DNM2-GFP to topo-
graphically resolved CCPs has been demonstrated for
the first time (44). This technique has also enabled the
discovery and characterization of an alternative mech-
anism of actin-facilitated CCP closure that was more
recently confirmed by high-speed atomic force micros-
copy combined with confocal laser scanning unit (36).

Although temporal resolution of SICM remains slower
compared with high-speed atomic force microscopy,
STED, and LLSM, its topographical (i.e., spatial) resolu-
tion of live cell membranes is higher (45).

Analysis of the dynamics of nanoscale morphologic
changes takingplace in a single trafficking event shouldbe
critical to decipher the real influence of pathogenicDNM2
mutations onCME.With this objective, we report here the
use of innovative correlative SICM-FCM to study CME in
skin fibroblasts from CNM patients harboring 2 distinct
heterozygousDNM2mutationsandinCos-7cellsexpressing
corresponding DNM2-GFPmutants.

MATERIALS AND METHODS

SICM instrumentation

All experiments were performed using the SICM setup that is
capableofbetter than20nmtopographical resolutionon livecells
as previously reported (45). The instrumentwas controlled by in-
house-written software that was also used for data acquisition
and analysis. The SICM imaging head controlled by SICM
scanner controller (Ionscope, Cambridge, United Kingdom) was
built using P-733.2DD XY Piezo-Nanopositioning Stage (PI,
Karlsruhe, Germany) 40 mm travel (xymovement of the sample)
and P-753.21 piezo actuator (PI) 25 mm travel (z movement of
pipette). Piezo stages were driven by 200 W peak-power low-
voltage PZT amplifier E-505 (PI) in capacitive sensor-controlled
closed-loopusingSensor&PositionServo-ControlModuleE-509
(PI). The XY piezo scanner was incorporated into a heavy
stainless-steel platform, which was placed onto an inverted
Nikon TE2000-Umicroscope (Nikon, Tokyo, Japan) table spring
preloaded and equipped with differential micrometers (Opto-
Sigma, Santa Ana, CA, USA) for precise positioning. Coarse
positioning of the pipette in the z axis was provided by a M-
112.1DG translation stage with a travel range of 25mm that was
coupled with a crossed roller linear translation stage (Opto-
Sigma) to improve stability. To reduce the vibrations caused by
the resonance of the glass pipette, standard ESW-F10P holder
(Warner Instruments,Hamden,CT,USA)was replacedwith aV-
grove mounting plate where the pipette was held by a steel

Figure 1. Schematic diagram and principle of
operation of SICM-FCM imaging setup. A)
Diagram showing SICM nanopipette mounted
on Z piezo actuator and positioned above
living cells grown in a Petri dish. The sample
stage is raster scanned in horizontal plane by
the XY piezo. The nanopipette is aligned to be
coaxial with the laser beam that is fed through
the inverted microscope objective to enable
simultaneous, correlative topographical and
fluorescence confocal imaging. The same
objective is used to collect the excited fluores-
cence, which is then detected by the photo-
multiplier (PMT). B) Principle of SICM
operation diagram showing the cross section
of the setup arrangement. The laser beam
(blue) is focused at the tip of the nanopipette
where it (beam) creates confocal volume and
excites fluorescence (green). Bias voltage is
applied between the measuring electrode in-
side the nanopipette and the reference electrode in the dish and results in ion current that drops to predefined set-point every
time pipette approaches the cell surface. C) Experimental measurement showing the trace of the vertical (Z) piezo position
during hopping (top trace) and corresponding ion current drop at the lowest point of each approach (bottom). D) Example
images of CCP seen as an indentation in 3D topography (left) and corresponding CLC-GFP fluorescence image (right).
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spring;7 mm above the taper. Nanopipettes were pulled from
borosilicate glass (outer diameter, 1mm; inner diameter, 0.5mm;
Intracell, Saint Ives, United Kingdom) using a laser-based puller
Model P-2000 (Sutter Instruments, Novato, CA, USA). The pi-
pettes displayed resistances of ;400 MV (range 300–500 MV.)
and had an estimated inner diameter of 30 nm. The pipette inner
diameters are estimated from the pipette resistance using a half
cone angle of 3°. Pipette current was detected via an Axopatch
200B (Molecular Devices, Sunnyvale, CA, USA) using a gain of 1
mV/pA and a low-pass filter setting of 5 kHz. The internal
holding voltage source of theAxopatch 200Bwas used to supply
a DC voltage of +200 mV to the pipette. The outputs of the ca-
pacitive sensors from all 3 piezo elements were monitored using
Axon Digidata 1322A (Molecular Devices) and Clampex 9.2
(Molecular Devices). Correlative fluorescence images were
recorded using D-104 Microscope Photometer (Photon Tech-
nology International, Birmingham,NJ,USA) througha3100/1.3
oil immersion objective. The excitation was provided by Protera
488 nm wavelength diode-pumped solid-state laser (Laser 200,
Huntingdon, United Kingdom). SICM-FCM imaging was done
either in Leibovetz’s L 15 or CO2 Independent medium (Thermo
Fisher Scientific, Waltham, MA, USA). Combined fluorescence
and topographical imaging was done in Phenol-Red–free Lei-
bovetz’s L 15 medium (Thermo Fisher Scientific). The tempera-
ture of the medium in the bath was measured with a CL-100
temperature controller (Warner Instruments) as 28 6 1°C. This
temperature that was higher than ambient room temperature
was caused by the heat emitted by the piezo scanner, epi-
fluorescent attachment, and other surrounding electronic
equipment.

Cell culture and plasmids

Skin fibroblasts from CNM patients harboring the p.R465W
(c.1393C . T; skin biopsy at the age of 30 yr) or the p.R522H
mutation (c.1565G.A; skin biopsy at the age of 20 yr) and skin
fibroblasts fromhealthy subjects (biopsied at the ages of 26 and
30 for controls 1 and 2) were cultured in DMEM supplemented
with 10% fetal calf serum (FCS) in a 5% CO2 incubator at 37°C.
The p.R465W fibroblast cell line was obtained from a patient of
a previously reported large autosomal-dominant CNM family
(11), and the p.R522H fibroblast cell line was obtained from
a patient of an unpublished autosomal-dominant CNM fam-
ily. In both patients, mutations were identified by Sanger
sequencing.

Monkey Cos-7 cells were routinely maintained at 37°C in 5%
CO2usingDMEM(ThermoFisher Scientific) containing5%(vol/
vol) FCS. The plasmid DNA used in the experiments were pCi
(Promega, Madison, WI, USA) containing clathrin-GFP (kindly
provided by Dr. Lois E. Greene, Laboratory of Cell Biology,
National Heart, Lung, and Blood Institute, National Institutes of
Health, Bethesda, MD,USA) (46). The open reading frame of the
wild-type (WT) DNM2 isoform 1 (NM_001005360) was gener-
ated by RT-PCR from lymphocyte mRNA and inserted in the
frame with the GFP in pcDNA3.1/NT-GFP-TOPO (Thermo
Fisher Scientific). The R465W and R522H plasmids were gener-
atedbydirectedmutagenesisusing theQuickChangeSite-Directed
MutagenesisKit (AgilentTechnologies, SantaClara,CA,USA).The
constructed plasmids were verified by DNA sequencing.

Transfection

Cos-7 cells (13106 cells per flask)wereplated intoaT25 flaskand
incubated overnight at 37°C in DMEM containing 5% FCS. Cells
were washed prior to transfection with PBS, and complexes of
Lipofectamine 2000 (ThermoFisher Scientific) andplasmidDNA
at a ratio of 1ml to 1mgwereadded inOpti-MEM(ThermoFisher
Scientific) without FCS to the cells. After 2 h, the medium was

replacedwithDMEMcontaining5%FCS.Cellswhere theneither
used for live imaging or fixed for 20 min with 3% formaldehyde
containing 5% sucrose.

Uptake assay

Human skin fibroblasts and Cos-7 cells were grown on borosil-
icate 13-mm glass coverslips (VWR International, West Chester,
PA, USA) to 60–80% confluency in DMEM and 10% FCS. Tfn
from human serum AlexaFluor 647 conjugate (Thermo Fisher
Scientific) and CTxB FITC (MilliporeSigma, Burlington, MA,
USA) were added to the cells at a 20-mg/ml concentration for 5,
10, 20, and 30 min at 37°C. Cells were washed 3 times with PBS,
acid-stripped (0.2 MNa2HPO4, 0.1 M citric acid), and fixed with
4%paraformaldehyde for 10min.Coverslipsweremountedonto
glass slideswithprolongdiamondantifademountantwithDAPI
(Thermo Fisher Scientific). Cells were imaged with Zeiss (Ober-
kochen, Germany) LSM780 inverted confocal microscope. Indi-
vidual cells were manually outlined, and corrected total cell
fluorescence = integrated density2 (area of selected cell3mean
fluorescence of background readings) was calculated using plu-
gin contributed by Dr. Martin Fitzpatrick (University of Bir-
mingham, Birmingham, United Kingdom) in Fiji (https://fiji.sc/ )
software (47).

Ultrastructural analysis by TEM

The cells, grown to 80% confluence,werewashed twicewith PBS
and then primary fixed with 2.5% EM-grade glutaraldehyde
(Taab Laboratory Equipment, Reading, United Kingdom) in
0.05 M sodium cacodylate buffer (pH 7.2) for 10 min at room
temperature. Fixed cells were scraped with a plastic cell scraper
and centrifuged at 2000 rpm for 1min for collection. Supernatant
containing glutaraldehyde was removed, and molten agarose
(2% wt/vol in distilled water) at 80°C was added to resuspend
the cell pellet and left to solidify. The agarose-suspended cell
pelletswere stored in 2.5%glutaraldehyde in cacodylate buffer at
4°C. The agarose cell pellets were rinsed 3 times in cacodylate
buffer for 10 min with gentle rotation. Each agarose pellet was
subdivided and postfixed in 1% osmium tetroxide in cacodylate
buffer for 1 h. The samples were then washed twice for 5 min in
distilledwater. Samplesweredehydrated byagraded (70–100%)
methanol series.The transition toaralditewas throughpropylene
oxide. Samples were immersed in 100% propylene oxide twice
for 20 min followed by a 50:50 propylene oxide and araldite
mixture for 20 min, a 25:75 propylene oxide and araldite mix for
30min, and100%araldite for 30min, and then theywereallowed
to infiltrate overnight. Samples were then embedded in araldite
in molds and polymerization achieved in an embedding oven at
60°C over 72 h. Araldite blocks were trimmed to reveal the em-
beddedsampleand1-mmsemithin toluidineblue surveysections
cut by microtome (Reichert Ultracut E; Leica Microsystems,
Buffalo Grove, IL, USA) for light microscopy. Areas of interest
were selected and shaped for ultramicrotomy, and ultrathin
(80-nm) sectionswerecut. Thesectionswerexylene stretchedand
picked up on 200 mesh thin bar copper grids for TEM. The sec-
tions on grids were contrast stained with 1.5% uranyl acetate for
10min at room temperature andwashed 4 times withmethanol,
followed by staining with lead citrate at room temperature. Ob-
servationwasbyTEM(HitachiH7000;HitachiHigh-Technologies,
Tokyo, Japan) operated at 75 kV at the Royal Brompton Hospital.

TEM on metal replica from unroofed cells

Adherent plasmamembranes from human fibroblasts plated on
glass coverslips were disrupted by sonication as previously
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described (48). Glutaraldehyde- and paraformaldehyde-fixed
cells were further sequentially treated with OsO4, tannic acid,
and uranyl acetate prior to dehydration and Hexamethyldi-
silazane drying (MilliporeSigma). Dried samples were then
rotary-shadowed with platinum and carbon with a high
vacuum sputter coater (Leica Microsystems). Platinum rep-
licas were floated off the glass by angled immersion into
hydrofluoric acid, washed several times by floatation on
distilledwater, and picked up on formvar- and carbon-coated
EM grids. The grids were mounted in a eucentric side-entry
goniometer stage of a transmission electron microscope op-
erated at 80 kV (model CM120; Philips, Andover, MA, USA),
and images were recorded with a Morada digital camera
(Olympus, Tokyo, Japan). Images were processed in Adobe
Photoshop (Adobe, San Jose, CA, USA) to adjust brightness
and contrast and presented in inverted contrast.

Western blot

Cell pellets were homogenized in lysis buffer containing 50 mM
of Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, and NP40 1%
supplemented with protease inhibitor cocktail 1% (Milli-
poreSigma). After centrifugation (14,000 g, 4°C, 15 min), protein
concentration in the supernatant was determined with the BCA
ProteinAssayKit (ThermoFisher Scientific). Twentymicrograms
of proteins were mixed with loading buffer (50 mM Tris-HCl,
SDS2%,glycerol 10%,b-mercaptoethanol 1%, and bromophenol
blue) and denaturated at 90°C for 5 min. Protein samples were
separated on SDS–PAGE 10% and transferred onto PVDF
membranes (0.45-mm pore size; Thermo Fisher Scientific) over-
night at 100mAat 4°C.Membraneswere blocked for 1 h at room
temperature in PBS containing nonfat drymilk 5%andTween 20
0.1% and then exposed to rabbit polyclonal anti-clathrin heavy
chain antibody (Abcam, Cambridge, MA, USA), rabbit poly-
clonal anti-caveolin 1 (Santa Cruz Biotechnology, Dallas, TX,
USA), or rabbit polyclonal anti–glyceraldehyde-3-phosphate
dehydrogenase antibody (Santa Cruz Biotechnology) in PBS–
Tween 20 0.1% and milk 1% overnight at 4°C. Membranes were
rinsed inPBS–Tween20 0.1%and incubated1hwithhorseradish
peroxidase–conjugated secondary antibody (anti-rabbit from
Jackson ImmunoResearch,WestGrove, PA,USA) in PBS–Tween
20 0.1%. Chemiluminescence was detected using ECL Detection
Kit (Merck, Darmstadt, Germany) in a G-Box Imaging System
(Ozyme, Paris, France), and signal quantificationwas performed
using ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Statistics

CCPs lifetimes (LTs) and cell membrane surface area were
compared by independent Student’s t test. CCP densities, fluo-
rescently labeled Tfn and cholera enterotoxin subunit B (CTxB)
uptake levels, and Western blots were compared by Mann-
Whitney U test.

RESULTS

In order to investigate how p.R465W (located in MD)
and p.R522H (located in PH domain) mutations affect
CCP formation, maturation, and closure kinetics, we
used the 2 following distinctmodels.We first confirmed
the recruitment of mutant dynamins to the sites of
endocytic pit formation and its effect on pit formation,
maturation, and closure kinetics in Cos-7 cells tran-
siently transfected with fluorescently labeled DNM2

constructs (DNM2-WT-GFP, DNM2-R465W-GFP, and
DNM2-R522H-GFP). Because both CME and endocy-
tosis via caveoli are dynamin dependent, DNM2-GFP
fluorescence could correlate with topographically de-
tected indentations corresponding to both types of
endocytic pits (i.e., CCPs and caveoli). Based on our
previously published SICM measurements, average
CCP and caveoli opening diameters equal 118 and 70
nm, respectively (42, 44). We have also demonstrated
that 88.7% of endocytic pits in Cos-7 cells are clathrin
coated, and only 9.35% are caveoli, with the remaining
2% accounting for topographically detected unknown
pits that did not have corresponding Clc-GFP or Cav1-
GFP fluorescence (42). Therefore, we conclude that if
DNM2-GFP fluorescence colocalizes with topographi-
cally detected pit that is larger than 100 nm in diameter,
it correlates with CCP. Because transient transfection
may result in high DNM2 expression levels that might
not reflect physiologically relevant effects and could be
cytotoxic (23), we also studied the impact of DNM2
mutations on CME in CNM patient–derived skin fi-
broblasts that have endogenous levels of mutant and
WTDNM2. In order to unambiguously identifyCCPs in
human skin fibroblasts, cells were transfected with
CLC-GFP (46). Based on the previous publications, we
assume that because CLC-a itself cannot induce the
formation of new CCPs, for which clathrin heavy chain
is required, CLC-GFP only labels endogenous CCPs. It
would have been impossible to follow the recruitment
of mutant DNM2 to the sites of endocytic vesicle for-
mation in human skin fibroblasts transfected with
DNM2-GFP because it would interfere with the en-
dogenous mutant DNM2. In both cell types, we mea-
sured LT, diameters, and depth of topographically
detected pits.

Effect of p.R465W and p.R522H dynamin
mutations on CCP formation and
scission in Cos-7 cells

Correlative SICM-FCM time-lapse images of CCPs in
Cos-7 cells transiently transfected with DNM2-WT-
GFP (Fig. 2A) revealed similar pit behavior to those in
Cos-7 cells transfected with CLC-GFP (44). Topo-
graphical SICM images are presented in 2-dimensional
viewwith height color coded so that the lower areas are
darker and the higher areas are lighter (Fig. 2A, top
row). Therefore, CCP is seen as the appearance and
disappearance of a dark spot (red arrows) accompanied
by corresponding DNM2-WT-GFP fluorescence (Fig.
2A, bottom row, and Supplemental Movie S1). The en-
tire CCP life cycle, from nucleation throughmaturation
to closure, had the overall LT of 85.1 6 25.2 s (n = 14, 3
different cells, 2 independent experiments). The top
panel in Fig. 2B shows the cross section profile of the
indentation in the cell membrane corresponding to
mature CCP in frame 4 (Fig. 2A, top row, white dashed
line). The mean opening diameter of mature CCPs
measured by SICM as full width at half maximum
(in practice, half minimum was used because it
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corresponds to the depth of pit) was 1466 11 nm (n= 4).
Figure 2B (bottom panel) shows DNM2-WT-GFP fluo-
rescence profile at maximum intensity. In order to vi-
sualize how CCP formation and scission process
develops in time, we plotted the sequence of cross sec-
tion profiles of CCP topography (top) and correspond-
ing DNM2-WT-GFP fluorescence (bottom) assembled
in continuous traces (Fig. 2C). The traces show clearly
that the topographically resolved formation of CCP
was followed by the recruitment of DNM2-WT-GFP

fluorescence that reached its maximum at the moment
of the pit closure and disappeared abruptly right after
(Fig. 2C, red arrow). Such kinetics ofDNM2 recruitment
is in agreementwith previously published observations
(49).

In Cos-7 cells transiently transfected with DNM2-
R465W-GFP, pits successfully went through nucle-
ation to maturation phase, at which they slowed down
and started to widen and flatten until finally dissolved
(Fig. 2D and Supplemental Movie S2). The appearance of

Figure 2. Correlative SICM-FCM time-lapse imaging of CME in Cos-7 cells transfected with DNM2-GFP. A) Sequence of
topographical (top row) and fluorescence images (bottom row) showing CCP (red arrow) nucleation, maturation, and closure in
cells transfected with DNM2-WT-GFP. B) Individual cross section profiles of single CCP showing topographically resolved pit
width and depth (top trace) and corresponding DNM2-WT-GFP fluorescence. C) Series of cross section profiles at locations
shown with white dashed lines in sequence A concatenated in 1 continuous record, demonstrating highest dynamin recruitment
during CCP closure (red arrow). D) Sequence of topographical and fluorescence images showing CCP nucleation, widening, and
disintegration in cells transfected with mutant DNM2-R465W-GFP. E) Topographical cross section profiles of CCP at consecutive
stages of disintegration corresponding to white dashed lines in sequence D illustrating pit widening. F) Sequence of
topographical and fluorescence images showing CCP nucleation, widening, and disintegration in cell transfected with mutant
DNM2-R522H-GFP.
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DNM2-R465W-GFP fluorescence correlated with the to-
pographically detected pit confirms the recruitment of the
mutant dynamin to CCPs at the stage of maturation (red
arrows). Because of the recruitment ofmutant dynamin to
CCPs, the LT of CCPs increased significantly compared
withcontrol (1931.661219.5 s,n=6, 3 cells, 2 experiments,
P , 0.005). Also, the recruitment kinetics of mutant
dynamin was different from WT, showing high-intensity
fluorescence from the very early moments of CCP nucle-
ation. Graphs in Fig. 2E show selected, consecutive cross
section profiles of 2 adjacentCCPs corresponding towhite
dashed lines inFig. 2D. Thediameter of bothpits increased
gradually until pits fused into one ;2-mm–wide, lightly
curved structure. By that moment, DNM2-R465W-GFP
fluorescence intensity has stopped. Such behavior resem-
bles rather abortive (i.e., non-productive) endocytic events,
with pits gradually turning into flat clathrin lattices
(FCLs). FCLs were recently described as long-lived struc-
tures, also with sustained association with dynamin (50).
Similar to p.R465W, the p.R522H mutant dynamin was
targeted to the sites of CCP formation, although at a later
stage (Fig. 2F, red arrows, and Supplemental Movie S3).
The LT of CCPs in Cos-7 cells transfected with DNM2-
R522H-GFP was also significantly longer compared with
control (LT = 928.36 654.4 s, n = 7, 4 cells, 4 experiments,
P, 0.005).Althoughnot to the sameextent as inp.R465W,
CCPs in cells expressing p.R522Hmutant also widen and
flattenprior todisappearance. In our imaging experiments
with Cos-7 cells expressing mutant dynamins, we did not
observe CCPs with WT-like LTs and formation and clos-
ing kinetics (R465W: n= 95, 7 cells; R522H: n= 116, 8 cells).

Dynamics of CCP formation and scission in
skin fibroblasts from CNM subjects with
p.R465W and p.R522H dynamin mutations

We next studied CME in human skin fibroblasts because
they express endogenous levels ofWT (control) or mutant
DNM2. The example of typical CCP nucleation, matura-
tion, and closure in human skin fibroblast from a healthy
subject transiently transfected with CLC-GFP is shown in
Fig. 3A (red arrows) and Supplemental Movie S4. Unlike
dynamin fluorescence spots that appeared during CCP
maturation and peaked at the moment of CCP closure in
Cos-7 cells (Fig. 2A), CLC-GFP appeared;16 s before the
topographically detectable invagination corresponding
CCPand accompanied the pit throughout its LT in control
fibroblasts. The abrupt disappearance of topographically
detected indentation that indicates pit closure was fol-
lowed by the disappearance of associated CLC-GFP fluo-
rescence. The CCP LT was 132.76 85.6 s (n = 43, 8 cells, 7
experiments). Figure 3B shows a cross section profile cor-
responding to the white dashed line in Fig. 3A, giving pit
diameter of 175 nm measured as full width at half maxi-
mum. Analysis of CCPs in human skin fibroblasts from
patients with p.R465W mutation revealed larger, 380 nm
diameter, endocytic structures with significantly longer
LTs compared with control fibroblasts (LT = 316.8 6
220.1 s, n = 19, 6 cells, 6 experiments, P , 0.005). A
typical example of topographically resolved CCP and

corresponding CLC-GFP fluorescence in fibroblast with
p.R465W mutation is presented in Fig. 3C and Supple-
mentalMovie S5. Unlike in cells from healthy individuals,
in which the topographically detected pit disappeared
abruptly (Fig. 3A), in p.R465W cells, the pit gradually
widened and flattened (Fig. 3C, red arrows). Cross section
profiles corresponding to white dashed lines reveal by
how much the pit diameter increased and depth reduced
during pit degradation (Fig. 3D). Such pit behavior is
similar to that observed in Cos-7 cells transfected with
DNM2-R465W-GFP (Fig. 2D, E). In skin fibroblasts from a
CNM patient with p.R522H mutation, pits often formed
tightly packed clusters (Fig. 3E and Supplemental Movie
S6). In our experiments, together with 16 individually
formed pits, we observed 9 clusters formed by 2–4 CCPs
where pits nucleate, mature, and close independently in
close vicinity. Although the average CCP LT was signifi-
cantly longer comparedwith control (LT = 273.46 192.8 s,
n = 55, 4 cells, 2 experiments, P , 0.005), the abrupt dis-
appearance of individual CCPs and pits in clusters (Fig.
3E, red arrow) suggests successful scission events.
Figure3F shows the cross sectionprofiles corresponding to
white dashed lines in Fig. 3E, where 2 static CCPs with
longer-than-control LTs can be seen. In our imaging ex-
perimentswith human skin fibroblasts expressingmutant
dynamins,wedidnotobserveCCPswithWT-likeLTsand
formation and closing kinetics (p.R465W: n = 67, 10 cells;
p.R522H: n = 33, 11 cells).

Characterization of endocytic structures in
cytoplasmic membranes of human skin
fibroblasts with p.R465W and p.R522H
dynamin mutations by EM

Inorder to further characterize endocytic structures in cells
from healthy individuals and subjects with p.R465W and
p.R522H mutations, and also to confirm our correlative
SICM-FCMobservations,weusedTEMimagingasawell-
established, high-resolution imaging technique. High-
resolution TEM images of human skin fibroblasts were
surveyed along the cytoplasmic membrane for endocytic
structures amongwhichCCPs and caveoli were identified
(Fig. 4A–C). CCPs at various stages of formation and in-
ternalization could be recognized by the characteristic
clathrin coat that, in thin sections, appears darker and
thicker than the cytoplasmic membrane (bold white ar-
rows). Numerous caveoli could also be seen as round or
flask-shaped invaginations docked to the cell membrane
that are nearly 2-times smaller than CCPs in diameter
(black arrows). Identified CCPs were binned according to
the stage of their life cycle as follows: nucleating (i.e., flat or
lightly curved), mature or U-shaped (i.e., invaginated to
thedepthofmore than1 radius of opening),V-shaped (i.e.,
thosewith constrictedopening), and fully internalized (i.e.,
detached from the membrane). The distribution of densi-
ties of CCPs at different stages of life cycle is presented in
Fig. 4D. Within the control group of cells, the number of
nucleating CCPs and internalized clathrin-coated vesicles
was insignificantly higher than mature and V-shaped
CCPs (299 images, total 130 pits, total membrane length
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analyzed 3787 mm). Such distribution indicates that CCP
closure and scission happens quicker than maturation
and transportation deeper inside the cell. In contrast, in
p.R465W fibroblasts, the number of internalized vesicles
was significantly lower than the number of flat CCPs (227
images, total 90pits, totalmembrane length analyzed 3409
mm, P , 0.05) and the number of internalized vesicles in
control fibroblasts (P , 0.005). This correlates well with
substantially prolongedCCP formation time andeventual
pit flattening and disassembly in p.R465W fibroblasts

observedbySICM-FCM. In contrast to cellswithp.R465W
mutation, the distribution of CCPs in p.R522H fibroblasts
resembled the one in control cells with an insignificantly
highernumberof internalized clathrin-coatedvesicles (319
images, total 162 pits, total membrane length analyzed
4271 mm). This indicates that despite significantly longer
LTs, pits eventually internalize in p.R522H cells as ob-
served by SICM-FCM. The analysis of TEM images was
complicated by the fact that the density of CCPs in human
skin fibroblasts is low. For comparison, the total numbers

Figure 3. Correlative SICM-FCM time-lapse imaging of CME in human skin fibroblasts transfected with CLC-GFP. A) Sequence of
topographical (top row) and fluorescence images (bottom row) showing CCP (red arrow) nucleation, maturation, and closure in
cells from healthy individuals transfected with CLC-GFP. B) Individual cross section profile of CCP corresponding to white
dashed line in sequence A. C) Sequence of topographical and fluorescence images showing CCP nucleation, widening, and
disintegration in cells from patients with p.R465W mutation. D) Topographical cross section profiles of CCP at consecutive stages
of disintegration corresponding to white dashed lines in sequence C illustrating pit widening. E) Sequence of topographical and
fluorescence images showing CCP cluster in cell from patient with p.R522H mutation. F) Topographical cross section profiles of
CCP corresponding to white dashed lines in sequence E illustrating 2 static pits.
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ofCCPs in controlCos-7 cells ismore than 10-times higher.
The densities of morphologically identifiable caveoli in
human skin fibroblasts were found at least 1 order of
magnitude higher than the densities of CCPs at all stages
put together (i.e., nucleating through to internalized) in
control and both mutant fibroblasts (Fig. 4E). The total
numbers of identified caveoli in control, p.R465W, and
p.R522H fibroblasts were 1906, 1607, and 1626, respec-
tively. The resolution of TEMmicrographswas insufficient
to identify lightly curved caveoli anddistinguish constricted
from fully internalized ones; therefore, we could not un-
dertake analysis similar to that of CCPs in full. Hence, we
compared the densities of membrane-bound and puta-
tively internalized caveoli (Fig. 4A, black arrow and black
arrowhead, respectively). In our analysis, only the in-
tracellular vesicles in the vicinity of a half of a micrometer

from the morphologically identifiable membrane-bound
caveoli were considered internalized caveoli. We found
that the total numbers of caveoli in all 3 skin fibroblast lines
were roughly similar.Though incontrol cells, thedensityof
internalized caveoli was the same as membrane-bound
ones (i.e., 0.3 6 0.38 vs. 0.3 6 0.15 caveoli/mm, re-
spectively) (Fig. 4F), in p.R465W fibroblasts, the density
of internalized caveoli was significantly lower than the
membrane-bound ones (0.236 0.3 vs. 0.556 0.26 caveoli/
mm, P , 0.05), and in p.R522H cells, it was also lower,
albeit insignificantly (0.19 6 0.26 vs. 0.45 6 0.5 caveoli/
mm, P. 0.05).

In order to gain further information about the distribu-
tion and morphology of CCPs and caveoli at the plasma
membrane, EM on metal replica from unroofed cells was
performed in healthy control and patient-derived cells.
Figure 5A–D illustrates representative images of the cyto-
plasmic face of the plasma membrane from control cells.
CCPs (white arrowheads) and caveoli (white arrows) were
clearly identified by their size and their respective coating.
In thesecontrol cells, caveoli appearedaccumulated insome
restricted regions (Fig. 5B, C). In p.R465W cells (Fig. 5E–I)
and p.R522H cells (Fig. 5J–L), morphology of CCP and
caveoli were similar to the control cells, but regions of cav-
eoli accumulation are larger in p.R465W cells (Fig. 5F, G).

Simultaneous uptake of fluorescently labeled
Tfn and cholera toxin b in human skin
fibroblasts with p.R465W and p.R522H
dynamin mutations

In order to confirm whether the mutations in dynamin
affect the efficiency of CME and endocytosis by caveoli,
we measured simultaneous uptake of AlexaFluor 647-
conjugated Tfn from human serum and FITC-conjugated
CTxB. Thiswas done assuming that although endocytosis-
specific markers such as Tfn receptor, Simian virus, and
cholera toxin could be internalized by other independent
pathways (51, 52), some preference toward specific
pathways exist. Cellswere incubatedwith Tfn andCTxB
mix for 5, 10, 20, and 30 min, treated with citric acid to
remove surface-bound Tfn and CTxB, fixed, and imaged
by Epi-Fluorescence microscopy. Individual cells were
manually outlined, and the average fluorescence in-
tensity normalized to a cell surface area was calculated
(for details, see Materials and Methods). All cell types
were found inhomogeneous in their preference toward
Tfn and CTxB uptake (Fig. 6A–D). At 5 and 10 min of
incubation, cells didn’t show significant difference in
uptake. At 20 and 30 min, the uptake of Tfn and CTxB
was found to be significantly lower in human skin fi-
broblasts with mutations in dynamin (Fig. 6D, E
correspondingly).

Clathrin and caveolin expression levels in
human skin fibroblasts with p.R465W and
p.R522H dynamin mutations

It has previously been demonstrated that DNM2 expres-
sion is unchanged in individualswithCNM(5). In order to

Figure 4. TEM analysis of CCPs and caveoli in human skin
fibroblasts. A–C) Control (Ctrl; healthy individual) (A); cells
with p.R465W mutation (B); cells with p.R522H mutation (C).
White bold arrows point at CCPs, black arrows point at caveoli,
and arrowhead points at internalized caveoli. Asterisk marks
caveolar stomatal diaphragms. Scale bars, 200 nm. D) Densities
of CCPs at different stages of life cycle. E) Densities of total
CCPs and caveoli. F) Densities of membrane-bound and
internalized caveoli. The density is expressed as pits per
micrometer of membrane length. *P , 0.05, **P , 0.005.
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test whether the difference in the total numbers of ob-
served CCPs and caveoli as well as the amounts of fluo-
rescently labeled Tfn and CTxB uptake is not the result of
different clathrin and caveolin expression levels, we per-
formed quantitative Western blotting in human skin fi-
broblasts (Supplemental Fig. S1). We found that clathrin
heavy chainwas expressed at significantly higher levels in
p.R522H cells compared with controls and p.R465W, and
caveolin 1 was significantly higher in both mutants. The
results correlate with the number of endocytic structures
observed and the amount of fluorescently labeled cargo
uptake.

Morphologic analysis membrane ruffles in
apical membranes of human skin fibroblasts
induced by p.R465W and p.R522H mutations
in DNM2

In our previous publication, we have shown that DNM2-
GFP colocalizes with roots of highly dynamic microvilli-
like protrusions on the cell membrane (44). With this in
mind, we tested whether p.R465W and p.R522H muta-
tions induce morphologic changes at a whole-cell and
submicrometer level by performing topographical SICM
imaging of living human skin fibroblasts. SICM images of

Figure 5. TEM views of the cytoplasmic surface of the plasma membrane from unroofed human skin fibroblasts. Representative
images from a healthy individual (A–D), subject with p.R465W mutation (E–I), and subject with p.R522H mutation (J–L) are
shown. A) Survey view of the cytoplasmic surface of the plasma membrane from unroofed primary human fibroblasts of a healthy
individual. B) Higher magnification view of caveolae-rich region corresponding to the boxed region in A. C) Higher
magnification view of the caveolae-rich region in B. D) Higher magnification views of CCPs and caveolae from the cell presented
in C. E) Survey view of the cytoplasmic surface of the plasma membrane from unroofed primary human fibroblasts of a subject
with p.R465W mutation. F) Higher magnification view corresponding to the boxed region in E. G) Higher magnification view of
the caveolae-rich region in F. H) Survey view of the cytoplasmic surface of the plasma membrane from unroofed primary human
fibroblasts of a subject with R465W mutation. I) Higher magnification view of CCPs corresponding to the boxed region in H. J )
Survey view of the cytoplasmic surface of the plasma membrane from unroofed primary human fibroblasts of a subject with
p.R522H mutation. K) Higher magnification view of caveolae-rich region corresponding to the boxed region in J. L) Higher
magnification views of caveolae and CCPs from the cell pictured in J. Arrowheads point at CCPs, and small arrows in D point at
caveolae. Scale bars, 1 mm (I, K, L); 2 mm (B, F); 10 mm (A, E, H, J ); 500 mm [C, D, G, I (inset)].
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control skin fibroblasts (Fig. 7A) and cells with p.R465W
and p.R522H (Fig. 7B, C) mutations showed similar look-
ing elongated cells with no obvious morphologic differ-
ences. Higher-resolution images (Fig. 7, middle column)
revealed surface projections resembling dorsal ruffles and
microvilli. Because SICM image is a true 3D map of the
apical cell surface composedof a limitednumber of points,
inwhich each point represents cell height at given at x and
y coordinate, the cell surface area can be calculated as a
sum of areas of triangles formed by 3 adjacent SICM scan
points (53). In order to calculate the surface area accumu-
lated in membrane ruffles and microvilli, we first calcu-
lated the surface area of the entire cell in rawSICMimages,
from which we then subtracted the surface area of the
same images subjected to low-pass filtration that removed
membrane projections. For illustration, cross section pro-
files of unprocessed (black) and low-pass filtered (red)
control cell ispresented inFig. 7A (right column, inset). The
distributionsof the cellmembrane ruffles surfacearea (Fig.
7, right column) revealed that the control population hada
higher number of cells rich in microvilli and ruffles com-
pared with mutants. The median surface area accumu-
lated in membrane ruffles and microvilli was 103.65 mm2

for control (n = 38), insignificantly lower for p.R465W
(72.36 mm2, n = 35, Mann-Whitney U test, P = 0.083, 2-
tailed), and significantly lower for p.R522H cells
(72.17mm2, n = 39, Mann-Whitney U test, P = 0.012, 2-
tailed). Hence, we conclude that p.R522H mutation may
result in the reduction of membrane ruffles density and
therefore reduction of nonselective forms of uptake.

DISCUSSION

The precise mechanism for CME inhibition mediated by
CNMandCMT-relatedDNM2mutants is still unresolved.
Various research techniques used to study this phenome-
non produced different types of data that are difficult to
link into a coherentmodel.Usingbiochemical approaches,
it hasbeendemonstrated thatp.R465Wmutation results in
the formation of abnormally stable DNM2 polymers,
suggesting that the misbalance in DNM2 assembly-
disassembly ratio may disrupt the vesicle release (54). It
has also been suggested that it is the impaired GTPase
activity that has the inhibitory effect on CME. However,
p.R465W and p.S619L (PH domain) mutants that have
increased basal and stimulated GTPase activity either re-
sult in reduction or have no effect on the fluorescently
labeled cargo uptake putatively specific to CME (54–56).

Using the SICM-FCM that we developed, we found
that although in p.R465W mutation, CCPs nucleate as
normal, they do not proceed to scission but slowly widen
and flattenuntil they finallydisintegrate. This is in contrast
toWTDNM2, in whichwe observed rapid formation and
abrupt disappearance of the topographically resolved
CCPs accompanied by transient burst and disappearance
of DNM2-GFP fluorescence. The recruitment of mutant
dynamin to the site of CCPmaturation was confirmed by
the presence of spatially correlated DNM2-R465W-GFP
fluorescence. When expressed in Cos-7 cells, p.R465W
mutation results in more than 20-times longer pit LTs. In
fibroblasts from individualswithCNMinwhichp.R465W

Figure 6. Simultaneous uptake of fluorescently labeled Tfn AlexaFluor 647 (red) and CTxB FITC (green) in human skin
fibroblasts. Epi-fluorescence images of fibroblasts. A) Control (healthy individual). B) Cells with p.R465W mutation. C) Cells with
p.R522H mutation. Image size 333 3 333 mm (A–C). D, E) Comparison of uptake levels of Tfn (D) and CTxB (E) measured in
individual cells; n = 79 (control), n = 100 (p.R465W), n = 69 (p.R522H). *P , 0.05, **P , 0.005, ****P , 0.0001.
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dynamin is expressed at endogenous levels, we also ob-
served the same effect of CCP flattening, but the LT of
CPPs was only twice longer on average, supporting the
hypothesis that abnormally high expression levels of
dynamin may have detrimental effects. Flat p.R456W
CCPs that we observed are similar to recently described
FCLs (50) in their flat profile, prolonged LT, and stable
association with dynamin. However, unlike FCLs that are
heterogeneous in their shape, p.R465W CCPs retain their
round shape through the entire LT. At the early stage of
flattening, p.R465W CCPs also share geometrical similar-
ity with clathrin-coated lattices, which were suggested as
being capable of productive endocytosis (29). Significantly
lowernumbers of fully internalizedCCPs inp.R465Wskin
fibroblasts found in TEM thin sections support our SICM-
FCS observations that CME is disrupted in these cells.

Using correlative SICM-FCS, we found that p.R522H
mutation also significantly increases the LT of CCPs when
expressed in Cos-7 cells and in patient-derived skin fibro-
blasts. However, in contrast to p.R465W, p.R522H CCPs
maintain their shape and close abruptly, indicating that
productive endocytosis takes place. Thin-section TEMdata

also suggest that CME is not strongly affected by p.R522H
mutation, showing the densities of internalized CCPs in
p.R522H fibroblasts being slightly higher compared with
control. This observation is counterintuitive consider-
ing significantly longer LT of CCPs and could only be
explained by a concomitant defect in uncoating. In our
SICM-FSC observations, we also found unusual clustering
of CCPs. Such closely formed CCPs were reported in early
studies of fibroblasts by quick-freeze EM (57). More recent
studies on the dynamics of CCPs using total internal re-
flection fluorescence (TIRF) microscopy were mainly fo-
cused on characterization of individual, sparsely placed
pits,possiblybecauseof lackof resolvingpower.Clustering
observed inourSICM-FCMexperiments andEMimagesof
metal replica fromunroofedcellswasnotobserved inCos-7
cells expressing DNM2-R522H-GFP, suggesting that it is
not the mutation per se that results in clustering of CCPs.

Our TEM images revealed highdensities ofmembrane-
bound and internalized caveoli in control and mutant
human skin fibroblasts. The fact that we did not observe
numerous indentations corresponding to caveolar open-
ings in SICM topographical images could either be

Figure 7. Characterization of human skin fibroblast morphology using SICM topographical imaging. Large-scale SICM 3D
topographical images (left column) showing human skin fibroblasts. A) Control (healthy individual). B) Cells with p.R465W. C) Cells
with p.R522Hmutations. Middle column shows higher-resolution images of corresponding cells, revealing membrane morphology with
characteristic membrane ruffling. Right column shows distribution of the membrane surface area stored in membrane ruffles and
microvilli calculated as a difference between the cell total surface area and surface area calculated for low-pass filtered cell surface. Inset
shows unprocessed (black trace) and low-pass filtered (red trace) cross section profiles of SICM topographical image.
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explained by tightly constricted caveolar necks, making
the size of the opening below the resolution level of our
SICM in its present setting, or the presence of stomatal
diaphragms (Fig. 4A, right panel, asterisk) formed by PV1
protein encoded by plasmalemmal vesicle–associated
protein gene in humans that is known to be expressed in
skin (58). Such diaphragms that form at caveolar openings
could physically prevent the SICM nanopipette from en-
tering caveoli. Therefore, the spatial resolution of correla-
tive SICM-FCS requires further improvement in order to
make topographical imaging of caveoli possible.

In order to enable better comparison of our findings
withpreviouslypublishedobservations,wealsomeasured
the uptake of fluorescently labeled Tfn and CTxB and
found that it is reduced in cells with p.R465W and
p.R522H. Although uptake data support our findings at
individual pit level and indicate that both CME levels are
reduced by these mutations, the results have to be treated
with caution because a substantial proportion of Tfn is
uptaken by clathrin- and dynamin-independent mecha-
nisms. Indeed, cells transfected with GTPase-deficient
K44Amutant dynamin or treated with dynamin inhibitor
Dynasore, often used as a negative control, on average
show only 70% reduction in uptake at best (11, 22). This is
comparedwith nearly complete absence of internalization
on icewhenall other remainingpathways are blocked (21).
Such lowspecificityof fluorescently labeledcargo toward1
particular uptake mechanism and the existence of alter-
native internalization pathways is known for currently
used endocytic markers (e.g., cholera toxin B) (59) and Tfn
receptor (60, 61). Other nonspecific forms of uptake, such
as micropinocytosis facilitated by membrane ruffles, in
which dynamin is involved also contribute to the com-
plexity. Indeed, it has previously been demonstrated that
dynamin directly interactswith actin, and pointmutations
in the actin-binding domain cause aberrant membrane
ruffling (62). In particular, it has been shown that p.R465W
mutation significantly decreases the enrichment to the
dorsal ruffle and supresses raft-dependent endocytosis;
however, this does not affect the rate of macropinocytosis
of horse radish peroxidase (23). It is also well documented
thatDNM2plays a crucial role inmacropinocytosis (63, 64)
and acts as a transition controller for the recruitment of
actin-related protein-2/3 (ARP2/3) complex activators
required for IL-2 receptor endocytosis by membrane
protrusion-assisted clathrin- and caveolin-independent
mechanisms (65). Using SICM topographical imaging
alone, we have demonstrated that mutations in DNM2
significantly reducemembrane ruffledensityand therefore
mayaffect nonselectiveuptake levels, further complicating
the interpretation of uptake of fluorescentmarkers specific
to particular types of endocytosis. This correlateswellwith
the recently published observation that CNM-linked
DNM2 mutations disrupt the formation of new actin fila-
ments as well as the stimulus-induced translocation of
glucose transporter 4 to the plasma membrane (66).

Our study suggests that CMEand caveolae function are
impaired by CNM-associated DNM2 mutations, which
may have direct clinical relevance. On one hand, caveolae
dysfunction was associated with a class of diseases called
caveolinopathies, encompassing a wide range of clinical

spectrum (67), including skeletalmuscular diseases (68). In
CNM, abnormal caveolin staining and accumulation of
caveolae have already been reported in muscle biopsies
from patients affected by the autosomal recessive form
becausemutations in the bridging integrator 1 (BIN1) gene
encoding the Amphiphysin 2 (69, 70). We report here the
first evidence that CNM-associatedDNM2mutationsmay
also affect caveolae function. Further investigation will be
necessary to confirm such a defect in muscle tissue and
identify potential consequences on caveolae functions, in-
cluding endocytosis, plasma membrane organization, sig-
naling pathways, andmechanosensing. On the other hand,
alteration of CME, a key regulator of turnover and function
of membrane receptors and channels, may also lead to a
deleterious impact onmuscle function. A defect of clathrin-
coated vesicles has been previously associatedwith several
human diseases, including cancer, neurologic disorders,
and myopathy (71, 72), and remains to be further in-
vestigated in centronuclearmyopathies. In particular, CME
defect may alter membrane content of ion channel, as sug-
gested by alteration of the membrane permeability to cal-
cium, leading to abnormal calciumhomeostasis in amouse
model of the DNM2-linkedCNM (73). A better knowledge
of involvement of clathrin- and caveolin-dependent endo-
cytosis in the pathomechanisms of theDNM2-linkedCNM
will be of particular interest for identification of specific
targets for future development of therapeutic approaches.

Overall, in this study, we showed how SICM-FCM is
able to establish a spatial and temporal correlation be-
tween the formation of the endocytic pit nanostructure
and the recruitment of fluorescently tagged molecules re-
sponsible for thepit formationandscission.This is ahighly
important advance that makes dissecting the mechanistic
action of membrane proteins possible in real time and at
nanoscale. Here, we demonstrated the impairment of
CME as potential pathomechanism in DNM2-related
CNMat the structural level of individualCCPs in themost
pertinent cell model (i.e., patient-derived cells).
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