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Dynamin 2 mutation impairs autophagy

Dynamin 2 (Dnm2) is involved in endocytosis and intracellular membrane trafficking through its function
in vesicle formation from distinct membrane compartments. Heterozygous mutations in the DNM2 gene
cause dominant centronuclear myopathy or Charcot-Marie-Tooth neuropathy. We generated a knock-in
KI-Dnm2R465W mouse model expressing the most frequent human mutation and recently reported that
heterozygous mice progressively developed a myopathy. We investigated here the cause of neonatal
lethality occurring in homozygous mice. We show that homozygous mice present at birth with a reduced
body weight, hypoglycemia, increased liver glycogen content and hepatomegaly, in agreement with a
defect in neonatal autophagy. In vitro studies performed in homozygous embryonic fibroblasts point out
to a decrease in the autophagy flux prior to degradation at the autolysosome. We show that starved
homozygous cells have a higher number of autophagy-related structures which remain in immature
stages probably due to a defect of acidification. Our results highlight the role of Dnm2 in the crosstalk
between endosomal and autophagic pathways and evidence a new role of Dnm2-dependent membrane
trafficking in autophagy which may be relevant in DNM2-related human diseases.

Macroautophagy (hereafter called autophagy) is an ubiquitous catabolic pathway in which cytoplasmic proteins
and organelles are sequestered in a double membrane vesicle called autophagosome and subsequently
hydrolysed in lysosomes (1). Autophagy is involved in cytoplasmic component turnover and in cellular response to
starvation especially during the neonatal starvation period resulting from interruption of trans-placental nutrient
supply (2). Formation, maturation, migration and final fusion of autophagosomes with lysosomes are tightly
regulated by more than 30 autophagy-related genes (ATG) (3). The origin of membranes necessary for
autophagosome formation is not clearly defined but studies have involved endoplasmic reticulum, Golgi
apparatus, mitochondria and plasma membrane (4-7). Afterwards, autophagosomes undergo a maturation
process from immature autophagic vacuoles to degradative autophagic vacuoles. All along their maturation,
fusion events occur between autophagic vacuoles and components of the endosomal system (early and late
endosomes, and lysosomes) providing hydrolytic enzymes to autophagosomes (8). In addition, autophagosome
maturation and movement require the microtubule network (9, 10).

To better understand the pathophysiological mechanisms of the dynamin 2 (Dnm2)-related autosomal dominant
centronuclear myopathy (CNM), we generated a Knock-In (KI) mouse model expressing a CNM-DNM2 point
mutation (p.R465W). Heterozygous mice are viable and progressively develop a myopathy sharing several
similarities with the human disease (11). However, homozygous (HMZ) mice die at birth without evident
morphological abnormalities but their body weight was 15% lower than wild-type (WT), similarly to the Atg5- and
Atg7-knock out models (12, 13).

Dnm2 is a ubiquitously expressed large GTPase, involved in various membrane trafficking events (14). GTP
hydrolysis is associated with the release of nascent vesicles from the plasma membrane (15, 16) and from
intracellular compartments, including the endosomal system and the Golgi apparatus (17-19). Moreover, several
studies have demonstrated that Dnm2 directly interacts with the microtubule and actin cytoskeleton networks (14).



The neonatal lethality of the HMZ KI-Dnm2R465W mice combined to the known functions of Dnm2 in the endosomal
pathway, intracellular membrane trafficking and microtubule network regulation argue for a possible role of Dnm2-
dependent processes in autophagy. We report that autophagy is impaired in HMZ mice, and by using embryonic
fibroblasts from HMZ KI-Dnm2R465W mice that the decrease in autophagic flux may result from a defect in
autophagosome maturation.

Results

Neonatal lethality in HMZ mice is associated with hypoglycemia and hepatomegaly

HMZ embryos did not show detectable developmental defects as evidenced by histological analysis (data not
shown) and neonates present with normal motility and morphology at birth (Figure 1A). Nevertheless, HMZ
neonates were 15% lighter than their wild-type (WT) and heterozygous (HTZ) littermates (Figure 1B). The weight
of most organs including brain, heart, kidney, lung and diaphragm normalized to the total body weight was
unchanged (Supplementary Figure 1) except for liver whose weight was significantly increased both in HTZ (43.6
+ 1.2 mg/g) and HMZ (49.8 + 1.6 mg/g) mice by comparison to WT mice (39.4 + 0.9 mg/g) (Figure 1C). The HMZ
mice die within 24 hours after birth similarly to autophagy deficient mouse models (12, 13) where pups are unable
to survive the neonatal starvation period. In agreement with a deficient nutrient supply, HMZ neonates displayed
hypoglycemia (Figure 1D). Altogether, these results suggest that Dnmz2 is required for survival during the neonatal
starvation period and suggest that Dnm2 mutation could cause liver dysfunction in HMZ mice.

Histology and glycogen content are altered in HMZ liver

At late embryonic stages, no change in liver histology was evidenced in HMZ mice (Supplementary Figure 2).
However, after birth, histological analysis revealed disorganized structures with cell enlargement (Figure 2A, top
panel). Given the role of the liver in glycogenolysis to counteract neonatal hypoglycemia in part through
autophagy, glycogen content was assessed by histochemical staining. Periodic acid Schiff (PAS) staining
displayed an increase in glycogen content in HMZ liver (Figure 2A, bottom panel), 5-fold higher than in WT mice
(Figure 2B). In hindlimb muscles from neonates, the glycogen content is similar to WT (Supplementary Figure
3A). In order to study the autophagic pathway, LC3 and p62 immunoblots were performed in liver protein extracts
(Figure 2C and D). LC3 exists in two forms. Upon autophagosome formation, LC3-I is converted to LC3-1l by
conjugation to the lipid phosphatidylethanolamine, which remains located in the autophagosome until its
degradation in the autolysosomes. Consequently, LC3-Il was used as marker of autophagosome amount. The
p62-linked ubiquitinated proteins are sequestered into autophagolysomes after p62 interaction with LC3. From
this point of view, p62 is considered as a substrate of autophagy which is accumulated when autophagy is
impaired. In HMZ liver, these two markers were slightly increased suggesting a higher number of
autophagosomes. There is no change in HTZ liver (not shown) and in HTZ and HMZ hindlimb muscles
(Supplementary Figure 3B) when compared to WT mice. To specify the possible alteration induced by the Dnm2
mutation, we performed an in vitro study using mouse embryonic fibroblasts (MEF) from KI-Dnm2 mice. Given the
absence of phenotype in HTZ animals, we focused our study on the comparison of HMZ versus WT genotypes.

Dnm2 expression level is up-regulated in starved MEF

We measured the levels of autophagy-related gene transcripts in MEF cultured under basal conditions or after
stimulating autophagy by starvation. Under basal conditions, there was no change in the transcript levels of the
tested genes in HMZ cells when compared to WT cells except for the LC3 transcript which was significantly over-
expressed (Figure 3A). After incubation for 2 hours in Hank’s balanced salt solution (HBSS), LC3, Gabarapl1, and
p62 exhibited a starvation-induced up-regulation in WT cells which was preserved in HMZ cells. Similarly, the
Dnm2-mRNA expression was unchanged under basal conditions in HMZ and WT MEF and exhibited a starvation-
induced upregulation. Dnm1, Dnm2 and Dnm3 are all expressed in MEF but only the Dnm2 transcript was up-
regulated by starvation, both in WT and HMZ cells (Figure 3A). At the protein level, Dnm2 was unchanged after a
2-hour starvation period (data not shown) but was increased after a 5-hour starvation (Figure 3B) in WT and HMZ
fibroblasts.

Autophagic pathway is impaired in HMZ MEF

In order to assess the autophagy flux, expression level of LC3-Il was determined in MEF treated or not with
Bafilomycin Al (Baf) which inhibits the lysosomal Na*/H* pump and then decreases the degradation of the
autolysosome content. In WT MEF under basal conditions, Baf treatment induces a 4-fold increase in LC3
lipidation (Figure 4). In contrast, the Baf-induced increase in LC3-Il content is significantly reduced in HMZ cells.
Similarly in starved cells, the Baf-induced increase of LC3-Il content is lower in HMZ cells when compared to WT
cells (Figure 4). The number of p62-positive was determined in WT and HMZ cells. Similar to the LC3 lipidation,
the Baf-induced increase of number of p62-positive bodies is lower in HMZ cells under basal conditions and after
starvation when compared to WT cells (Figure 5). These results show a slowing down of the autophagic pathway
in the HMZ cells due to a defect located prior to the degradation by autolysosomes. An intringuing finding is that
the number of p62-positive bodies is higher in HMZ cells under basal conditions (Figure 5). This was confirmed by
counting GFP-LC3-positive bodies after transfection and LC3-positive bodies by immunocytochemistry of
endogenous LC3 (Supplementary Figure 4A-D). As elevated intracellular Ca?* has been shown to induce
autophagosome formation, we used the fura-2 Ca?* probe to assess intracellular Ca?* levels. We found a
significant increase in basal cytosolic Ca?* concentration in HMZ MEF when compared to WT cells (86.3 + 3.3 nM
in WT vs 126.6 = 4.7 nM in HMZ cells, p < 0.001 using Student t-test; n = 532 WT cells and 465 HMZ cells from 5



embryos per genotype). Altogether, these results show a higher number of autophagy-related structures (LC3 and
p62-positive bodies) under basal conditions but associated with a decrease of the autophagic flux suggesting a
defect in the autophagosome maturation.

Lysosomal cathepsin B+L enzymatic activities, cathepsin D/pro-cathepsin D expression level and the
endocytosis-induced EGF-receptor degradation, which is mediated by lysosomes, are similar in WT and HMZ
cells (Supplementary Figure 5) under basal conditions suggesting functional lysosomal compartment. In addition,
proteasome activity is normal, ubiquitinated protein content is unchanged and expression level of cyclin D, a
proteasome substrate, is not affected (Supplementary Figure 5) showing that inhibition of the autophagy-
lysosome pathway is not associated with proteasome impairment.

The Dnm2 mutation induces a defect in autophagosome maturation

Autophagosome maturation depends on its progressive luminal acidification resulting from the fusion with vesicles
from the endosomal pathway. Acridine orange staining was used in order to determine the total area of the acidic
compartments (Figure 6A and B). The total acidic compartment is unchanged in HMZ cells under basal
conditions. A significant acidification occurred in WT cells submitted to 2-hour starvation. This result probably
reflects acidification of the newly formed autophagosomes. Such a starvation-induced acidification was also
measured in HMZ cells but at a significantly lower level when compared to WT cells. To confirm an impaired
autophagosome acidification, we performed a double tag strategy using pDest-mCherry-EGFP-p62 vector (20).
Given that EGFP is acid-labile and mCherry is acid-stable, this approach allowed us to visualize p62 in neutral
(green and red dots) and acidic structures (red only). In order to focus on the acidified dots, we determined the
ratio (mCherry-GFP)/mCherry positive dots (Figure 6C and D). In WT cells, approximately 40% of the fluorescent
structures were acid under basal conditions and 60% after starvation. The ratio is similar in HMZ cells under basal
conditions and was not significantly modified by starvation in HMZ cells. Altogether, our results show that the level
of acidification does not follow the number of autophagy-related structures under basal conditions or after
starvation in agreement with a maturation defect in HMZ cells where the supernumerary autophagy-related
structures under basal conditions or those induced by starvation are not properly acidified.

Electron microscopy was performed in starved WT and HMZ MEF. In WT cells, both early and late
autophagosomes were present. Early autophagosomes were identified as double or multiple membrane-bound
vacuoles segregating intact cytoplasmic material (Figure 7A). In contrast, late autophagic vacuoles contained
degraded cytoplasmic content with an increased electron density (Figure 7B). Intermediate early
autophagosomes containing partially undegraded cytoplasmic material were sometimes evidenced in WT cells
(Figure 7C). Early and late autophagosomes were also present in HMZ cells (Figure 7D) but a notable difference
was the higher proportion of intermediate early autophagosomes. These contained intact cytoplasmic elements
together with altered, electron-dense portions of their limiting membrane (Figure 7Es and Ea) or electron dense
membranous elements embedded within their undegraded content (Figure 7E1 and Ez). We counted the
intermediate early autophagosomes in starved WT and HMZ MEF. Intermediate autophagosomes were not
frequently found in WT MEF (9.4% of the early autophagosomes) but represents 66.6% of the early
autophagosomes in HMZ cells (72 out of 108). This notable morphological finding also supports an
autophagosome maturation defect in HMZ cells.

Dnm2 sub-cellular localization is altered in HMZ MEF

The p.R465W Dnm2 mutant was shown to form abnormally stable polymers in vitro (21). Plasma membrane,
intracellular membranes and cytosolic fractions were separated to determine if the mutated Dnm2 is accumulated
in a particular fraction in HMZ MEF. Dnm2 associated signal was quantified and normalized to GAPDH
associated signal present in the 3 fractions. Immunoblots of Caveolin 1 (Cavl), present in membrane fractions,
and of Na*/K* ATPase, a marker of plasma membrane, were used as quality control (Figure 8). We showed that
Dnm2 is present in the 3 fractions in basal and starved cells from WT and HMZ animals (Figure 8A) and that
Dnm2 content was increased in the intracellular membrane fraction of HMZ starved cells (Figure 8B).

Fasting in adult HTZ mice induced an increased autophagosome formation.

Whereas HMZ mice die at birth, HTZ mice are viable but progressively develop a myopathy. We assessed the
consequences of autophagy stimulation by a 24-hour fasting in the Tibialis anterior muscle which is the primarily
and prominently affected muscle in this mouse model (11). Fasting induced a 10% loss of body weight in WT and
HTZ mice and blood glycemia is similar in WT (119.9+1.7 mg/dL) and HTZ mice (116.7+1.7 mg/dL). HTZ muscles
are significantly atrophied (-20% vs WT) at 6 months of age as previously reported (11). LC3 and p62
immunoblots were performed (Figure 9). Fasting leads to a significant increase in LC3-Il expression level without
affecting p62 expression (Figure 9A and B). LC3-Il and p62 expression were unchanged in liver from the same
animals (Supplementary Figure 6). Electron microscopy study revealed supernumerary vacuoles showing
characteristic features of the autophagic-related structures in some HTZ muscle fibres when compared with
affected WT fibers (Figure 9C-G). Altogether these results are in agreement with an impairment to achieve the
complete autophagy process despite an exacerbated autophagosome formation in skeletal muscle from adult
HTZ mice in response to fasting

Discussion



Autosomal dominant centronuclear myopathy (AD-CNM) is a rare congenital myopathy caused by heterozygous
dynamin 2 (Dnm2) mutations (22). Heterozygous knock-in (KI) mice expressing the most frequent CNM-DNM2
mutation, i.e. KI-Dnm2R465W  progressively develop a muscular phenotype (11). We investigated here the cause of
the neonatal lethality affecting the homozygous mice and identified a defect of the autophagic pathway
highlighting a novel Dnm2 function as a regulator of autophagy.

Several knock-out mouse models for proteins of autophagy, i.e. Atg5, Atg7, Atg9a and Atg16L1 (12, 13, 23, 24),
die within 1 day of delivery showing the essential role of autophagy for survival during neonatal starvation. In
addition, the liver-specific Atg7-knock-out adult mice exhibited hepatomegaly and hepatocyte hypertrophy (13).
The HMZ KI-Dnm2 mice share several features with these models: i) no obvious histological abnormalities during
embryonic development, ii) normal appearance at birth except a lower body weight, iii) rapid lethality within 1 day
of delivery, and iv) energy metabolism defects evidenced by hypoglycemia at birth. We hypothesize that
homozygous mice are not able to rescue the physiological neonatal hypoglycemia due to an autophagy pathway
defect and die rapidly. Neonatal autophagy is not only involved in glycogen degradation (25) but also in the
neonatal amino-acid production (12, 13), in the adaptation to cell metabolism changes and to the oxidative stress
occurring at birth (2). Dnm2 is ubiquitously expressed and autophagy is an important catabolic pathway in almost
all the tissues. Consequently, we can not exclude that an impairment of one or more of the autophagy associated
functions in more than one tissue could be involved in the neonatal lethality of the HMZ KI-Dnm2 mice.

Due to neonatal lethality, we further characterized impairment of the autophagic pathway in mouse embryonic
fibroblasts (MEF). LC3 immunoblot and number of p62-positive bodies after Bafilomycin Al treatment show that
HMZ cells harbour a decrease in the LC3 lipidation and in the net autophagy flux due to a defect prior to the
degradation by autophagolysosomes. Autophagy is a highly regulated pathway at different steps (autophagosome
formation, maturation, trafficking, and fusion with lysosomes for final degradation). Given the role of Dnm2 in the
endosomal pathway (14) and the inhibition of the clathrin-mediated endocytosis previously reported in the HMZ
MEF (11), we postulate an impairment of the crosstalk between autophagosomes and endosomes, a crucial step
in the autophagosome maturation through hydrolytic enzyme delivery (8, 27). This crosstalk leads to phagosomes
acidification following fusion with early endosomes (pH 6.1 to 5.5), late endosomes (pH 5.5) and lysosomes (pH
4.7) (28, 29). Such impairment may explain that the level of acidification does not follow the number of
autophagic-related structures in HMZ cells. Indeed, under basal conditions and after starvation the total area of
acidic compartment (acridine orange staining) and the number of acidic autophagic structures (double tag
strategy) is abnormally low compared to the expected acidification. In addition, ultrastructural analysis showed a
higher proportion of intermediate early autophagosomes at the expense of mature phagosomes containing fully
degraded material. Further studies will be necessary to determine impact of DNM2 mutation on the initial step of
autophagosome formation and trafficking.

An intriguing finding is that the number of LC3- or p62-positive structures is higher under basal conditions in HMZ
MEF compared to WT whereas we showed a decrease in the net flux of autophagy. We can hypothesize that the
increased free calcium concentration which can stimulate autophagosome formation (26) and increase of LC3-
MRNA content lead to a novel basal steady state in homozygous cells characterized by a higher number of LC3-
and p62-positive structures. On the other hand, the supernumerary fraction of LC3 and p62 under basal
conditions may be aggregated in structure not related to autophagy (protein aggregate or a membrane
compartment) which remained to be determined.

Dnm2 may regulate autophagy via its function in the endosomal pathway as indicated above. However, several
findings suggest a more direct function of Dnm2 in autophagy: i) similarly to autophagy-related proteins LC3 and
Gabarapll, expression of Dnm2 is up-regulated by starvation, and this up-regulation is specific of Dnm2 among
the 3 dynamins expressed in MEF, and ii) Dnm2 was found in the ATG2 subnetwork as a partner of WIPI2 in a
proteomic analysis of the autophagy interaction network in human cells (30). ATG2 network is involved in the last
steps of autophagosome formation (3) and WIPI2 was found to act in LC3 recruitment and lipidation to the
forming phagosome (31). In addition, we showed that the p.R465W Dnm2 mutant accumulates in an intracellular
membrane compartment which remains to be determined. We can hypothesize that the p.R465W mutant affects
WIPI2 function at the level of autophagy-related vesicles leading to the defect of LC3-II lididation and slowing
down the autophagic pathway despite a higher number of LC3-positive bodies in HMZ cells under basal
conditions.

It is classically considered that autophagy inhibition also induces impairment of protein degradation by the
ubiquitin-proteasome system (32). Indeed, when autophagy is blocked, as it is the case in the KO mouse models
for ATG proteins, p62 accumulates in aggregates with ubiquitinated-proteins and then avoids degradation
because of impaired delivery to the proteasome (33). In our cellular model, the level of autophagy inhibition may
does not reach the threshold required to impair ubiquitin-proteasome pathway since proteasome activities appear
unaffected as well as overall ubiquitinated-protein cell content and cyclin D expression level. However, even if the
pathway is not totally blocked in our HMZ model, incomplete autophagy may have a strong impact during the
early post-natal period requiring a fully active autophagy necessary for surviving until maternal milk
supplementation.



In contrast to the neonatal lethality of the HMZ KI-Dnm2R465W mice, HTZ animals are viable and progressively
develop a myopathic phenotype. In muscles from adult HTZ mice, we recently reported that FOXO3a and
Gabarapll are upregulated at 2 months of age suggesting that activation of autophagy can be involved in Dnm2-
induced atrophy (11). However, no abnormal autophagy-related structures were evidenced by electron
microscopy at the same age or later and the LC3 transcript level was unchanged. Here we report for the first time
that autophagic regulation is impaired in muscle from adult HTZ mice where autophagy was triggered by fasting.
In the Tibialis anterior muscle, the primarily and prominently affected muscle in the KI-Dnm2 model (11), the
increased LC3-1l expression is associated with supernumerary autophagy-related structures showed by
ultrastructural analysis after 24-hour fasting period. We can hypothesize that the regulation of the autophagic
pathway is impaired in HTZ skeletal muscles and that this inability to correctly adapt autophagic level to external
stimuli could participate to the pathophysiology of the Dnm2-related diseases. Considering the role played by
autophagy in organelles turnover, such impairment may explain the abnormal accumulation of mitochondria
previously reported in the HTZ mice (11). Interestingly, among the genes linked to the different forms of CNM in
human, one of them, i.e. MTMR14, has already been linked to autophagy. Two MTMR14 variants have been
described in two CNM patients (34) and, more recently, MTMR14 was shown to act as a negative regulator of
autophagy (35, 36). One CNM-linked MTMR14 mutant was unable to down-regulate autophagy suggesting that
excessive autophagy may contribute to the pathogenesis (35). Participation of autophagy in pathogenesis of
DNM2-related CNM needs to be further characterized and viable HTZ KI-Dnm2R465W mice represent an
appropriate model in order to resolve this issue.

In conclusion, we showed that Dnm2 dysfunction induced by HMZ CNM-related mutation leads to an impairment
of autophagy. Whereas crosstalk between endosomal and autophagosomal machineries has been recognized for
a long time, our results demonstrate that Dnm2 participates in this crosstalk and may act as an autophagy
regulator. Given the role played by autophagy in muscle homeostasis and in pathophysiological conditions, further
studies are now necessary to evaluate the relevance of our results in the pathomechanisms occurring in the
DNM2-related centronuclear myopathy or in other forms of neuromuscular disorders.

Material and Methods

Production of KI-Dnm2R465W mice

The dynamin 2 mutant C57BL/6 mouse line was established by homologous recombination using standard
techniques (11). The wild-type (WT), heterozygous (HTZ) and homozygous (HMZ) neonates were obtained from
heterozygous intercrosses. Genotyping was performed by PCR as previously described (11). Animal studies were
performed in compliance with the French guidelines. Neonates were sacrificed by decapitation during the first day
of life and tissue samples were snap frozen in liquid nitrogen for protein extraction or frozen in liquid nitrogen-
cooled isopentane for histological analysis. Glycogen content was measured in liver and hindlimb muscles using
the Glycogen Assay kit (Biovision) following manufacturer’s instructions and blood glycemia was measured with
an Accu-Chek apparatus (Roche diagnostics). Fasting in 6-month-old adult HTZ mice was done by 24-hour food
deprivation. Thereafter, Tibialis anterior muscles and liver were snap frozen in liquid nitrogen for protein extraction
and immunoblots or mice were transcardially perfused with 2% paraformaldehyde 2% glutaraldehyde in cold 0.1M
phosphate buffer and Tibialis anterior were further processed as indicated for electron microscopy in embryonic
fibroblasts.

Mouse embryonic fibroblasts (MEF)

MEF were prepared from 13.5 day-old embryos. Cells were cultured at 37°C (5% COz2) in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS) supplemented with penicillin, streptomycin, L-
glutamate, and sodium pyruvate (basal medium). Starvation was induced by 2 or 5 hours incubation in Hank’s
balanced salt solution (HBSS, Invitrogen) without or with Bafilomycin A1 (100 nM) added 30 min before
starvation. For EGF receptor degradation assay, MEF were incubated in FCS-free DMEM for 5 hours and media
was then replaced by FCS-free medium containing 40 ng/ml EGF with or without bafilomycin Al.

For measurement of lysosome and proteasome activities, cells were lyzed in buffer pH 7.4 containing Tris-HCI 50
mM, NaCl 100 mM, EDTA 200 mM, EGTA 200 mM and Triton X100 1%. Chymotrypsine-like enzyme activity of
proteasome and cathepsin B+L enzyme activity were fluorometrically determined (Aexc = 380 nm and Aem = 460
nm) using succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin and benzyloxycarbonyl-Phe-Arg-amido-4-
methylcoumarin fluorogenic peptides (Bachem) as substrates as previously reported (37, 38). Acidic
compartments were stained by 15 min incubation at 37°C with 1 pg/ml acridine orange in serum-free medium.
Acridine orange-associated fluorescence was immediately imaged on live cells. The ratio of acidic compartment
area/total cell area was quantified using Metamorph software. For transfection experiments, MEF were seeded in
35 mm diameter plates and transfected at 50% confluency using polyethylenimine (PEI, Sigma-Aldrich). pDest-
mCherry-EGFP-LC3b (2 pg) and pDest-mCherry-EGFP-p62 (2 pg) (20) were mixed with 2 pl PEI (0.9 mg/ml) for
30 min in 200 pl DMEM and then added to cells for 4 hours at 37°C in a final volume of 1 ml. This medium was
then replaced by DMEM-10% FCS for 2 days and submitted or not to 2 hours of starvation in HBSS and fixation in
4% paraformaldehyde for 15 min. Number of GFP-LC3- and GFP-p62-positive bodies was quantified using
ImageJ software (NIH; http://rsbweb.nih.gov/ij) on a single focal plane acquired with a spectral confocal laser-
scanning microscope (SP2 AOBS; Leica). For live cell imaging, GFP and mCherry fluorescences were acquired
on unfixed cells transfected with pDest-mCherry-EGFP-p62 using upright microscope (Axiophot2; Carl Zeiss) and
number of GFP- and mCherry-positive bodies was quantified using ImageJ software. For the cytosolic [Ca?*]
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measurements, MEF were loaded by exposure to 5 uM of the Ca?* fluorescent dye fura 2-AM (Invitrogen). Fura-2
fluorescence measurements were made with an integrated lonOptix device (lonOptix). The cytosolic [Ca?'] was
calculated from ratiometric measurements according to a modified method from Grynkiewicz et al. (39, 40). For
electron microscopy, MEF grown on Thermanox coverslips (Nunc) were starved for 2 hours and then fixed in
2.5% glutaraldehyde diluted in 0.1 M phosphate buffer, pH 7.4. They were further post-fixed in 2% OsOa,
gradually dehydrated in acetone including a 2% uranyl staining step in 70% acetone, and finally embedded in
Epon resin (Electron Microscopy Sciences). After uranyl and lead citrate staining, ultrathin sections were
examined with a Philips CM120 electron microscope and photographied with a SIS Morada digital camera.

Subcellular fractionation

MEF were homogenized in HES buffer at pH 7.4 (20 mM Tris-HCI, 1 mM EDTA, 225 mM sucrose) by passing 10
times through a 27-gauge needle. Homogenates were centrifuged at 19,000 g for 20 min. The resulting pellets
were resuspended in HES buffer, layered on top of a 1.12 M sucrose cushion, and centrifuged at 101,000 g for 60
min at 4°C. The plasma membrane fraction was collected from the interface of the 2 solutions. Centrifugation of
the initial supernatant at 212,000 g for 60 min at 4°C allowed separation of the intracellular membrane fraction
(pellet) and cytosol (supernatant). Cytosolic, plasma membrane and intracellular membrane fractions were
submitted to western blot analysis using Dnm2 (Abcam, ab3457), GAPDH (Abcam, ab9485), Na/K ATPase
(GeneTex, GTX30202) and Caveolin 1 (Santa Cruz, sc-894) antibodies.

Total RNA extraction and cDNA analysis

Total RNA from MEF was extracted using RNeasy fibrous tissue kit (Qiagen). Total RNA (500 ng) was submitted
to reverse transcription (RT) using the Superscript Il reverse transcriptase kit (Invitrogen). Quantification of Dnm2,
LC3b, Gabarapll, p62, and Atg4b transcripts was performed on a LightCycler480 System using the
LighCycler480 SYBR Green | Master mix (Roche Applied Science). The program included an initial denaturation
step of 10 min at 95°C, followed by 40 amplification cycles of denaturation at 95°C for 15 sec, annealing at 62°C
for 30 sec, and elongation at 72°C for 15 sec. For normalization purposes, amplification of the housekeeping gene
encoding the acidic ribosomal phosphoprotein PO (Arbp), was performed on the same plate. Data were analysed
with the LightCycler480 software (Roche Applied Science). Sequences of primers are provided in supplementary
Table 1.

Protein extraction and western blot analysis

Powdered frozen liver and MEF were lysed by sonication in lysis buffer pH 7.2 containing 150 mM NacCl, 50 mM
Tris, 1 mM EDTA, 0.1% Triton X100, 10% glycerol, 5 mM MgCl2 and 1% protease inhibitor cocktail (Sigma-
Aldrich). Samples were centrifugated at 15,000 g at 4°C for 10 min. Supernatant were collected and protein
concentration was determined with the BCA Protein Assay kit (Thermo Scientific). The ubiquitinated protein
immunoblots were performed on total cell lysate. Total proteins (40 pg for tissues and 20 pg for MEF) were loaded
on 15% SDS-PAGE for electrophoretic separation, transferred on polyvinylidene fluoride (PVDF) membrane for 3
h at 300 mA at 4°C. Membranes were blocked for 1 h in PBS containing 5% non fat dry milk and 0.2% Tween20
before an overnight incubation with primary antibodies against Dnm2 (Abcam, ab3457, 1:400), LC3 (Cell
Signaling, 2775, 1:1000), mono- and polyubiquitinated proteins (Enzo, clone FK2, 1:5000), cathepsin D (Abcam
ab75852, 1:1000), cyclin D (Abcam, ab6152, 1:1000), EGFR (Cell Signaling 2232, 1:1000), actin (Sigma-Aldrich
A2066, 1:2000) and GAPDH (Abcam ab9485, 1:1000). Incubation with horseradish peroxidase-conjugated
antibodies (anti-goat, anti-mouse or anti-rabbit from Dako) was performed for chemiluminescence detection using
the Supersignal West Pico Chemiluminescent kit (Pierce). Acquisition was performed on G-Box (Ozyme) and
guantitative analyses were realized with GeneTools software (Syngene).

Immunocytochemistry

MEF were fixed 15 min at room temperature in 4% paraformaldehyde. Non specific sites were blocked in PBS
containing 2% horse serum, 0.5% IgG free BSA and 0.1% Triton X-100 for 90 min and incubated overnight with
the primary antibodies diluted in blocking buffer. Following antibodies were used: p62 (Abnova, clone 2C11,
1:400) and LC3 (Cell Signalling, 1:400), After washing, immunostaining was revealed by incubation for 2 h with
AlexaFluor488- or AlexaFluor568-conjugated anti-rabbit or anti-mouse antibodies (Invitrogen) diluted at 1:400.
Labelled MEF were mounted in Vectashield hard-set (Vector Laboratories) before imaging using a confocal Leica
SP2 inverted microscope. LC3- and p62-positive dots were quantified using ImageJ software.
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Figure Legends

Figure 1. Phenotype of the homozygous mice at birth. A. Representative pictures of pups showing a similar
morphology at birth whatever the genotype. B. Total body weight of neonates. Mean body weight of HMZ mice
was 15% smaller by comparison to WT and HTZ littermate (*** p < 0.001 using Student-t test, n = 29, 33 and 16
for WT, HTZ and HMZ, respectively). C. Liver weight. The weight of the liver (mg) was normalized to the total
body weight (g). Statistical analysis using Student-t test (n = 29, 33 and 16 for WT, HTZ and HMZ, respectively)
showed a significant hepatomegaly in HMZ mice compared to WT (*** p < 0.001) and HTZ mice (## p < 0.01).
Mean HTZ liver weight was also higher when compared to WT mice (** p < 0.01). D. Blood glycemia of neonates.
Glycemia was reduced in HMZ (n = 6) compared to WT (* p < 0.05, n = 10) and HTZ mice (# p < 0.05, n = 8)
using Mann-Whitney U-test. Histograms in B, C and D represent means + sem.

Figure 2: Histology of liver and expression of autophagy-related genes in neonates. A. Sections (8 um) of
liver from WT and HMZ mice were stained with hematoxylin and eosin (HE) and periodic acid Schiff (PAS).
Images display representative fields of 4 WT and 4 HMZ mice. Disorganized structures were associated with
glycogen accumulation. Scale bar: 20 um. B. Glycogen content in liver. Glycogen content was 5-fold increased in
HMZ versus WT liver (*** p < 0.001 using Mann-Whitney U-test, n = 6 per genotype). C. Representative LC3 and
p62 immunoblots. The signal associated with the LC3-1l and p62 bands was quantified by densitometry and
normalized to a-tubulin signal in WT and HMZ liver extracts. Histograms in B and C represent means + sem (n =
6 per genotype).

Figure 3. Transcriptional analysis of dynamins and autophagy-related genes in MEF. A. Transcript levels of
autophagy-related genes and the 3 classical dynamins were determined by RT-gPCR normalized to PO
expression and related to WT expression level (n = 6 embryos per genotype). Cells were cultured in DMEM
medium containing 10% FCS (basal) or submitted to starvation by incubation for 2 hours in HBSS (starved). ** p <
0.01 (basal vs starved conditions in a same genotype) and ## p < 0.01 (WT vs HMZ under basal conditions) using
Mann-Whitney U-test. B. Representative Dnm2 immunoblot performed in 5 WT and 5 HMZ MEF cultured in basal
condition or starved for 5 hours.

Figure 4. LC3-1l expression level in MEF. LC3-1/GAPDH ratio was measured in WT and HMZ MEF under basal
conditions or after starvation with or without Bafilomycin Al treatment. Histograms represent the means + sem of
6 independent samples from 2 distinct embryos per genotype (1 starved vs basal conditions, * HMZ vs WT in the
same condition, p < 0.05 using Mann-Whitney U-test). Representative LC3-1l and GAPDH western-blot are
illustrated below.

Figure 5. Endogenous p62-positive bodies in MEF. A. Representative p62 immunostaining in methanol-fixed
cells and cultured in DMEM with 10% FCS (Basal) or in HBSS for 2 hours (Starved) with or without Bafilomycin
Al. B. p62-positive bodies were counted and histograms represent the means + sem (80 counted cells from 2
embryos per genotype). *** p < 0.001 using Student-t test vs WT cells under basal conditions. Scale bar: 10 pm.



Figure 6: Acidic compartments in MEF and live imaging of mCherry-GFP-p62 transfected cells. A.
Representative acridine orange associated signal in MEF cultured in basal or starved medium. B. Area of acidic
compartment was measured in live cells and normalized to the total cell area. Histograms represent the means +
sem (120 counted cells from 3 embryos per genotype). *** p < 0.001 (starved vs basal in a same genotype) and
111 p < 0.001 (HMZ vs WT after starvation) using Student-t test. C. mCherry (red) and GFP (green) positive
bodies in WT fibroblast transfected with mCherry—GFP—p62 under basal conditions. D. Quantification of the green
(GFP) and red (mCherry) dots per cell. Acidic bodies were quantified as (mCherry-GFP)/mCherry ratio under
basal conditions or after starvation. Histograms represent means + sem. *** p < 0.001 001 (starved vs basal in a
same genotype) and T p < 0.05 (HMZ vs WT after starvation) using Student-t test (n = 80 cells from 2 embryos
per genotype). Scale bar; 10 um.

Figure 7: Ultrastructural features of autophagic vacuoles in MEF. Representative ultrastructure features in
WT (A-C) and HMZ (D-E4) MEF. A. Early autophagic vacuole containing unaltered rough endoplasmic reticulum
cisternae and ribosomes. B. Late autophagic vacuole containing diverse electron-dense degraded material. C. An
example of a rarely encountered intermediate early autophagosome with a degenerated multilamellar element
surrounded by intact cytoplamic content. D. Typical early autophagosome close to a late autophagic vacuole. E1-
E4. Different types of intermediate early autophagosomes found in HMZ MEF. They contain intact cytoplasmic
material together with some electron-dense degenerated portions which may be centrally located as in E1-E2 or
within the limiting membranes as in Es-E4. Scale bar: 200 nm. F. Count of intermediate early autophagosomes in
48 WT and 40 HMZ cells from 2 distinct embryos per genotype.

Figure 8. Dnm2 sub-cellular localization in MEF. A. Western-blot analysis of Dnm2 after subcellular
fractionation performed on WT and HMZ MEF under basal or starved conditions. GAPDH was used as loading
control. Caveolin 1, only expressed in membrane fractions, and Na/K-ATPase mainly present in the plasma
membrane fraction were used as quality control. B. Quantification of Dnm2 in plasma membrane and intracellular
membrane fractions. The signal associated with Dnm2 was quantified by densitometry and normalized to
GAPDH. The graph represents the means of 5 embryos per genotype + sem (* p < 0.05 using Mann-Whitney U-
test). PM: plasma membrane. IM: intracellular membrane. Cyt: cytosol.

Figure 9. Fasting in muscle from adult HTZ mice. 4 WT and 4 HTZ adult mice of 6 months of age were
submitted to 24-hour fasting. A. LC3, p62 and tubulin immunoblots in Tibialis anterior muscles from 2 WT and 2
HTZ mice. B. The graph represents the means + sem (* p<0.05 using Mann-Whitney U-test, n = 4). C and D.
Tibialis anterior ultrastructure in WT mouse. E, F, G. Tibialis anterior ultrastructure in HTZ showing an increase in
autophagy-related structures. Images are representative of 2 animals per genotype. Asterisks indicate oxidative
fibers where autophagic vacuoles are preferentially located. Scale bar in E (also for C) = 5 pm. Scale bar in G
(also for D and F) = 500 nm.

Supplementary Figure 1. Tissue weights at birth. Relative to the total body weight, the mean weights of
diaphragm, cardiac ventricules, brain, kidney and lung were unchanged. Number of neonates is indicated on each
histogram.

Supplementary Figure 2. Liver histology during embryonic development. The hematoxylin and eosin
staining is similar in WT and HMZ liver at E18.5 embryonic stages. Bars represent 100 pm.

Supplementary Figure 3. LC3 and p62 immunoblots and glycogen content in neonate muscles. A.
Glycogen content in hindlimb muscles (n = 5 per genotype). B. LC3, p62 and tubulin immunoblots in hindlimb
muscles from 3 animals out of 5 per genotype.

Supplementary Figure 4. p62 immunoblot and LC3-positive bodies in MEF. A. Representative LC3
immunostaining in methanol-fixed cells and cultured in DMEM with 10% FCS (Basal) or in HBSS for 2 hours
(Starved). B. LC3-positive bodies were counted and histograms represent the means + sem (85 counted cells
from 2 embryos per genotype). * p < 0.05 using Student-t test vs WT cells under basal conditions. C.
Representative cells transfected with GFP-LC3 expression vector and cultured in DMEM with 10% FCS (Basal) or
in HBSS for 2 hours (Starved) at 48 hours post-transfection. D. GFP-positive bodies count. Histograms represent
the means + sem (90 counted cells from 3 embryos per genotype). *** p < 0.001 using Student-t test vs WT cells
under basal conditions.

Supplementary Figure 5. Lysosomes and proteasome in MEF. A. Activity of proteasome and cathepsin B+L
lysosomal enzymes was measured in WT and HMZ MEF using specific fluorescent probes. Histograms represent
the means + sem (n = 6 for WT and HMZ cells, i.e. cells from 6 distinct embryos). B. Western-blot of ubiquitinated
proteins in total lysates from WT and HMZ MEF. Signal was quantified by densitometry from the top of the gel to
the 34 kDa region and was normalized to the signal of actin immunoblot. The graph represents means + sem of 8
ubiquitinated-protein/actin ratio on MEF from 3 WT and 3 HMZ embryos. C. Cathepsin D and pro-cathepsin D
immunoblot using protein lysates from 6 WT and 6 HMZ cells (3 distinct embryos per genotype). Cyclin D
immunoblot was performed using the same protein samples. Actin was used as loading control. D. The signal
associated with each protein of interest in C. was quantified by densitometry and normalized relative to the actin
signal. Histogram represents means * sem (n = 6). E. Endocytosis-induced EGF receptor degradation.



Immunoblot. MEF were stimulated with EGF in absence (-) or presence (+) of Bafilomycin Al. F. The graph
represents means + sem of 3 EGFR/GAPDH ratio on WT and HMZ MEF.

Supplementary Figure 6. Fasting in liver from adult HTZ mice. 4 WT and 4 HTZ adult mice of 6 months of age
were submitted to 24-hour fasting. A. LC3, p62 and tubulin immunobilots in liver from 2 WT and 2 HTZ mice. B.

The graph represents means + sem (n = 4).
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Supplementary Table 1: Sequence of primers used in the RT-PCR analysis

Gene Forward Reverse
Dnm?2 ACCCCACACTTGCAGAAAAC GCCTTCTCAAAGTCCACTCC
LC3b CGTCCTGGACAAGACCAGT ATTGCTGTCCCGAATGTCTC
Gabarapll CATCGTGGAGAAGGCTCCTA ATACAGCTGGCCCATGGTAG
p62 GCTCAGGAGGAGACGATGAC AGGGGTCTAGAGAGCTTGGC
Atg4b ACAGATGATCTTTGCCCAGG TAGACTTGCCTTCGCCAACT
PO CTCCAAGCAGATGCAGCAGA ATAGCCTTGCGCATCATGGT
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