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Summary
Autophagy delivers cytosolic components to lysosomes for their degradation. The delivery of
autophagic cargo to late endosomes for complete or partial degradation has also been described. In
this report, we present evidence that distinct autophagic mechanisms control cytosolic protein
delivery to late endosomes and identify a microautophagy-like process that delivers soluble
cytosolic proteins to the vesicles of late endosomes/multivesicular bodies (MVB). This
microautophagy-like process has selectivity and is distinct from chaperone-mediated autophagy
that occurs in lysosomes. Endosomal microautophagy occurs during MVB formation, relying on
the ESCRT I and III systems for formation of the vesicles in which the cytosolic cargo is
internalized. Protein cargo selection is mediated by the chaperone hsc70 and requires the cationic
domain of hsc70 for electrostatic interactions with the endosomal membrane. Therefore, we
propose that endosomal microautophagy shares molecular components with both the endocytic
and autophagic pathways.

Introduction
Autophagy or the degradation of cytosolic components in lysosomes is a pathway utilized by
all cell types as a means to overcome starvation, recycle nutrients and remove unwanted or
damaged intracellular constituents including both proteins and organelles (Mizushima et al.,
2008). In addition, delivery of autophagic cargo to late endosomes for complete or partial
degradation has been described (Dengjel et al., 2005; Nimmerjahn et al., 2003). To date,
three autophagy-related pathways have been described in higher eukaryotes:
macroautophagy (MA), chaperone-mediated autophagy (CMA) and microautophagy
(Cuervo, 2010; Mizushima et al., 2008). In MA, whole cytosolic regions are sequestered
inside a vesicle (autophagosome) that then fuses with lysosomes or with late endosomal
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multivesicular bodies (MVB) (Mizushima et al., 2008). CMA is a more selective autophagy
that relies on the recognition by the hsc70 chaperone of amino acid motifs on cytosolic
substrate proteins biochemically related to the pentapeptide KFERQ (Chiang et al., 1989;
Dice, 1990). The complex hsc70/ cytosolic substrate binds to the lysosome-associated
membrane protein type 2A (LAMP-2A) (Cuervo and Dice, 1996) and after unfolding
substrate proteins are translocated into lysosomes for degradation assisted by a luminal form
of hsc70 (Cuervo, 2010). A third autophagic pathway, microautophagy, has been described
in yeast but has not yet been well characterized in eukaryotic cells (Marzella et al., 1981).
This pathway involves internalization of cytosolic cargo through invaginations of the
lysosomal membrane (Marzella et al., 1981), which resemble the formation of
multivesicular bodies (MVB). The molecular mechanisms that mediate microautophagy-like
delivery of cytosolic cargo to lysosomes in mammals remain unknown. The relationship
between the invagination of the membrane during this process and MVB biogenesis is also
not clear.

In this report, we have analyzed the autophagic mechanisms operating in late endosomal
MVB comparatively to those active in lysosomes. Using a series of mutants, we present
evidence that MA is operative in LE, whereas LAMP-2A-mediated CMA is not involved in
cytosolic protein translocation in the MVB lumen or in the luminal vesicles. Instead, we
provide evidence that a microautophagy-like process occurs during MVB biogenesis to
deliver selected soluble cytosolic proteins to the vesicles of late endosomes/MVB. This
process is mediated by chaperones, but in contrast to CMA that occurs in lysosomes,
endosomal microautophagy: 1) relies on the ESCRT I and III complexes, required for the
formation of the vesicles in which the cytosolic cargo is internalized, and 2) relies on protein
cargo delivery by hsc70 through electrostatic interactions of this chaperone with the
endosomal limiting membrane. Therefore, we propose that endosomal microautophagy
shares molecular components with both the endocytic and autophagic pathways and
contributes to degradation of the soluble cytosol.

Results and Discussion
Cytosolic proteins are delivered to both lysosomes and late endosomal compartments

To analyze potentially distinct autophagic pathways operating between lysosomes and LE in
dendritic cells (DC), we used three soluble cytosolic proteins as target: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and aldolase, which possess the KFERQ-like targeting
motif required for CMA (Aniento et al., 1993) and cyclophilin, which does not. Immunoblot
of isolated subcellular organelles (Fig. S1) for these three proteins confirmed that, as
described for other cells (Aniento et al., 1993), a fraction of the two proteins bearing the
CMA-targeting motif – GAPDH and aldolase – was detected in CMA-active (CMA+)
lysosomes, whereas their association to CMA-inactive (CMA−) lysosomes was negligible
(Fig. 1A). In contrast, cyclophilin, which lacks the CMA-targeting motif, was detectable in
both groups of lysosomes (Fig. 1A). The three proteins were present in the late endosomal
(LE) fraction but almost undetectable in the fractions enriched in autophagosomes and
autophagolysosomes (Fig. 1A).

The presence of the cytosolic proteins in LE and the abundance of hsc70 in this
compartment led us to analyze whether direct translocation of cytosolic proteins occurs into
LE and if it could be reproduced in vitro. To that purpose, we incubated LE and lysosomes
with a pool of radiolabeled cytosolic proteins and tracked their degradation. Proteolysis in
this in vitro system only occurs when the radiolabeled proteins reach the organelle lumen
and, consequently it is a good indication of internalization (Kaushik and Cuervo, 2009). As
previously described, CMA+ lysosomes showed the highest rates of internalization/
proteolysis while very low degradation was detected for CMA-inactive lysosomes (Fig. 1B).
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Incubation of LE under the same conditions revealed rates of protein translocation/
degradation in this fraction close to those detected in CMA+ lysosomes, and clearly higher
than for the total pool of cellular lysosomes (formed by 20–30% CMA+ and 70% CMA-
lysosomes) (Fig. 1B). Direct uptake of cytosolic proteins by LE is ATP-dependent (apyrase
decreases internalization by 38.5%; Fig. 1C), but does not require GTP or GTP hydrolysis
(Fig. 1C).

Although the three cytosolic soluble proteins were barely detectable in isolated
autophagosomes (Fig. 1A), to directly analyze the contribution of MA to their delivery into
LE, we used a genetic approach to block MA in DC by lentiviral-based shRNA for Atg7, an
essential MA protein (Tanida et al., 1999) (Fig. 1D). Ultrastructural analysis confirmed that
the typical double membrane autophagosomes observed in control cells (Fig. 1E) were not
present in the Atg7 knock down cells (Atg7(−)) (autophagosomes/cell were 12+3.2 in
control and 3.8+0.8 in Atg7(−) cells). No morphological differences in MVB or in
lysosomal ultrastructure were observed between Atg7(−) and control cells (Fig. 1F).
Immunoblot of isolated LE revealed a moderate decrease in the amount of the three
cytosolic proteins in Atg7(−) cells (about 20% decrease; Fig. 1G and S2). These results
indicate that autophagosome-mediated transport is also involved in delivery of cytosolic
antigens to LE, but its contribution, at least under the conditions of our study, is
quantitatively small. In fact, using similar in vitro delivery assays to the ones described in
the previous section, we found that MA blockage did not affect the ability of LE to directly
take up and degrade a pool of radiolabeled cytosolic proteins (Fig. 1H). Additionally,
despite the 20% decrease in total endosomal GAPDH upon MA blockage, the amount of the
same protein was increased inside the LE vesicles (secreted as exosomes) in these cells (Fig.
1I). Thus, our results indicate that part of the cytosolic proteins detected in LE reach this
compartment by a pathway different from MA and that this process can be reproduced in
vitro.

Delivery of cytosolic proteins to LE is independent of LAMP-2A but requires Vps4 and
Tsg101-mediated MVB formation

We next investigated whether part of the cytosolic proteins detected in LE reached this
compartment via CMA. Translocation of cytosolic proteins into lysosomes by CMA is
directly reliant on recognition of a targeting sequence by cytosolic hsc70 that then delivers
the cargo protein to lysosomal LAMP-2A (Bandyopadhyay et al., 2008; Cuervo and Dice,
1996). Knockdown of LAMP-2A to reduce CMA activity in DC resulted in a marked
decrease in the levels of GAPDH and aldolase in CMA+ lysosomes (Fig. 1J). In contrast,
none of the analyzed proteins was decreased in LE from LAMP-2A(−) cells (Fig. 1J).
Ultrastructural analysis indicated no morphological differences in LE between control and
LAMP-2A(−) DC (Fig. 1K). Using the in vitro assay, we observed a significant decrease in
protein uptake/degradation in lysosomes but not LE of LAMP-2A(−) DC (Fig. 1L). Levels
of GAPDH in LE prepared from LAMP-2A(−) fibroblasts were also comparable to control,
supporting that LE uptake of cytosolic proteins is also independent of CMA in other cell
types (Fig. 1M). These data confirm that LE internalization of soluble proteins does not take
place through CMA or at least through the same type of CMA described in lysosomes.

A third mechanism for delivery of cytosolic components to lysosomes, known as
microautophagy, has been characterized in yeast (Kunz et al., 2004) where it involves a
cholesterol-dependent direct invagination of the vacuole membrane (equivalent to
lysosomes) into the lumen followed by pinching off of the newly formed vesicles. Because
this phenomenon resembles the biogenesis of vesicles in the MVB, we first investigated
whether compromising vesiculation on MVB biogenesis would reduce cytosolic cargo
transport into LE. The endosomal sorting complexes required for transport (ESCRT) are a
series of cytosolic proteins recruited to the LE limiting membrane that control transport of
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membrane-bound ubiquitinated proteins, as well as endosomal vesiculation (Saksena and
Emr, 2009). We first targeted Vps4, an ATPase required to dissociate ESCRT from the
endosomal membrane (Saksena and Emr, 2009). We used a mixture of shRNAs for the two
Vps4 isoforms (A and B) at a MOI of 25 which would reduce Vps4 by 60% (Fig. 2A)
without affecting cell survival (complete Vps4 knock-down compromised cell viability (data
not shown)). Additionally, we also knocked down Tsg101, an ESCRT I protein positive
regulator of MVB biogenesis (Falguieres et al., 2008) (Fig. 2B). Ultrastructural analysis of
both Vps4(−) DC (Fig. 2C, D) and purified LE from these cells (Fig. 2E) confirmed that
MVB structure was compromised as long elongated vesicular-like structures that fail to
pinch-off from the limiting membrane were observed (Saksena and Emr, 2009). Immunoblot
of organelles purified from control, Vps4(−) and Tsg101(−) cells revealed a decrease in the
total amounts of cyclophilin, GAPDH and aldolase in LE but not in lysosomes (Fig. 2F, G).
In vitro transport assays confirmed a significant decrease in uptake/degradation of the
mixture of cytosolic radiolabeled proteins by LE but not in lysosomes (Fig. 2H).
Furthermore, antibody-blockage of Vps4 in isolated control organelles significantly reduced
uptake of cytosolic proteins by LE but not by lysosomes confirming the role of Vps4 in
uptake in the former compartment (Fig. 2I). The fact that compromising formation of MVB
structures affected LE uptake of the three individual cytosolic proteins analyzed and the pool
of cytosolic protein, suggests that some level of “in bulk” non-selective microautophagy is
taking place continuously during MVB biogenesis. In fact, in Vps4(−) DC expressing
cytosolic GFP, LE transport of GFP was also reduced (Fig. 2J). Treatment of DC with
U18666A to interfere with cholesterol trafficking (Liscum and Faust, 1989) disrupted the
classical MVB morphology confirming that cholesterol is also required for LE
microautophagy (Fig. 2K). Taken together, these data indicate that a portion of the soluble
cytosolic proteome is being continuously trapped in LE vesicles during MVB biogenesis and
that the contribution of this system is more relevant than MA for transport of soluble
proteins into LE.

Immunogold labeling for GAPDH in MVB (Fig. 3A) and ultrastructural tomography (Fig.
3B) revealed that GAPDH is present both inside the MVB vesicles as well as in the lumen of
LE. The GAPDH inside the vesicles could only reach this topology if sequestered from the
cytosol as the vesicles derive from invagination of the LE limiting membrane. The GAPDH
in the LE lumen could originate from either breakage/degradation of the vesicles or be
delivered to this compartment by MA through fusion of autophagosomes and LE. To
determine the fraction of the cytosolic proteome that reaches LE by each of these two
pathways we performed proteomic analysis of cytosol compared to the soluble contents of
purified autophagic vacuoles (AV) and exosomes (Fig. 3C). In AV, soluble cytosolic
proteins represented 36% of the total content as opposed to a 66% present in exosomes (Fig.
3C, Table S1). Mitochondrial, cytoskeleton and ER-Golgi proteins were abundant in AV but
poorly represented in exosomes (Fig. 3C). These differences were further confirmed by
western blot analysis (Fig. 3D). Interestingly, quantification in cytosol, AV and exosomes of
cytosolic soluble proteins expressing the KFERQ-like motif recognized by hsc70 for CMA
targeting, indicated a selection for motif-expressing proteins in exosomes (75% in
endosomes vs. only 37% in cytosol; Fig. 3E). These findings support that sequestration of
cytosolic proteins by MVB displays selectivity toward KFERQ-containing proteins.
Consequently, transport of soluble cytosolic proteins into MVB occurs in a microautophagy-
like fashion that may involve both a non-selective engulfment of cytosolic proteins, but also
a selective uptake of specific cytosolic proteins (KFERQ-containing proteins).

Selective microautophagy requires hsc70
The fact that transport of cytosolic proteins into LE was independent of LAMP-2A and
required the formation of membrane invaginations suggested that it did not occur via CMA.
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However, the enrichment in proteins containing KFERQ-like targeting motifs in the vesicles
of MVB and in exosomes led us to investigate the possible participation of hsc70 in cargo
delivery to LE. Because knock down of hsc70 selectively in the endocytic and lysosomal
compartments is not possible, we instead incubated purified LE with antibodies against
hsc70, Vps4, LAMP-2A or LAMP-2B and determined the cytosol-endosomes translocation
efficiency for a pool of radiolabeled cytosolic proteins (Fig. 3F,G and S3). Blocking Vps4 or
hsc70 reduced the amount of protein uptake/proteolysis in LE by 30 to 50% (Fig. 3F). The
fact that incubation with both antibodies did not have an additive effect supports that Vps4
and hsc70 act in the same pathway, and that hsc70 is likely the limiting factor. No inhibitory
effect was observed by blocking LAMP-2A or LAMP-2B, thus negating the contribution of
CMA or steric hindrance of the antibodies at the surface of the organelle (Fig. 3F). The
observed decrease in proteolysis was a result of reduced uptake rather than degradation, as
incubation of disrupted LE with the antibody did not affect proteolytic activity (Fig. S3B).
Sensitivity to hsc70 blockage was also detected for the uptake of cytosolic proteins into LE
from mouse liver (Fig. S3 C,D), supporting the general nature of this process.

The involvement of hsc70 in LE microautophagy in a KFERQ-dependent manner was
further confirmed in translocation assays with radiolabeled GAPDH and cyclophilin. We
found that uptake/proteolysis of the KFERQ-containing protein (GAPDH) by LE was 4
times higher than that of cyclophilin that lacks this motif (Fig. 3G). Pre-incubation of LE
with the antibody to hsc70, but not LAMP-2A, significantly reduced GAPDH uptake and
proteolysis by LE but did not affect cyclophilin LE uptake (Fig. 3G). Last, we confirmed
that the effect of hsc70 on LE translocation of cytosolic proteins requires binding of this
chaperone to the KFERQ-like motif using DC expressing wild type or a mutant form of
GAPDH lacking this motif (nrvvd to aavvd). As shown in Fig. 3H, the amount of mutated
GAPDH detected in isolated LE was significantly lower when compared to the wild type
form.

Hsc70 interaction with the endosomal compartments
We speculate that the need for hsc70 in LE microautophagy may be related to the unfolding
ability of this chaperone as one of the essential requirements for CMA of cytosolic proteins
in lysosomes is the need for their unfolding before they can cross the lysosomal membrane
(Salvador et al., 2000). To determine whether protein unfolding was required for
internalization of proteins in LE, we transfected DC with a plasmid expressing a form of
dihydrofolate reductase (DHFR) that contains a KFERQ-like motif in its n-terminus
(Salvador et al., 2000) (Fig. 4A). Stabilization of the conformation of DHFR with
methotrexate (MTX) which prevents its unfolding did not affect the amount of DHFR
detected in LE, supporting that unfolding is not required for its LE uptake (Fig. 4B).

Because LAMP-2A was not required for LE microautophagy, we set to determine whether
hsc70-mediated translocation of cytosolic proteins into the LE vesicles depends on the
interaction of this chaperone with the endosomal limiting membrane. Incubation of
increasing amounts of hsc70 with purified LE labeled with 5-Octadecanoylamino
fluorescein - a fluorescent probe sensitive to the fluidity and the physical/chemical
composition of the membrane lipid bilayer – revealed an increase in hsc70 binding to LE
with saturation at a 2:1 hsc70/LE protein ratio (Fig. 4C). The interaction was reversed by
ATP addition (Fig. 4C, S4A) (Arispe and De Maio, 2000). To investigate the nature of the
molecule(s) recruiting hsc-70 to LE we immunoprecipitated His-tagged hsc70 bound to
isolated LE and analyzed the eluate by MS/MS analysis. Proteins known to be hsc-70
cytosolic cargo were detected (data not shown); however, none of the molecular species
were integral components of the endosomal membrane that could be serving as receptors of
hsc-70 in late endosomes. On the other hand when the eluate was analyzed by thin layer
chromatography lipids could be detected (Fig. S4B). The immunoprecipitation was repeated
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in presence or absence of ATP, since the latter inhibits hsc-70 endosomal binding (Fig. 4D).
Analysis of the eluted lipids by multidimensional mass spectrometry scan (200–2000 m/z)
analysis indicated the presence of PS (Fig. 4E and F).

Although hsc70 does not bear any of the canonical protein lipid-binding domain, its C
terminal region (aa 526 to 539) presents one cluster of basic residues which could
potentially bind to acidic phospholipids through electrostatic interaction (Fig. 4G) (Yeung et
al., 2008). In addition, two clusters of hydrophobic side chains of amino acids are also
present (Fig. 4G). This amphiphilic (cationic/hydrophobic) strategy is used by several
biological structures to insert into anionic membranes and it was previously shown to be
used by PS to recruit proteins to the endosomal limiting membrane (Yeung et al., 2008).
Even though PS is distributed in all cellular membranes, it only confers a negative charge to
the plasma and the endosomal membranes, likely because the PS present in mitochondria,
Golgi and ER is confined to their luminal leaflets (Yeung et al., 2008). Discrimination of
binding between the PS in plasma membrane and LE is probably mediated by the strength of
the charge. It has been shown that PS directs proteins with strong positive charge to the
cytosolic leaflet of the plasma membrane and proteins with moderate positive charge, such
as hsc-70, to the cytosolic leaflet of the endosomal membrane (Yeung et al., 2008). Hence,
to determine whether hsc70 utilizes this strategy, we generated a series of mutants where
basic (K and R) amino acids were substituted with A to disrupt the positive surface charges
(Fig. 4G). We then compared hsc-70 translocation into LE isolated from cells transfected
with myc-tagged wild type hsc70 or the 533R/A, 535K/A, 539K/A mutants. Hsc-70 uptake
was comparable to control for the 533R/A or 539K/A mutants, whereas a significant
decrease of endosomal hsc-70 was observed in cells transfected with the 535K/A mutant
(Fig. 4H). Accordingly, in vitro binding of this mutant hsc70, to purified LE was
significantly reduced (Fig. 4I). Altogether, these results indicate that the anchoring of hsc70
to the endosomal anionic membrane requires its polybasic cluster.

In summary, we report that a portion of the soluble cytosolic proteome is continuously
trapped in LE vesicles during MVB biogenesis. This microautophagy-like mechanism
transports cytosolic proteins into LE but not lysosomes in a chaperone-dependent manner.
This process does not require substrate unfolding or the essential component of CMA in
lysosomes, LAMP-2A, but it relies on electrostatic binding of hsc70 to endosomal acidic
phospholipids. Although some level of microautophagy of cytosolic proteins can occur
independently of hsc70, binding to the chaperone may mediate preferential enrichment of a
particular subset of cytosolic proteins in MVB and confer selectivity to this process.
Importantly, cytosolic proteins that access MVB through MA or microautophagy constitute
two separate pools. MA-mediated transport occurs by fusion of the autophagosome with the
organelle limiting membrane and directly delivers cytosolic proteins and organelles to the
lumen of the compartment where the processing enzymes are available. In contrast,
microautophagy delivers the majority of cytosolic proteins into the vesicle lumen. Some of
these vesicles may undergo degradation directly in LE, because we could detect proteolysis
of the cytosolic proteins internalized by microautophagy. Altogether, these two dedicated
systems allow degradation of both the soluble cytosol as well as subcellular organelles.

Experimental Procedures
Cells and treatments

Dendritic cells (JAWS) were grown to confluence in DMEM media with HI-FBS. U18666A
and methotrexate were added directly to the culture media for 48h and 16h, respectively (see
Supplemental Experimental Procedures for details).
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Isolation of organelles and cytosol
Late endosomes and lysosomes were isolated using centrifugation in Percoll gradients
(Castellino and Germain, 1995), secondary lysosomes using a discontinuous gradient of
metrizamide (Wattiaux et al., 1978), and autophagic vacuoles and mitochondria using a
different discontinuous gradient of metrizamide (Marzella et al., 1981). Where indicated,
two groups of lysosomes with high (CMA+) and low (CMA−) activity for CMA were
isolated by the method described in (Cuervo et al., 1997). Exosomes were prepared as
previously reported (Potolicchio et al., 2005). ER and cytosol were obtained in the pellet and
supernatant respectively, after centrifugation at 100000g for 1h of the fraction resulting after
precipitation of lysosome and mitochondria. For details see Supplemental Experimental
Procedures.

Protein knockdown and mutagenesis
Knock-downs were performed by transduction with lentivirus carrying shRNA against the
protein of interest (shRNA sequences are detailed in Supplemental Experimental
Procedures). NIH-3T3 fibroblasts knocked down for LAMP-2A were previously described
(Massey et al., 2006). The hsc70 and GAPDH mutants were generated using site-directed
mutagenesis with the primers detailed under Supplemental Experimental procedures.

Transport assay
Uptake of radiolabeled cytosolic proteins into LE and lysosomes was quantified as described
(Kaushik and Cuervo, 2009) upon their incubation with intact isolated organelles as
described in Supplemental Experimental procedures.

Proteomic analysis
Cytosol and isolated organelle fractions were separated in a 12% SDS-PAGE, bands were
excised, eluted, trypsin digested, and sequenced by microcapillary reverse-phase HPLC
nanoelectrospray tandem MS on a Finnigan LCQDECA XP quadruple ion trap mass
spectrometer (LCMS/MS). For details see Supplemental Experimental Procedures.

Analysis of hsc70 binding to LE and interaction with lipids
Hsc70 binding to highly purified LE was performed using a fluorescence probe (5-
(octadecanoylamino) fluorescein) (MGT Inc.) which is sensitive to the physical and
chemical integrity as well as lipid composition of the organelle’s limiting membrane (for
details see Supplemental Experimental Procedures). The interaction of hsc70 with lipids was
analyzed through three different procedures: 1) Spectrometry: purified late endosomes
labeled with SAF (Stearoyl amino fluoroscein) were incubated with increasing amounts of
hsc70 with or without 5mM ATP for 30 minutes at 37°C. Binding of hsc70 was monitored
by fluorescence spectroscopy (497nm excitation, 500–550nm emission; 3.3 slit width). 2)
TLC: Lipid extracts (5µl) were spotted on 0.2mm silica coated plates with fluorescent
indicator (polygram sil G/UV 254, from Macherey-Nagel, Duren) and run using a solution
of 65:25:1 chloroform: methanol: water as solvent. After the run, the TLC plate was air
dried, sprayed with 0.1% Ninhydrin and incubated at 80°C till the purple color developed to
identify phosphoserine. 3) MS/MS: Lipid extract following immunoprecipitation were
analyzed by both MALDI TOF/TOF and LTQ, ESI-TRAP in both MS1 and MS2 modes
using a CAD of 35 to identify the head groups and acyl chains (for details see Supplemental
Experimental Procedures).

General methods
Immunoblot were developed using standard chemiluminescent procedures after incubation
with primary and secondary antibodies as described under Supplemental Experimental
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procedures. Transmission electron microscopy analysis were perfomed both in
glutharaldehyde/formaldehyde fixed samples and in high pressure frozen cells as described
in Supplemental Experimental procedures.

Statistical analysis
All numerical results are reported as mean + s.e.m., and represent data from a minimum of
three independent experiments unless otherwise stated. To determine the statistical
significance of the difference between experimental groups in instances of multiple means
comparisons, we used one-way analysis of variance (ANOVA) followed by the Bonferroni
post-hoc test. Differences were considered significant for p<0.05.

Highlights

• Late endosomes take up cytosolic proteins through membrane invaginations

• Endosomal microautophagy (eMI) requires multivesicular body formation

• Hsc70 mediates selective targeting of cytosolic proteins during eMI

• Hsc70 binds to the endosomal membrane through its polybasic cluster

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytosolic proteins are taken up by late endosomal compartments by mechanisms
different from macroautophagy and CMA
(A) Western blot analysis for GAPDH, aldolase and cyclophilin in the indicated purified
organelles. (B) Degradation (in percentage) of a radiolabeled pool of cytosolic proteins by
the indicated intact organelles. Values are mean +S.E. (n = 4). (C) Effect of ATP depletion
and GTP supplementation on the degradation of a radiolabeled pool of cytosolic proteins by
late endosomes. Values were calculated as in B. (D) Western blot analysis for Atg7 of
control (Ctr) and Atg7 knock down (Atg7-) DC. (E) Ultrastructural analysis of
autophagosomes in Ctr DC. (F) Ultrastructural analysis of purified LE/MVB in Ctr and
Atg7- DC. (G) Western blot analysis for cytosolic proteins and LAMP-2A of titrated
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amounts of purified LE from Ctr and Atg7- DC. Right: Densitometric analysis of blots as
the one shown here (n= 3). (H) Degradation of a radiolabeled pool of cytosolic proteins by
the indicated organelles isolated from Ctr and Atg7- DC. Values are mean +S.E. (n = 3). (I)
Western blot analysis of GAPDH in LE or Exosomes (Ex) isolated from Ctr and Atg7- cells.
(J) Western blot analysis for LAMP-2 isoforms and cytosolic proteins in fractions from
control and LAMP-2A knock down DC. Right: Densitometric analysis of blots as the ones
shown here (n = 3). (K) Ultrastructural analysis of LE/MVB compartments present in Ctr
and LAMP-2A(−) cells. (L) Degradation of a radiolabeled pool of cytosolic proteins by LE
and lysosomes (total, CMA+ and CMA−) from Ctr and LAMP-2A(−) DC. Values are mean
+S.E. (n = 3). (M) Western blot analysis for the indicated proteins in LE isolated from Ctr
(+) and LAMP-2A (−) NIH-3T3 fibroblasts. (*) Significant differences with control values.
(See also Fig. S1 and 2).
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Figure 2. Incorporation of cytosolic proteins into late endosomes requires MVB formation
(A) Western blot analysis for Vps4 of control (+) and Vps4 knock down (−) DC. (B)
Western blot analysis for Tsg101 of control (+) and Tsg101 knock down (−) DC. (C)
Ultrastructural analysis of LE/MVB compartments present in Ctr and Vps4- cells. (D)
Quantification of MVBs in Ctr and Vps4- cells. (*) Significant differences with control/none
values. (E) Ultrastructural analysis of gradient purified LE/MVB from Ctr and Vps4- DC.
(F) Western blot analysis for cytosolic proteins and LAMP-2A of titrated amount of gradient
purified late endosomes and lysosomes from ctr, Vps4(−) and Tsg101(−)DC. (G)
Densitometric analysis of western blots as the one show in f. (n = 3) (*) Significant
differences with control/none values. (H) Degradation (in percentage) of a radiolabeled pool
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of cytosolic proteins by late endosomes and lysosomes isolated from Ctr and Vps4- cells.
Values are mean +S.E. (n = 3). (I) Effect of preincubating endosomes or lysosomes with an
antibody against Vps4 in their ability to transport/degrade a pool of radiolabeled cytosolic
proteins measure as in h. Values are mean +S.E. (n = 3) (*) Significant differences with
control/none values. (J) Endosomal uptake of cytosolic GFP. Data are expressed as
percentage of endosomal uptake (measured by FACS on purified compartments) calculated
over total cellular GFP. (*) Significant differences with control values. (K) Ultrastructural
analysis of late endosomal multivesicular compartments present in control (CTR) and
U18666A treated cells.
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Figure 3. Specific cytosolic proteins are taken up by late endosomes in an hsc70-dependent
manner
(A) Immunogold labeling for GAPDH present in a MVB isolated from DC. (B)
Ultrastructural tomography of a LE/MVB depicting MA-mediated and microautophagy-
mediated distribution of cytosolic GAPDH. (C) MS/MS analysis and percentage of protein
distribution in the soluble cytosol fraction, in purified autophagic vacuoles (AV) and
exosomes. (D) Western blot analysis of proteins detected in cytosol (Cyt), AV and exosomes
(Exo). (E) Percentage of proteins containing a KFERQ-like motif distributed among cytosol
and exosomes (F–G) Effect of preincubating intact LE with the indicated antibodies in their
ability to degrade a pool of radiolabeled proteins (F) or radiolabeled GAPDH and
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cyclophilin (G). The inhibitory effect of the different antibodies on proteolysis rates,
expressed as %, (F) or direct proteolysis values (G) are shown. Value are mean +S.E. (n = 3)
(*) Significant differences with untreated fractions or control (#) Significant differences with
GAPDH. (H) Sequences of wild type and amino acid substituted recombinant myc tagged
GAPDH (n to a and r to a). Analysis of wild type and mutant GAPDHmyc levels in late
endosomes. Data are reported as ratio between GAPDHmyc (wild type or mutated) in late
endosomes (LE) versus total (Tot) in cells. (See also Fig. S3).
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Figure 4. Recruitment of hsc70 to late endosomes is required for endosomal uptake of cytosolic
proteins
(A) Western blot analysis of total (Tot) and endosomal (LE) DHFR upon cellular treatment
without or with methotrexate (MTX). (B) Schematic of hsc70-mediated DHFR translocation
in lysosomes (left) and late endosomes (right) in presence and absence of MTX. (C)
Fluorescence emission scans (excitation wavelength 497 nm, emission scans 510–550 nm)
of hsc70 binding to fluorescence labeled LE in presence or absence of ATP. Graphic
representation of the fluorescence maximum emission (Λ 520 nm) extrapolated from data
reported in Figure S4. Experimental conditions in c and S4 are shown using the same color
code. (D) Thin layer chromatography (staining with 0.1% ninhydrin) of lipids eluted from
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hsc70/LE immunoprecipitation performed in presence or absence of ATP. (E) MS analysis
of lipids eluted from hsc70/LE immunoprecipitation performed in presence or absence of
ATP. (F) MS/MS fragmentation of (E) and sequenced phosphatidylserine fragments. A
molecular species with an m/z of 786.36 (first peak of the molecular envelope) was detected
both in total LE (positive control) and in the hsc70 immunoprecipitate but only in the
absence of ATP. (G) Electrostatic surface of the C terminal of hsc70 using the color code
built in the software Swiss PDB Viewer (red-negative charges (acidic), blue-positive
charges (basic) and white-neutral (hydrophobic)). The NMR solved three-dimensional
structure of the substrate-binding domain of the mammalian chaperone protein hsc70 was
used for all modeling studies (PDB ID: Hsc70)(Morshauser et al., 1999). (H) Western blot
analysis of hsc70-myc present in late endosomal compartments following transfection of
wild type or mutated hsc70. Ratio between total and endosomal hsc70-myc is expressed. (I)
Fluorescence analysis of wild type and mutant hsc70 binding to LE. (See also Fig. S4).
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