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A mitochondrial FUNDC1/HSC70 interaction
organizes the proteostatic stress response at the

risk of cell morbidity
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Abstract

Both protein quality and mitochondrial quality are vital for the
cellular activity, and impaired proteostasis and mitochondrial
dysfunction are common etiologies of aging and age-related disor-
ders. Here, we report that the mitochondrial outer membrane
protein FUNDC1 interacts with the chaperone HSC70 to promote
the mitochondrial translocation of unfolded cytosolic proteins for
degradation by LONP1 or for formation of non-aggresomal mito-
chondrion-associated protein aggregates (MAPAs) upon protea-
some inhibition in cultured human cells. Integrative approaches
including csCLEM, Apex, and biochemical analysis reveal that
MAPAs contain ubiquitinated cytosolic proteins, autophagy recep-
tor p62, and mitochondrial proteins. MAPAs are segregated from
mitochondria in a FIS1-dependent manner and can subsequently
be degraded via autophagy. Although the FUNDC1/HSC70 pathway
promotes the degradation of unfolded cytosolic proteins, excessive
accumulation of unfolded proteins on the mitochondria prior to
MAPA formation impairs mitochondrial integrity and activates
AMPK, leading to cellular senescence. We suggest that human
mitochondria organize cellular proteostatic response at the risk of
their own malfunction and cell lethality.
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Introduction

Both protein quality and mitochondrial quality are vital for cellular
activity and health. Protein quality is maintained through a coordi-
nated network involving chaperones and two proteolytic systems, the
ubiquitin-proteasome and autophagy-lysosome systems (Mizushima
et al, 2008; Hartl et al, 2011; Koga et al, 2011). Proteasomes and
autophagy share substrates, effectors, and regulators and compensate
for one another in times of need (Kaushik & Cuervo, 2015). Chaper-
ones, including heat-shock protein 70 (HSP70) family proteins, which
assist the folding/unfolding, assembly/disassembly, and membrane
translocation of their clients, as well as sorting them for degradation
through the proteasomal or autophagic pathways (Kaushik & Cuervo,
2015). Misfolded proteins are either refolded, degraded, or seques-
tered to distinct cellular sites, such as aggresomes at the microtubule-
organizing center, in a coordinated fashion (Johnston et al, 1998).
When the proteostatic network becomes compromised during aging
or stress conditions, aberrant proteins tend to accumulate as toxic
aggregates, a process associated with numerous neurodegenerative
diseases and other disorders (Lim & Yue, 2015).

Mitochondria have their own genome (mtDNA), which encodes
< 1% of the mitochondrial proteome. To maintain their vital func-
tions for energy production, mitochondria require the import of
nuclear DNA-encoded proteins via the TOM/TIM complexes,
coordinated expression and integration of nuclear DNA- and
mtDNA-encoded OXPHOS subunits (Ryan & Hoogenraad, 2007),
and sophisticated quality control systems at both the protein and
organellar levels. Mitochondria have their own independent protein
quality control system, including their own chaperones and
proteases, such as Lon and CIpXP in the mitochondrial matrix
(Voos, 2009; Fischer et al, 2012). At the organellar level, function-
ally compromised mitochondria can be selectively removed by
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either ubiquitin- or receptor-mediated mitophagy to ensure mito-
chondrial quality (Youle & Narendra, 2011; Khaminets et al, 2016).
Defective mitochondrial quality control leads to the accumulation
of dysfunctional mitochondria, an etiological factor commonly
observed in aging and age-related disorders. Apparently, proteo-
static impairment and mitochondrial dysfunction work in concert
and reinforce each other under stress conditions or during aging
(Ross et al, 2015). However, the underlying mechanisms and the
primary cause for age-related disorders remain ill-defined. In an
effort to address the mechanism of p62 translocation toward mito-
chondria, we have found that FUNDCI, a previously described mito-
phagy receptor, interacts with the cytosolic chaperone protein
HSC70 to organize cellular proteostasis when proteasome is inhib-
ited. Despite this, excessive mitochondrial accumulation of unfolded
proteins prior to the formation of mitochondrion-associated protein
aggregates (MAPAs) impairs mitochondrial integrity and activates
AMPK, leading to cellular senescence.

Results

FUNDC1 interacts with HSC70 and promotes the mitochondrial
recruitment of the proteasomal clients

We have previously shown that FUNDCI1 is a highly conserved
mitochondrial membrane protein that harbors a LC3-interacting
region (LIR) to directly interact with LC3 and to mediate hypoxia-
induced mitophagy (Liu et al, 2012a). Transient expression of
FUNDCI resulted in the mitochondrial localization of LC3 in a
manner that depended on the LIR motif (Appendix Fig S1). Unex-
pectedly, it promoted mitochondrial recruitment of p62/SQSTM1, a
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multifunctional protein which binds ubiquitin through its UBA
domain (Ciani et al, 2003; Pankiv et al, 2007), in a LIR-independent
manner (Fig 1A and Appendix Fig S2A). Additionally, a p62 mutant
lacking the UBA domain was less robustly recruited to mitochondria
than the full-length p62 in cells overexpressing FUNDCI1 or
FUNDCI-ALIR (compare Appendix Fig S2A and B), suggesting that
ubiquitin-modified proteins may be responsible for such recruit-
ment. Indeed, expression of FUNDC1 or FUNDCI1-ALIR resulted in
the mitochondrial recruitment of ubiquitinated proteins (Fig 1B).
Immunoblotting analysis of mitochondria isolated from HeLa cells
revealed that overexpression of FUNDC1 or FUNDCI-ALIR resulted
in the mitochondrial accumulation and consequent global elevation
of ubiquitinated proteins (Fig 1C). FUNDC1 or FUNDC1-ALIR over-
expression also resulted in the mitochondrial accumulation of p62,
although had no visible effect on the level of this protein in total cell
extract and cytosolic fractions (Fig 1C), likely due to the high abun-
dance of p62 in cells.

We speculated that FUNDC1 may interact with other molecules
for such recruitments. Mass spectral analysis of the proteins co-
precipitated with FUNDC1 revealed HSC70, a constitutively
expressed cytosolic chaperone protein belonging to the HSP70
family (Liu et al, 2012b), as a novel FUNDCIl-interacting partner
(Fig 1D). Co-IP assay further confirmed the interaction between
FUNDCI and HSC70 (Fig 1E and F). The interaction seems specific,
as HSP70, an inducible member of the HSP70 family that shares
85% homology with HSC70 (Liu et al, 2012b), has limited capacity
to interact with FUNDC1 (Fig 1G). In cells transiently expressing
FUNDCI1 or FUNDCI-ALIR, HSC70 was recruited to the mitochon-
dria (Fig 1H). Fractionation analysis also revealed that overexpres-
sion of FUNDCI resulted in the mitochondrial recruitment of HSC70
(Fig 11).

Figure 1. FUNDC1 interacts with HSC70 and promotes the mitochondrial recruitment of the proteasomal clients.

A Hela cells were co-transfected with Myc empty vector (Myc), Myc-tagged FUNDCL (F1-Myc) or Myc-tagged FUNDC1-ALIR mutant (ALIR-Myc), and Mito-OM-cherry,
which localizes to the mitochondrial outer membrane, and immunostained with fluorescent anti-p62 and anti-Myc antibodies. Scale bar = 10 pum.

B Hela cells were co-transfected with Myc, F1-Myc or ALIR-Myc, and Mito-OM-cherry and immunostained with anti-ubiquitin (Ub) and anti-Myc antibodies. Scale

bar = 10 um.

C Fractionation analysis of Hela cells transfected with Myc, F1-Myc, or ALIR-Myc. The loading controls (L.C.) were a-tubulin for total cell lysate (TCL) and cytosolic

fraction (Cyto), and HSP60 for mitochondrial fraction (Mito).

D Hela cells transfected with Myc or Myc/His6 double-tagged F1-Myc-His were lysed and precipitated with Ni-NTA beads. Samples were then subjected to SDS—PAGE.
The differential band (upper arrow) was isolated and subjected to mass spectral analysis. The identified proteins with a score higher than 50 are listed.

Co-IP of endogenous HSC70 with F1-Myc or ALIR-Myc. a-Myc, anti-Myc antibody.

E
F Co-IP of HSC70 with FUNDCL. a-F1, anti-FUNDC1 antibody. rigG, control rabbit IgC.

G Co-IP analysis of endogenous FUNDC1 with Flag-HSP70 or Flag-HSC70. a-Flag, anti-Flag antibody. Flag,empty vector.

H HeLa cells were co-transfected with Myc, F1-Myc or ALIR-Myc, and Mito-OM-cherry and immunostained with anti-HSC70 and anti-Myc antibodies. Scale

bar = 10 pm.
| Fractionation analysis of Hela cells transfected with Myc or F1-Myc.

Hela cells were co-transfected with Ub-R-GFP and Myc or F1-Myc and immunostained with fluorescent anti-Myc and anti-GFP (a-GFP) antibodies. The a-GFP
signals in F1-Myc-transfected cells were lowered to avoid the overexposure of the mitochondrially localized R-GFP, making such signals of the equally distributed
R-GFP invisible. Green arrowheads show the mitochondrially localized R-GFP proteins, which were more abundant than the equally distributed R-GFP and showed
stronger R-GFP fluorescence, and white arrowheads show the mitochondrially localized R-GFP proteins without stronger R-GFP fluorescence, although abundant.
Scale bar = 10 pm.

Hela cells were co-transfected with Ub-R-GFP and F1-Myc. Mitochondria were isolated and then treated with or without proteinase K (Pro. K), or proteinase K in
combination with digitonin or Triton X-100 (TX-100). Samples were then subjected to immunoblot analysis. HSP60, TIM23, and TOM20 are representatives of

K Fractionation analysis of Hela cells co-transfected with Ub-R-GFP and Myc or F1-Myc.
L

mitochondrial matrix-, mitochondrial inner membrane-, and mitochondrial outer membrane-localized proteins, respectively.
M

Data information: In panels (C and ), three replicates were analyzed using Student’s two-tailed t-test and are presented as the means + SEM. *P < 0.05; **P < 0.01; NS,

Fractionation analysis of Hela cells stably transfected with control (Ctrl) shRNA vector or HSC70 shRNA and transiently co-transfected with Ub-R-GFP, Flag or Flag-
HSC70 (shRNA-resistant), and Myc, or F1-Myc, as indicated.

non-significant.
Source data are available online for this figure.
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CHIP is an HSC70-interacting E3 ubiquitin ligase which promotes
the ubiquitination and subsequent proteasomal degradation of
HSC70 clients (Connell et al, 2001). Confocal analysis revealed that
CHIP was also recruited to mitochondria in response to FUNDCI or
FUNDCI-ALIR overexpression (Fig EV1A). Knockdown of either
HSC70 or CHIP diminished the FUNDCI-induced mitochondrial
localization of ubiquitin and p62 (Appendix Figs S3 and S4). These
data suggest that overexpressed FUNDCI1 may recruit HSC70 and its
unfolded clients, including proteasomal substrates, to mitochondria;
the client proteins are then subjected to ubiquitination by CHIP and
hence endowed with the ability to attract p62.

To prove this, Ub-R-GFP, a GFP-based reporter for proteasomal
degradation, was employed for the following study. The fused ubig-
uitin moiety of Ub-R-GFP will be cleaved in cells, producing an
N-end rule substrate R-GFP (Dantuma et al, 2000). We found that
R-GFP, but not stable GFP, can be recognized by HSC70, depending
on the latter’s peptide-binding domain (PBD; Fig EV1B and C), a
region required for the binding of HSC70 clients (Fourie et al, 1994).
Additionally, FUNDC1 overexpression resulted in the recruitment of
R-GFP proteins to FUNDCI1-labeled mitochondria as expected; these
R-GFP proteins could be clearly visualized by immunostaining using
anti-GFP-antibody, although some of their own fluorescence were
undetectable (Figs 1J and EV1D), which is likely due to their aber-
rant conformation. Subcellular fractionation analysis also revealed
that FUNDC1 overexpression resulted in the accumulation of the
R-GFP proteins and p53 and B-catenin, two endogenous proteasomal
substrates, in mitochondria (Fig 1K). Proteinase K protection assays
showed that the mitochondrially recruited R-GFP, B-catenin, and
p53 proteins showed a certain degree of resistance to digestion even
when treated with digitonin, which permeabilizes the outer
membrane of mitochondria, but not when treated with Triton X-
100, which permeabilizes both outer and inner mitochondrial
membranes (Fig 1L). This indicates that a portion of the recruited
client proteins were imported into the mitochondrial matrix. The
mitochondrially recruited p62 and ubiquitinated proteins, however,
showed hardly any resistance to proteinase K digestion (Fig 1L),

Mitochondria regulate proteostasis  Yanjun Li et al

suggesting that most of these proteins were on the surface of mito-
chondria. Additionally, we found that FUNDC1-induced mitochon-
drial recruitment of R-GFP was diminished in HSC70-knockdown
cells and was partially restored by reintroduction of shRNA-resistant
Flag-HSC70 (Figs 1M, and EV1E and F). CHIP knockdown,
however, had no obvious effect on the mitochondrial recruitment of
R-GFP caused by FUNDCI1 overexpression (Fig EV1E and F). These
data suggest that HSC70 may reroute its client proteins from fast
proteasomal degradation to mitochondria via interaction with the
overexpressed FUNDCI.

FUNDC1 and HSC70 are required for the translocation of
unfolded cytosolic proteins to mitochondria in proteasome-
inhibited cells

Given the critical role of HSC70 in recognition of cytosolic unwanted
proteins, we hypothesized that the interaction between FUNDCI1
and HSC70 may be the missing link between mitochondrial and
cytosolic proteostasis network. We thus checked whether the
cytosolic proteasomal clients could be recruited to mitochondria in
a FUNDC1-/HSC70-dependent fashion under proteostatic stress
conditions. In R-GFP-expressing cells treated with the proteasome
inhibitor MG132, the accumulation of R-GFP proteins could be visu-
alized by immunostaining using anti-GFP antibody (Fig EV2A,
upper rows). The mitochondrially recruited R-GFP proteins were
discernible only when the cytosolic proteins were extracted by digi-
tonin (Fig EV2A, lower rows), but their own fluorescence was unde-
tectable. Fractionation analysis also revealed that R-GFP, p53, and
B-catenin proteins were recruited to mitochondria in the presence of
the proteasome inhibitors MG132 or lactacystin (Figs 2A and
EV2B). Proteinase K protection assays showed that most of the
R-GFP and some of p53 and B-catenin proteins that were recruited
to mitochondria were imported into the mitochondrial matrix
(Fig 2B). The mitochondrially localized R-GFP proteins isolated
from TOM20-, TOM22-, and TOM70-knockdown cells were much
less resistant to proteinase digestion compared to those isolated

Figure 2. FUNDC1/HSC70 interaction is required for the mitochondrial translocation of proteasomal clients under stress conditions.

A Fractionation analysis of the Hela cells transfected with Ub-R-GFP and treated with DMSO (control vehicle) or 10 uM MG132 for 4 h.

B Proteinase K protection analysis of the mitochondria isolated from the Hela cells transfected with Ub-R-GFP and treated with MG132.

C Proteinase K protection analysis of the mitochondria isolated from Hela cells co-transfected with Ub-R-GFP and Ctrl, TOM20, TOM22, or TOM70 shRNA and treated

with MG132.

D Fractionation analysis of Hela cells stably transfected with Ctrl or LONP1 shRNA and transiently co-transfected with Ub-R-GFP and Myc or LONP1 (shRNA-resistant)

and then treated with DMSO or MG132.

E Fractionation analysis of HeLa cells stably transfected with Ctrl ShRNA, F1 shRNA, or F1 shRNA together with shRNA-resistant F1-Myc or ALIR-Myc, and transiently

transfected with Ub-R-GFP and then treated with DMSO or MG132.

F Fractionation analysis of Hela cells stably transfected with Ctrl or HSC70 shRNA and transiently co-transfected with Ub-R-GFP and Flag or shRNA-resistant Flag-

HSC70 and then treated with DMSO or MG132.

G Fractionation analysis of Hela cells stably transfected with Ctrl or HSP70 shRNA and transiently co-transfected with Ub-R-GFP and Flag or shRNA-resistant Flag-

HSP70 and then treated with DMSO or MG132.

H Mitochondria were isolated from the untransfected cells, cytosols were isolated from the cells transfected with GFP or Ub-R-GFP and treated with DMSO or MG132
for 8 h, and the isolated mitochondria and cytosols were then subjected to in vitro protein import analysis.

| Mitochondria isolated from the untransfected cells were resuspended in the cytosol isolated from the cells transfected with Ub-R-GFP and incubated at RT for
1 hour, and the mitochondria were then isolated from the in vitro system and then treated with or without proteinase K and subjected to immunoblot analysis.

] Mitochondria were isolated from the cells transfected with Ctrl ShRNA, F1 shRNA, or F1 shRNA together with F1-Myc, cytosols were isolated from the cells
transfected with Ub-R-GFP, and the isolated mitochondria and cytosols were then subjected to in vitro protein import analysis.

K Cytosol isolated from the cells transfected with Ub-R-GFP was mixed with the cytosols isolated from the cells transfected with Ctrl ShRNA, HSC70 shRNA, or HSC70
shRNA together with Flag-HSC70, mitochondria were isolated from the untransfected cells, and the isolated mitochondria and cytosol mixtures were then subjected

to in vitro protein import analysis.

Source data are available online for this figure.
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from control cells (Figs 2C and EV2C), suggesting that TOM
complex is required for the import of the proteasomal clients into
mitochondria. The mitochondrial accumulation of R-GFP upon
MG132 treatment was augmented in the LONP1-knockdown cells,
and this was reversed by reintroduction of shRNA-resistant LONP1
(Figs 2D and EV2D), suggesting that LONP1 may degrade the
proteasomal clients imported into the mitochondrial matrix. These
results are in agreement with the findings in yeast (Ruan et al,
2017).

The EMBO Journal

We next addressed the question of whether FUNDC1 and
HSC70 are required for the mitochondrial translocation of the
proteasomal clients. First, we found that the MG132-induced mito-
chondrial accumulation of R-GFP was reduced in FUNDCI1-knock-
down or FUNDCI-knockout cells (Figs 2E, and EV2E and F).
Reintroduction of shRNA-resistant FUNDC1 or FUNDCI-ALIR in
FUNDCI1-knockdown cells restored the mitochondrial accumulation
of R-GFP (Figs 2E and EV2E). HSC70 knockdown also diminished
the MG132-induced mitochondrial translocation of R-GFP, which
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Figure 3. Bcl-xL regulates the interaction between FUNDC1 and HSC70.

A Co-IP of HSC70 with FUNDC1 in Hela cells treated with MG132 as indicated.

B Immunoblot analysis of the Hela cells transfected with or without HA-Bcl-xL and treated with DMSO or MG132 for 6 h.

C Ni**-NTA precipitation of Hela cells transfected with indicated vectors. S13A-Myc-His, Myc/His6 double-tagged FUNDC1-S13A mutant.
D, E Fractionation analysis of HelLa cells transfected with indicated vectors and treated with DMSO or MG132. Quantification is shown in (E).

Data information: In panels (B and E), three replicates were analyzed using Student’s two-tailed t-test and are presented as the means £ SEM. *P < 0.05; **P < 0.01;
***p < 0.001; NS, non-significant.

Source data are available online for this figure.

was partially restored by expression of shRNA-resistant Flag- Flag-HSP70 (Figs 2G and EV2H). These data suggest that both
HSC70 (Figs 2F and EV2G). In contrast, HSP70 knockdown aggra- FUNDCI1 and HSC70 are required for the mitochondrial recruitment
vated the MG132-induced mitochondrial translocation of R-GFP, of proteasomal clients. HSP70, however, may prevent such
and this was counteracted by expression of shRNA-resistant recruitment.
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Figure 4. Effects of FUNDC1, HSC70, HSP70, TOM complex, Bcl-xL, and LONP1 on the formation of MAPAs in response to proteasome inhibition.

A HeLa cells were transfected with GFP-p62, treated with DMSO or 10 uM MG132 for 8 h, and then immunostained with anti-Ub and anti-y-tubulin antibodies. Note
that the aggresome (blue arrowhead), rather than the MAPAs (white arrowheads), colocalizes with y-tubulin. Scale bar = 10 um.
B, C Hela cells were stably transfected with the indicated vectors, treated with MG132, and immunostained with the indicated antibodies. Scale bar = 10 pm.

Quantification is shown in (C).

D, E Hela cells were transfected with Ctrl, TOM20, TOM22, or TOM70 shRNA vectors including nuclear localized GFP (N-GFP) expressing elements and then treated with
MG132 and immunostained with the indicated antibodies. Scale bar = 10 um. Quantification is shown in (E).
F, G Hela cells were transfected with GFP or GFP-Bcl-xL and then treated with MG132 and immunostained with anti-p62 antibodies. Scale bar = 10 um. Quantification

is shown in (G).

H, | Hela cells were stably transfected with Ctrl or LONP1 shRNA, treated with MG132, and immunostained with the indicated antibodies. Scale bar = 10 um.

Quantification is shown in (l).

Data information: In panels (C, E, G and I) three replicates were analyzed using Student’s two-tailed t-test and are presented as the means 4+ SEM. *P < 0.05;

**P < 0.01; ***P < 0.001.

To further substantiate our finding that FUNDCI interacts with
HSC70 to recruit proteasomal clients to mitochondria, we used an
in vitro assay in which we incubated the mitochondria isolated from
untransfected cells with the cytosol isolated from cells expressing
R-GFP or GFP (Fig EV2I). More R-GFP proteins were recruited to
mitochondria compared to stable GFP proteins and were imported
into mitochondria as judged by their resistance to protease digestion
(Fig 2H and I). As expected, both FUNDC1 and HSC70 were
required for the mitochondrial recruitment of R-GFP even in this
in vitro system (Figs 2J and K, and EV2J and K).

These results collectively suggested that in response to proteo-
static stress, HSC70 may take its clients via interaction with
FUNDCI to mitochondria for import and degradation by LONPI.
Additionally, we propose that HSC70 and HSP70 may partition their
clients to different pathways for complementary degradation.

Bcl-xL regulates the interaction between FUNDC1 and HSC70

We found that the interaction between FUNDC1 and HSC70 was
increased in the proteasome-inhibited cells (Fig 3A). Meanwhile,
FUNDC1 was dephosphorylated at serine 13 (Ser13), which was
suppressed by Bcl-xL expression (Fig 3B), consistent with previous
report (Chen et al, 2014; Wu et al, 2014). Interestingly, we found
that Bcl-xL expression suppressed the interaction of HSC70 with
FUNDCI, while had no notable effect on that with FUNDC1-S13A
mutant (Fig 3C), suggesting that Bcl-xL may regulate the FUNDC1/
HSC70 interaction through modulating the phosphorylation status of
FUNDCI at Ser13. We next checked the effect of Bcl-xL on the mito-
chondrial recruitment of unfolded cytosolic proteins and found that
Bcel-xL suppressed the MG132-induced mitochondrial translocation
of representative proteasomal clients in control cells and in
FUNDCI1-knockdown cells reintroduced with wild-type FUNDCI,
while not in the FUNDCI1-knockdown cells reintroduced with
FUNDCI1-S13A (Fig 3D and E). These data suggest that the
FUNDCI1/HSC70 interaction, which is regulated by the phosphoryla-
tion status of FUNDCI1 at Serl3, is required for the mitochondrial
recruitment of proteasomal clients under stress conditions.

FUNDC1 and HSC70 are required for the formation of MAPAs in
response to proteasome inhibition

Overwhelming evidence has shown that proteostatic stress causes

protein aggregation, leading to the formation of aggresomes at the
microtubule-organizing center region (Hyttinen et al, 2014). In

© 2018 The Authors

HeLa, U20S, and HepG2 cells, proteasome inhibition resulted in the
formation of both aggresomes (colocalized with the centrosome
marker y-tubulin) and large amounts of other protein aggregates
that are positive for ubiquitin and p62 (Figs 4A and EV3A-C). We
named these non-aggresome aggregates as mitochondrion-asso-
ciated protein aggregates (MAPAs), given the organizing role of
mitochondria in their formation and the incorporation of mitochon-
drial proteins into them (see below). Knockdown or knockout of
FUNDCI had no obvious effect on the MG132-induced formation of
aggresomes, while abrogated the formation of MAPAs (Figs 4B and
C, and EV3D and E). Reintroduction of either FUNDC1 or FUNDCI1-
ALIR in FUNDCI-knockdown cells restored the MAPA formation
(Fig 4B and C). HSC70 knockdown also abrogated the formation of
MAPAs (Fig 4B and C). In contrast, HSP70 knockdown enhanced
the formation of MAPAs (Fig 4B and C). Additionally, MG132-
induced MAPAs were decreased in Bcl-xL-expressed cells or in
TOM20-, TOM22- or TOM70-knockdown cells, while increased in
LONP1-knockdown cells (Fig 4D-I). The effects of these molecules
on the MAPA formation were highly correlated with their effects on
the mitochondrial translocation or accumulation of the proteasomal
clients, indicating that the mitochondrial recruitment of the protea-
somal clients is important for triggering the formation of MAPAs.
FUNDCI and HSC70 therefore may promote the MAPA formation by
mediating the mitochondrial translocation of proteasomal clients.

Mitochondrial proteins are incorporated into the MAPAs

To investigate the properties of MAPAs in more detail, we first
employed the cryogenic super-resolution correlative light and elec-
tron microscopy (csCLEM) assay (Liu et al, 2015). It was shown
that the GFP-p62-labeled MAPA we observed under light microscope
contained some layered structures (Fig 5A). Transmission electron
microscopy (TEM) analysis further showed that proteasome inhibi-
tion resulted in the appearance of the layered structures inside mito-
chondria or in close proximity to mitochondria, in addition to their
existences in MAPAs (Fig 5B). We thus speculated that MAPAs may
originate from mitochondria, or at least, mitochondrial components
may constitute MAPAs. To test this, we took advantage of the fact
that protein aggregates are insoluble in TX-100 (Lystad & Simonsen,
2015). When cells were treated with MG132, R-GFP and ubiquiti-
nated proteins accumulated in both TX-100-soluble and TX-100-
insoluble fractions (Fig 5C and D). Interestingly, p62 and FUNDC1
were decreased in the TX-100-soluble fractions and increased in the
insoluble fractions (Fig 5C and D, and Appendix Fig S5A). Some
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other mitochondrial membrane proteins (TOM70, TIM23, and
TOM20) showed similar patterns of deposition (Fig 5C and
Appendix Fig S5A). The mitochondrial matrix protein (HSP60 and
LONP1) and marker proteins of the ER (calnexin and calreticulin),
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golgi (GOLM1 and GM130), and lysosome (LAMP2), however,
showed no increased deposition in the TX-100-insoluble fractions
(Fig 5C and Appendix Fig SS5A). We next found that the mitochon-
drial outer membrane-localized Mito-OM-GFP, but not diffuse
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Figure 5. MAPAs contain layered structures and mitochondrial proteins.

A csCLEM analysis of cells transfected with GFP-p62 and treated with MG132. Red arrowheads show the dark red fluorescent beads used to correlate the images from
light microscopy (LM) and transmission electron microscopy (TEM). The blue arrowhead shows a MAPA observed under LM and TEM.

(iv), attached to mitochondria (v, vi), away from mitochondria (vii), or inside the MAPAs (viii, ix) in MG132-treated cells. Scale bar = 500 nm. M, mitochondrion. N,
nucleus.

C Immunoblot analysis of the TX-100-soluble and TX-100-insoluble fractions of HeLa cells treated with MG132 as indicated.

D Immunoblot analysis of the TX-100-soluble and TX-100-insoluble fractions of HeLa cells transfected with Ub-R-GFP and treated with MG132 as indicated.

Source data are available online for this figure.

cytosolic GFP or mitochondrial matrix-localized Mito-MTX-GFP, membrane-localized proteins are more prone to deposit in response
were increased in the TX-100-insoluble fractions in MG132-treated to proteasome inhibition. As expected, MG132-induced deposition
cells (Appendix Fig SS5B), suggesting that the mitochondrial of mitochondrial membrane proteins was positively regulated by
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FUNDCI1, HSC70, and TOM complex, and was negatively regulated
by Bcl-xL, HSP70, and LONP1 (Fig EV4A-F and Appendix Fig S5C),
consistent with the effects of these molecules on MAPA formation.

In line with the deposition of mitochondrial membrane proteins
upon proteasome inhibition, we observed the colocalization of p62-
labeled MAPAs with Mito-OM-cherry, TIM23, and overexpressed
FUNDCI1, but not with Mito-MTX-GFP (Fig 6A and B, and
Appendix Fig S6). These data collectively suggested that the depos-
ited mitochondrial membrane proteins were incorporated into the
MAPAS.

We next asked whether the unfolded proteins in the mitochon-
drial matrix were incorporated into the MAPAs. We expressed the
unfolding-prone protein OTC-A (Zhao et al, 2002) in the mitochon-
drial matrix and found that it colocalized with MAPAs in MG132-
treated cells, while wild-type OTC remained in the mitochondrial
matrix (Figs 6C and EV4G), suggesting that within the mitochon-
drial matrix, unfolded proteins, but not correctly folded ones, are
incorporated into MAPAs.

To corroborate these findings, we employed the Apex (ascorbate
peroxidase) technique, which is widely used for subcellular imaging
of specific proteins by electron microscopy (EM). We transfected
cells with OTC-A-Apex or mitochondrial outer membrane-localized
Mito-OM-Apex and then treated these cells with MG132 followed by
DAB staining and TEM analysis. OTC-A was concentrated in certain
region of mitochondrial matrix (Fig 6D), consistent with the confo-
cal analysis (Figs 6C and EV4G). Both OTC-A-Apex and Mito-OM-
Apex signals were inside the MAPAs (Fig 6D), confirming that the
mitochondrial membrane-localized proteins and mitochondrial
matrix-localized misfolded proteins are incorporated into the
MAPAs.

FIS1 is required for the formation of MAPAs

Using time-lapse imaging, we observed the segregation of OTC-
A-GFP-positive  Mito-MTX-DsRed-negative structures from the
mitochondrial network (Fig 7A), suggesting a potential role of the
mitochondrial fission machinery in MAPA formation. To prove this,
we developed DLP1- and FIS1-knockdown cells and found that DLP1
knockdown had no visible effect on the MG132-induced deposition
of p62, TIM23, and FUNDCI in the Triton X-100-insoluble fractions
(Fig 7B). While, knockdown of FIS1 diminished the deposition of
FUNDCI, and this was reversed by the reintroduction of shRNA-
resistant Flag-FIS1 (Fig 7C and D). In line with this, MG132-induced
MAPAs were decreased in FIS1-knockdown cells (Fig 7E and F). The
reduction in MAPA formation caused by FIS1 deficiency may result
in the mitochondrial retention of the client proteins recruited to this

Figure 6. Mitochondrial proteins are selectively incorporated into MAPAs.

Mitochondria regulate proteostasis  Yanjun Li et al

organelle, as FIS1 knockdown augmented the MG132-induced mito-
chondrial accumulation of R-GFP, an effect which was reversed by
the reintroduction of Flag-FIS1 (Fig 7G and H). It should be noted
that the accumulation of misfolded proteins in the mitochondrial
matrix itself is required, but not sufficient to trigger MAPA formation
(Figs 4D, E, H, I and 6C, and EV4G), and the MAPAs consist of p62
and ubiquitinated proteins in addition to mitochondrial components.
We thus propose that the unfolded cytosolic proteins imported into
mitochondria, if not degraded by LONP1, may concentrate in certain
regions and then become segregated from the mitochondria in a
FIS1-dependent manner in response to proteostatic stress. The segre-
gated mitochondrial components may combine with ubiquitinated
proteins and p62 at the outer membrane of mitochondria to form
MAPAs, although the precise mechanism of MAPA formation
requires further investigation.

FUNDCL1 is required for the autophagic degradation of MAPAs

The autophagy pathway is activated to degrade protein aggregates
when proteasome activity is inhibited (Pandey et al, 2007). In line
with this, the autophagosome marker LC3 colocalized with MAPAs
as revealed by confocal analysis (Fig 8A) and by Apex-LC3 analysis
(Fig 6D). Most of the MAPAs were enclosed by membranes, resem-
bling the amphisomes/autolysosomes, a structure representing that
autophagosome is fused with endosomes/lysosomes (Mizushima
et al, 2010). Immunoblotting analysis revealed that proteasome
inhibition resulted in the activation of autophagy (LC3-II up-regula-
tion) and decline of representative mitochondrial membrane
proteins (TIM23 and TOM20) and p62, while had marginal effect on
the levels of representative mitochondrial matrix proteins (HSP60
and LONP1; Figs 8B and EVSA). Depletion of autophagy-related
ATGS abrogated MG132-induced autophagy, prevented the decline
of p62 and representative mitochondrial membrane proteins, and
enhanced the accumulation of R-GFP (Figs 8C and E, and EV5B).
These data collectively suggest that autophagy is responsible for the
degradation of MAPAs, which consist of p62, proteasomal clients,
and mitochondrial membrane proteins, and devoid of mitochondrial
matrix-localized correctly folded proteins.

Interestingly, we found that FUNDC1 knockdown also prevented
the MGI132-induced decline of representative mitochondrial
membrane proteins and enhanced the accumulation of R-GFP
(Figs 8D and E, and EV5C), and these effects were reversed by rein-
troduction of FUNDC1, but not FUNDCI-ALIR (Figs 8D and E, and
EV5C). Additionally, we found that the MAPAs formed in FUNDC1-
knockdown cells reintroduced with FUNDCI1-ALIR were devoid

of GFP-LC3, while the MAPAs formed in the control and

A Hela cells were co-transfected with Mito-OM-cherry and Mito-MTX-GFP and then treated with DMSO or MG132 and immunostained with anti-p62 antibody. Note
the colocalization of a p62 punctum with a structure that is positive for Mito-OM-cherry but not for Mito-MTX-GFP (white arrowheads) in MG132-treated cells. Scale

bar = 10 um.

B Hela cells were transfected with Mito-MTX-GFP and then treated with DMSO or MG132 and immunostained with anti-p62 and anti-TIM23 antibodies. Note the
colocalization of a p62 punctum with a structure that is positive for TIM3 but not for Mito-MTX-GFP (white arrowhead) in MG132-treated cells. Scale bar = 10 pum.

C Hela cells were co-transfected with Mito-MTX-GFP and OTC-Myc or OTC-A-Myc, treated with DMSO or MG132, and immunostained with anti-Myc and anti-p62
antibodies. Note that the p62-labeled MAPAs were colocalized with OTC-A (red arrowheads), but not with OTC (white arrowheads) in the MG132 treated cells. Scale

bar = 10 um.

D TEM analysis of Hela cells transfected with indicated vectors, treated with MG132, and stained with DAB. Blue arrowheads show MAPAs, and red arrowheads show

electron-dense Apex signals. Scale bar = 500 nm. M, mitochondrion.
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Figure 7. FIS1 is required for the formation of MAPAs.

A Time-lapse analysis of live HelLa cells transfected with OTC-A-GFP and Mito-MTX-DsRed and treated with MG132. White arrowheads show a OTC-A-GFP-positive
Mito-MTX-DsRed-negative structure that eventually segregated from the mitochondrial network.

B Immunoblot analysis of the MG132-induced deposition of FUNDC1, TIM23, and p62 in Hela cells transfected with Ctrl or DLP1 shRNA.

C,D Immunoblot analysis of the MG132-induced deposition of FUNDC1 in cells transfected with Ctrl ShRNA, FIS1 shRNA, or FIS1 shRNA together with shRNA-resistant

Flag-FIS1. Quantification is shown in (D).
E, F Hela cells were stably transfected with Ctrl or FIS1 shRNA, treated with MG132, and immunostained with indicated antibodies. Scale bar = 10 um. Quantification

is shown in (F).
G, H Fractionation analysis of HelLa cells stably transfected with Ctrl or FIS1 shRNA and then transiently co-transfected with Ub-R-GFP and Flag or Flag-FIS1 and
treated with DMSO or MG132. Quantification is shown in (H).
Data information: In panels (D, F and H), three replicates were analyzed using Student’s two-tailed t-test and are presented as the means + SEM. *P < 0.05; **P < 0.01;
***p < 0.001.
Source data are available online for this figure.
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FUNDCI1-knockdown cells reintroduced with wild-type FUNDCI1
were colocalized with GFP-LC3 puncta (Fig 8F). TEM analysis also
showed that the MAPAs formed in the FUNDCI-knockdown cells
reintroduced with FUNDC1-ALIR were exposed to the cytosol and
devoid of intact amphisomal/autolysosomal membranes enclosing
them (Fig 8G). These data are consistent with the results showing
that overexpressed FUNDC1-ALIR recruited p62, but not GFP-LC3,
to mitochondria (Fig 1A and Appendix Fig S1). Our results thus
uncover a new role of FUNDCI in promoting the degradation of
MAPAs under proteotoxic stress conditions, in addition to its char-
acterized role as a mitophagy receptor under hypoxic conditions
(Liu et al, 2012a).

FUNDC1 and HSC70 are required for the proteotoxic stress-
induced cellular senescence

It has been well documented that proteasome inhibition results in
mitochondria dysfunction and cellular senescence in cultured cells
(Ling et al, 2003; Chondrogianni & Gonos, 2004; Pei et al, 2004;
Sullivan et al, 2004; Chondrogianni et al, 2008; Torres & Perez,
2008). To test the effect of FUNDC1-/HSC70-mediated pathway on
cell fate, we established a model of senescence by treating HeLa
cells with MG132 for 8 h and then incubating them in normal
complete medium for a further 3 days. More than 20% of the cells
displayed SA-B-gal-positive staining (Fig 9A and B). Immunoblotting
analysis showed that the AMPK activity and the levels of oxidized
proteins in MG132-pulse-treated cells were consistently higher than
those in control cells until 3 days after treatment withdrawal
(Fig 9C and D, and Appendix Fig S7A). Pulse treatment with MG132
also resulted in the up-regulation of the senescence markers p53
and p21, but not p16 (CDKN2A), at 24 h and until 3 days after treat-
ment withdrawal (Fig 9C and D). The AMPK inhibitor Compound C
(Fig 9E and F), but not the ROS scavengers MitoTEMPO and NAC
(Appendix Fig S7B and C), prevented MG132-induced SA-B-gal-
positive staining and up-regulation of p53 and p21, suggesting a
potential role of AMPK in this process.

This senescent phenotype seems to depend on the mitochondrial
accumulation of proteasomal client substrates. It was positively
regulated by FUNDCI1 and HSC70, and it was negatively regulated
by Bcl-xL, HSP70, LONP1, and FIS1 (Fig 9G-P, Appendix Fig S7D
and E). The effects of these molecules on cell senescence were
highly correlated with their effects on the mitochondrial accumula-
tion of proteasomal clients. In particular, it should be noted that
FIS1 knockdown aggravated mitochondrial accumulation of protea-
somal clients and cell senescence, although it abrogated MAPA

Figure 8. FUNDC1 is required for the autophagic degradation of MAPAs.
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formation (Figs 7E-H, and 90 and P). Thus, mitochondrial accumu-
lation of unfolded proteins, rather than MAPA formation, is proba-
bly responsible for the occurrence of cell senescence, in agreement
with the fact that even monomeric aggregation-prone proteins are
toxic to mitochondria and cells (Ganguly et al, 2017).

Discussion

In the present study, we have provided evidence to show that the
FUNDC1/HSC70 interaction promotes the mitochondrial transloca-
tion of unfolded cytosolic proteins to mitochondria for degradation
by LONP1 or for formation of MAPAs. Our results extend a recent
study in yeast (Ruan et al, 2017) and suggest that the mitochondrial
degradation of unfolded cytosolic proteins is a highly conserved
mechanism. Through its interaction with FUNDCI, which serves as
an anchor to the outer membrane of mitochondria, HSC70 can
translocate many of its clients to the mitochondrial membrane or
into the mitochondrial matrix, in addition to the known mitochon-
drial proteins. This translocation depends on the TOM/TIM
complexes, and knockdown of either FUNDC1/HSC70 or TOM sub-
units will reduce protein translocation into mitochondria. Given the
general role of HSC70 in recognizing unfolded proteins during
normal proteostasis, it is conceivable that the FUNDC1/HSC70 axis
may be active under normal conditions, and the translocated
proteins would be degraded by LONP1 protease. Under proteostatic
stress conditions, the mitochondrial translocation of unfolded
cytosolic proteins is aggravated. Meanwhile, the interaction between
FUNDC1 and HSC70 is enhanced due to dephosphorylation of
FUNDCI at Ser13, suggesting that the mitochondrial translocation of
unfolded cytosolic proteins may be controlled by regulating the
FUNDC1/HSC70 interaction through modifying the phosphorylation
status of FUNDCI at Ser13. Our findings thus propose the FUNDC1/
HSC70 interaction as a novel connection between the cytosolic
proteostasis network and mitochondrial quality control systems.

In this study, we employed R-GFP as a reporter for proteasomal
degradation. Although R-GFP is an N-end rule substrate, HSC70
may also be involved in its proteasomal degradation, as knockdown
of BAG1, a HSC70 co-chaperone that mediates the interaction
between HSC70 and proteasome, caused accumulation of R-GFP
(Gamerdinger et al, 2009). In line with this, we found that R-GFP
can interact with HSC70 in a PBD-dependent manner, suggesting
that R-GFP is also a HSC70 client. We also found that HSC70 can
interact with UBR1 and knockdown of UBRI reduced the interaction
between HSC70 and R-GFP (unpublished observation). These data

A Hela cells were transfected with GFP-LC3, treated with DMSO or 10 uM MG132 for 8 h, and immunostained with anti-p62 antibody. Scale bar = 10 um.

m o 0O ®

*P < 0.05, **P < 0.01, ***P < 0.001.

Immunoblot analysis of the TCL of Hela cells treated with MG132 as indicated.

Immunoblot analysis of the TCL of HelLa cells stably transfected with Ctrl or ATG5 shRNA and treated with MG132 as indicated.

Immunoblot analysis of the TCL of Hela cells stably transfected with the indicated vectors and treated with MG132 as indicated.

Quantification of the results from panels (D and E). three replicates were analyzed using Student’s two-tailed t-test and are presented as the means + SEM.

F Hela cells were stably transfected with the indicated vectors, transiently transfected with GFP-LC3 and then treated with 10 uM MG132 for 8 h and immunostained

with anti-p62 antibody. Scale bar = 10 pm.

G TEM analysis of F1 shRNA/F1-Myc or F1 shRNA/ALIR-Myc cells treated with MG132 for 8 h. Yellow arrowheads show the MAPAs. Blue arrows show the places where
membrane is absent. White arrowheads show the layered aggregates budding from mitochondria. Scale bar = 500 nm; M, mitochondrion.

Source data are available online for this figure.
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are consistent with the phenotype in yeast that Ubrl and Ubr2 can
also promote the ubiquitination and degradation of the cytosolic
unfolded or misfolded proteins with the assistance of HSP70 (Heck
et al, 2010; Nillegoda et al, 2010). Hence, HSC70 may recognize
R-GFP through the interaction with UBRI, although the precise
mechanisms require further investigation.

It is well known that upon proteotoxic stress, protein aggre-
gates are translocated to the centrosome region and colocalize
with y-tubulin (Johnston et al, 1998; Kopito, 2000). HSP70 is
required for the formation of aggresomes (Zhang & Qian, 2011).
Here, we describe the formation of a novel type of protein aggre-
gates, which is dependent on FUNDC1/HSC70 pathway and is
distinct from aggresome. MAPA formation was blocked by knock-
down of FUNDC1, HSC70, or TOM complex components, while
exacerbated by knockdown of LONP1 and HSP70. We thus
suggest that mitochondria play a central role in organizing the
formation of MAPAs, depending on the mitochondrial transloca-
tion of the unfolded cytosolic proteins. Interestingly, we showed
that HSC70 and HSP70 cooperate in handling the misfolded
proteins in a competitive fashion. Knockdown of HSC70 reduces
MAPA formation, while knockdown of HSP70 promotes MAPA
formation. The opposite effects of HSC70 and HSP70 on MAPA
formation may attribute to their opposite effects on mitochondrial
translocation of unfolded cytosolic proteins and different affinities
for FUNDC1.

We found that MAPAs contain mitochondrial components,
including some mitochondrial membrane proteins and unfolded
proteins in the mitochondrial matrix, in addition to ubiquitinated
proteins and p62. And it should also be noticed that FIS1 is
required for the formation of MAPAs, suggesting a potential role
of the mitochondrial fission machinery in MAPA formation. The
expression of misfolding-prone OTC-A alone fails to induce
MAPAs, suggesting that MAPA formation requires cooperation
across the mitochondrial double membrane. We propose that the
unfolded cytosolic proteins imported into mitochondria, if not

The EMBO Journal

degraded by LONP1, may concentrate in certain regions and then
become segregated from the mitochondria in a FIS1-dependent
manner to form MAPAs in combination with the ubiquitinated
proteins and p62 at the outer membrane of mitochondria. The
mitochondrial membrane proteins, especially FUNDC1, may be
incorporated into the MAPAs during this process. The exact
molecular nature of MAPAs and the mechanism of their formation
warrant further investigation.

p62 is known as an autophagy receptor that recognizes cargos by
binding to ubiquitin via its UBA domain and tethers these cargos to
the autophagic degradation machinery by directly binding to LC3
(Pankiv et al, 2007). It is commonly detected in ubiquitinated
protein aggregates in cultured cells and Lewy bodies and other intra-
neuronal inclusions in neuronal diseases (Kuusisto et al, 2001;
Zatloukal et al, 2002; Nagaoka et al, 2004; Nakano et al, 2004). In
this study, we showed that deletion of the FUNDC1 LIR had no
effect on the formation of p62-positive MAPAs, while abolished the
colocalization between p62 and LC3 and degradation of MAPA-
localized proteins such as p62, TIM23, and TOM20, suggesting that
FUNDCI is required for the recognition of MAPAs by autophago-
somes. Our results are in line with recent studies, suggesting that
both p62 and NBR1 are dispensable for the clearance of aggresomes
and other protein aggregates (Wong et al, 2012). We thus reveal a
new function for FUNDCI1 in aggrephagy under proteostatic stress
conditions, in addition to its intrinsic role in mitophagy under
hypoxic conditions.

Impairment of the proteostatic network and mitochondrial
dysfunction are two drivers for aging and age-associated diseases,
but the interconnections between these two systems are not well
characterized. A number of studies have shown that proteasome
inhibition is capable of inducing mitochondrial dysfunction, ROS
generation, and senescence-like phenotypes in individual cells
(Ling et al, 2003; Chondrogianni & Gonos, 2004; Pei et al, 2004;
Sullivan et al, 2004; Chondrogianni et al, 2008; Torres & Perez,
2008). In line with this, genetic or pharmaceutical activation of the

Figure 9. Roles of FUNDC1, HSC70, HSP70, Bcl-xL, LONP1, and FIS1 in MG132-induced cell senescence.

A, B Hela cells were treated with DMSO or 10 pM MG132 for 8 h and then washed with fresh medium three times and cultured for another 3 days. Cells were then
fixed and subjected to SA-B-gal staining. The senescent cells show SA-B-gal-positive staining (Blue). Quantification is shown in (B).

C,D Immunoblot analysis of Hela cells treated with DMSO or MG132 for 8 h and then washed and cultured for the indicated times. Quantification is shown in (D).

E,F  Quantification of SA-B-gal staining in Hela cells treated with DMSO or MG132 for 8 h and then washed and incubated in fresh medium containing DMSO or
Compound C (C.C) for another 3 days. Immunoblot analysis of the cells is shown in (F).

G, H Quantification of SA-B-gal staining of Hela cells stably transfected with the indicated vectors, treated with DMSO or MG132 for 8 h and then washed and
cultured for 3 days. Immunoblot analysis of the cells is shown in (H). The up-regulation of p53 and p21 at 3 days after pulse treatment with MG132 was alleviated
by FUNDC1 knockdown and restored by reintroduction of F1-Myc or ALIR-Myc, although the basal level of p53 in FUNDC1-knockdown cells is higher than that in

control cells.

I, Quantification of MG132-induced SA-B-gal staining in Hela cells stably transfected with Ctrl, HSP70, or HSC70 shRNA, treated with DMSO or MG132 for 8 h and
then washed and cultured for 3 days. Immunoblot analysis of the cells is shown in (J). The up-regulation of p53 and p21 at 3 days after pulse treatment with
MG132 was alleviated by HSC70 knockdown, although the basal level of p53 in HSC70-knockdown cells is higher than that in control cells. Both p53 and p21 were

up-regulated in HSP70-knockdown cells treated with or without MG132.

K, L Hela cells stably transfected with tetracycline (Tet)-inducible Bcl-xL expression vector were incubated in DMEM containing Tet or not for 12 h, then treated with
DMSO or 10 uM MG132 for 8 h, and then washed and incubated in fresh medium for another 3 days. Cells were then subjected to SA-B-gal staining. Immunoblot
analysis of the cells is shown in (L). The induced Bcl-xL was detectable even 3 days after treatment withdrawal, because this protein is stable.

M, N Quantification of the SA-B-gal staining of Hela cells stably transfected with Ctrl or LONP1 shRNA, treated with DMSO or MG132 for 8 h and then washed and

cultured for 3 days. Immunoblot analysis of the cells is shown in (N).

0, P Quantification of the SA-B-gal staining of Hela cells stably transfected with Ctrl or FIS1 shRNA, treated with DMSO or MG132 for 8 h and then washed and

cultured for 3 days. Immunoblot analysis of the cells is shown in (P).

Data information: In panels (B, D, E, G, I, K, M and O), three replicates were analyzed using Student’s two-tailed t-test and are presented as the means + SEM. *P < 0.05;

**P < 0.01; ***P < 0.001.
Source data are available online for this figure.

© 2018 The Authors

The EMBO Journal 38:e987862019 15 of 20



The EMBO Journal Mitochondria regulate proteostasis  Yanjun Li et al

A B Cc Time after MG132-pulse D E 81 . @mDMSO  BMG132
0h __12h _24h _48h _72h EE |3 L
DMSO PN MG132 - + - + - + - + - + ez’ ST F
S =< o le [
“ w  p-AMPKA(T172) | - - ——— - - | < o
= c 15 *
8 3 B
° AMPK | " s - o — a————— @ 10
= 20 4 <=3 ok Hokk * o
B @ 5 — r r r
8_ P53 | - - e - — e —— "8_0
= £ 25
L g p21|-.—-—---- -l ‘gfg M
. < @ 5 * *
b @04 ———— S5 I
o N p16 S,
K 0'3’ 0h 12h 24h 48h 72h
AR\ B-actin W S S — — — — "
Time after MG132-pulse
E G |
40 - 3 ~ 801
— EDMSO BMG132 S 100 7 mCtrl shRNA * B Ctrl shRNA
S . . BF1 shRNA - BHSC70 shRNA
” 3 80 { BF1shRNA/F1-Myc £ g0 { BHSP70 shRNA
2 S OF1 shRNA/ALIR-MYC [
8 4 o *
o £ 601 - 2
2 20 1 3 . K 07 ot
Z g 4 . g "
& S w
= i o 20 4
> T 2 @
L3 <
5 %)
x 0 @
0 - DMSO MG132 DMSO MG132
Ctrl C.C
F H J
Ctrl shRNA + o+ - - - - - -
CtrlshRNA  + + - - - -
- - + + cc FISARNA - -+ 4+ 4+ 4 HSC70ShRNA - - + + - -
-+ -+ MG132 Fi-Myc - - - -+ 4+ - - HSP70ShRNA - - - - + +
ALRMyc - - - - - - + + MG132 - + - o+ -+
— — e -~ D53 MG132 -+ -+ - + -+
53 | I p53 . --n
J— p21 p S e e s o - | |
p21 - -— —
p21|-—~--—- —-—--—-|
S e s |P-AMPKa(T172)
WSS (AMPKa n—— HSC70 [/ s —
W ———— | Ol B-aCtin | ————— ——— B-actin | CEDEEDED NP ED D
K M (0]
80 -
< % BCtrl  @Tet 9 B Cir ShRNA g "
g g HLONP1 shRNA < |Ctri ShRNA
o o 60 2 BFIS1 shRNA
8 - 3 * S o
2 R 2
3 30 = 2 401
g g - oy -
= [ 5
(o)} o 20 4 T
% o ¢
) p )
04 0 A 0
DMSO MG132 DMSO MG132 DMSO MG132
L N P
- -+ o+ Tet CtrlshRNA + + - - CtrlshRNA + + - -
-+t -+ MG132 LONP1sShRNA - - + + FISTshRNA - - + +
MG132 -+ - + MG132 -+ - F
| - - — | p53
p53 L —— p53 e —
| - D e - | p21
P21 [ = ——— p2l | T —— —

| - e | Bcl-xL-Myc
LONP1 FIS1 -
|m-| B-actin B-actin IEI B-actin | s e ——

Figure 9.

16 of 20 The EMBO Journal ~ 38: €98786 | 2019 © 2018 The Authors



Yanjun Li et al ~ Mitochondria regulate proteostasis

proteasome retards cell senescence, the cellular basis for aging
(Chondrogianni et al, 2014). Previous work has tried to explain
these phenomena by investigating the role of the proteasome in
degrading mitochondrial proteins, especially the outer mitochondrial
membrane (OMM) proteins and mistargeted mitochondrial protein
precursors. In this study, we found that mitochondria can be directly
targeted by misfolded proteins, rendering cells susceptible to
proteotoxicity and senescence. Knockdown of FUNDC1 and HSC70
impeded the translocation of client proteins to mitochondria and
alleviated the senescence-like phenotypes. In contrast, knockdown
of HSP70, LONP1, and FIS1 increased the accumulation of client
proteins in mitochondria and exacerbated the senescence-like pheno-
types. In particular, knockdown of FIS1 enhances misfolded protein
accumulation without much MAPA formation, suggesting that the
accumulation of misfolded proteins in the mitochondrial matrix,
rather than the MAPA formation, is probably responsible for the
occurrence of cell senescence. Our results thus provide a missing
link that can explain how impaired proteostasis causes mitochon-
drial dysfunction and consequent cell senescence and aging.

Materials and Methods

Cell culture and transfection

HeLa, U20S, and HepG2 cells were grown in DMEM (Hyclone)
containing 10% fetal bovine serum and antibiotics at 37°C under
5% CO,. Plasmid transfection was performed using MegaTran 1.0
(OriGene, TT200003) following the manufacturer’s instructions.
Primers for shRNA were designed following the manufacturer’s
instructions and cloned into the pSilencer2.1-neo vector to construct
the shRNA against HSC70, HSP70, LONP1, FIS1, and CLPP. Primers
for shRNA were designed following the manufacturer’s instructions
and cloned into the pSUPER.retro.puro and pSUPER-nGFP.vector to
construct the shRNA against TOM20, TOM22, and TOM70. The
target sequence in HSC70 is 5-CTGACAAAGATGAAGGAAA-3/, in
CHIP is 5-AGGCCAAGCACGACAAGTA-3/, and in LONP1 is 5-GG
ACCTCAGTCGGCTTAAT-3'. The shRNA target sequences in
FUNDCI, HSP70, FIS1, CLPP, Drpl, TOM20, TOM22, and TOM70
are as described (Gandre-Babbe & van der Bliek, 2008; Cheng et al,
2009; Kita et al, 2012; Liu et al, 2012a; Zhuang et al, 2013; Chen
et al, 2016). To establish stable knockdown cell lines, HeLa cells
were transfected with the corresponding shRNA vectors and
selected with neomycin. FUNDC1-knockdown cells were transfected
with FUNDC1-Myc and FUNDC1-ALIR-Myc expression plasmids and
selected with zeocin to establish stable rescued cell lines. FUNDCI1-
knockout cells were established using CRISPR/Cas9 system and
verified through immunoblotting analysis.

Reagents and antibodies

See Appendix Supplementary Methods.

Fraction analysis and Proteinase K protection assay

HelLa cells treated with DMSO or 10 uM of MG132 for 4 h or transfect

with certain vectors were harvested and washed with PBS, resus-
pended in 1 ml of isolation buffer (IB) (10 mM Tris-MOPS, 1 mM
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EGTA-Tris, 200 mM sucrose, 1 mM PMSF, pH 7.4), lysed by passing
through a 29 G needle attached to 1-ml syringe 12 times, and centri-
fuged for 10 min at 800 g, 4°C. The supernatant was transferred to
fresh tubes and centrifuged for 10 min at 10,000 g, 4°C. The pellets
were then resuspended in 50 pl of IB and dissolved in SDS sample
buffer and boiled to make the mitochondrial fraction samples. 6 x SDS
sample buffer was added to the supernatants, which were boiled to
make the cytosol samples. Samples were then analyzed by SDS-PAGE
and Western blotting. To make the total cell lysates (TCL), cells were
directly boiled in SDS sample buffer and then subjected to Western
blotting analysis to detect the levels of proteins in whole cells.

To trace the sub-mitochondrial locations of the related proteins,
mitochondria were treated with 100 pg/ml of proteinase K (Pro. K)
in the presence of 0.1% digitonin or 1% Triton X-100 (or not) in
30 pl of IB for 15 min at room temperature. 7 mM PMSF was added
for 5 min to inactivate Protease K. 5 pl of 6 x SDS sample buffer
was added, and the samples were boiled and analyzed by SDS-
PAGE and Western blotting.

In vitro import assay

Cytosolic fractions isolated from GFP- or Ub-R-GFP-expressing cells
were mixed with mitochondria isolated from the untreated HeLa cells
and then incubated at room temperature for 1 h, and mitochondria
were isolated via centrifugation and subjected to immunoblot analy-
sis. To check the suborganellular localization of R-GFP, mitochondria
isolated from the in vitro system were treated with 100 pg/ml of Pro.
K for 15 min at room temperature before immunoblot analysis.

Differential detergent fractionation

HeLa cells treated with DMSO or MG132 were harvested and lysed
in Triton X-100 lysis buffer (50 mM NaCl, 10 mM Tris pH 7.5,
5 mM EDTA, and 1% Triton X-100) and then centrifuged at
17,000 x g for 15 min at 4°C. The supernatants (TX-soluble frac-
tion) and the pellets (TX-insoluble fraction) were collected and
analyzed by immunoblotting.

Ni**-NTA precipitation assay

For immunoprecipitation, Ni?"-NTA precipitation, and protein oxida-
tion detection, cells were dissolved in lysis buffer containing 50 mM
Tris—HCI (pH 7.4), 137 mM NaCl, 2 mM EDTA, 10% glycerol, 1 mM
PMSF, and 1% NP-40. The lysates were centrifuged at 10,000 x g for
15 min, and the supernatants were collected for further use.

Cell lysates were incubated with Ni**-NTA beads with rotation
for 2 h at 4°C. The beads were pelleted by spinning, washed with
lysis buffer three times and subjected to SDS-PAGE separation and
Coomassie Brilliant Blue staining.

Immunoprecipitation

Cells were lysed as described above, and then, primary antibodies
were added to the lysates and incubated with rotation for 2 h at
4°C. A 50% slurry of protein G-Sepharose was then added, and the
incubation was continued for an additional 4 h. After washing three
times with ice-cold lysis buffer, the precipitates were subjected to
Western blotting analysis.
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SA-B-gal staining

Cells treated with DMSO or 10 uM of MG132 for 8 h were washed
with fresh medium three times and cultured for 3 days. SA-B-gal
staining was performed using the Senescence B-Galactosidase Stain-
ing Kit (Beyotime, C0602) following the manufacturer’s instructions.
SA-B-gal-positive cells were evaluated by watching under microscope.
For each sample, > 100 cells from five random visual fields were
analyzed, percentage of the B-gal-positive cells were calculated, and
means + SEM of three independent experiments are shown.

Protein oxidation detection

Cells were lysed using the above-mentioned lysis buffer containing
50 mM DTT. The total protein concentration in the lysates was then
quantitated and equalized. Five microliters of the lysates was
subjected to detection of oxidized proteins using the OxyBlot Protein
Oxidation Detection Kit (Millipore, S7150) following the manufac-
turer’s instructions.

SDS-PAGE and Western blotting

Samples were subjected to SDS-PAGE and transferred to nitrocellu-
lose membranes. The membranes were then blocked and incubated
with appropriate primary antibodies followed by HRP-conjugated
secondary antibodies. Immunoblotted bands were visualized with a
chemiluminescence kit (Thermo Fisher, 32109).

Immunofluorescence staining

Cells were seeded onto coverslips and fixed with 4% paraformalde-
hyde in PBS and then permeabilized with 0.2% Triton X-100. After
incubation with 2% BSA in PBS, the cells were incubated with the
primary antibody (1:100) for 2 h and Alexa488-, Alexa555-, or Alex-
a647-conjugated secondary antibody (1:1,000) for 1 h. After washing
with PBS, the cells were mounted and subjected to observation. For
digitonin permeabilization, cells were incubated in 25 pg/ml digi-
tonin for 10 min on ice to remove cytosolic proteins before fixing.

Confocal microscopy

Both immunostained and live cells were observed with a confocal
laser scanning microscope (Zeiss LSM510). Live cells were imaged
in a temperature-controlled chamber (37°C) at 5% CO,.
Transmission electron microscopy

See Appendix Supplementary Methods.

Cryogenic super-resolution correlative light and electron
microscopy (csCLEM)

See Appendix Supplementary Methods.
Quantifications

Intensity of immunoblotting band was quantified by using ImageJ
(National Institutes of Health), the ratios between the target proteins
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and loading control were calculated and normalized, and
means + SEM of three independent experiments are shown. The
number of MAPAs in each cell was counted manually, and 30-50
cells from three independent experiments were analyzed for each
group.

Statistical analysis

Data were analyzed using Student’s two-tailed t-test and are
presented as the means + SEM. Statistical significance was set at
P < 0.05.

Expanded View for this article is available online.
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