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SUMMARY

Aging is attended by a progressive decline in protein
homeostasis (proteostasis), aggravating the risk
for protein aggregation diseases. To understand
the coordination between proteome imbalance and
longevity, we addressed the mechanistic role of the
quality-control ubiquitin ligase CHIP, which is a key
regulator of proteostasis. We observed that CHIP
deficiency leads to increased levels of the insulin re-
ceptor (INSR) and reduced lifespan of worms and
flies. The membrane-bound INSR regulates the insu-
lin and IGF1 signaling (IIS) pathway and thereby
defines metabolism and aging. INSR is a direct target
of CHIP, which triggers receptor monoubiquityla-
tion and endocytic-lysosomal turnover to promote
longevity. However, upon proteotoxic stress condi-
tions and during aging, CHIP is recruited toward
disposal of misfolded proteins, reducing its capac-
ity to degrade the INSR. Our study indicates a
competitive relationship between proteostasis and
longevity regulation through CHIP-assisted proteoly-
sis, providing a mechanistic concept for understand-
ing the impact of proteome imbalance on aging.

INTRODUCTION

Proteostasis represents the functional balance of the proteome,
which is permanently challenged by environmental stress and
alterations in physiology. A decline in proteostasis leads to pro-
gressive aggregation of misfolded proteins, overwhelming the
cellular protein quality control (PQC) networks. The maintenance
of PQC mechanisms provided by molecular chaperones and
proteolytic pathways is not only a long-term challenge for
individual cells but also for the entire organism, given that
damaged proteins dramatically accumulate with progressive
aging (Lopez-Otin et al., 2013).
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The quality-control E3 ubiquitin ligase CHIP acts along with
molecular chaperones and degradation machineries to keep
the cellular balance between protein folding and degradation
(Arndt et al., 2007; Connell et al., 2001; Cyr et al., 2002; Murata
et al., 2003). CHIP provokes the ubiquitylation of damaged
proteins consigned by chaperone partners to induce disposal
through endocytic-lysosomal pathways (Okiyoneda et al.,
2010; Slotman et al., 2012), proteasomal degradation (Connell
et al., 2001; Cyr et al., 2002; Murata et al., 2003), and autophagy
(Arndt et al., 2010). In agreement with its role in protein quality
control, CHIP prevents an age-related pathologic accumulation
of protein aggregates (Connell et al., 2001; Petrucelli et al.,
2004). Surprisingly, however, CHIP™'~ deletion mice exhibit
normal embryonic development and unaffected turnover of
many known CHIP substrates, suggesting functional redun-
dancy among quality-control ubiquitin ligases (Min et al., 2008;
Morishima et al., 2008). On the other hand, CHIP deficiency
accelerates aging (Min et al., 2008), which points to the existence
of at least one critical CHIP-specific substrate that controls
longevity. However, the mechanistic link between proteostasis
decline and aging has remained unexplained so far.

Insulin and insulin-like growth factor 1 (IGF1) signaling (IIS)
represents an evolutionarily conserved pathway that senses
nutrient supply and determines longevity in multicellular organ-
isms (Barbieri et al., 2003). IIS defines various cellular processes,
including innate immunity and stress response. Reduced insulin
signaling extends lifespan and improves proteotoxic stress
resistance via the activation of multiple transcription factors (Co-
hen et al., 2010; Hesp et al., 2015; Kenyon, 2010; Kevei and
Hoppe 2014). DAF-2 has been identified as a membrane bound
receptor regulating the IS pathway in Caenorhabditis elegans.
Mechanistically, downregulation of DAF-2 function activates
the FOXO transcription factor DAF-16, causing dramatic lifespan
extension (Kenyon et al., 1993). Besides extensive genetic ana-
lyses of the IIS pathway, however, the impact of DAF-2 protein
level regulation on aging has not been addressed.

Here, we reveal an important function of CHIP-mediated pro-
teolysis in IIS. We identify a degradation pathway that controls
the level of active DAF-2/INSR in C. elegans, Drosophila
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Figure 1. CHIP Modulates Lifespan via Increased Insulin Signaling
(A) C. elegans chn-1 mutants (by155 and tm2692) exhibit short lifespans.
(B) Body size of chn-1 deficient worms is reduced, compared to wild-type worms (mean values + SEM were obtained by measuring at least n = 20 worms).
***p < 0.001.
(C) Deletion of chn-1 shortens lifespan of eat-2(ad465) worms.
(D and E) DAF-16::GFP overexpression extends the lifespan of chn-1(by155) and chn-1(tm2692) worms.
(F) Depletion of daf-16 by RNAi shortens the lifespan of chn-1(by155) worms.
(legend continued on next page)
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melanogaster, and human cells. The key regulator of this
conserved mechanism is the ubiquitin ligase CHIP, which fine-
tunes IIS via monoubiquitylation and subsequent endocytic-
lysosomal degradation of the insulin receptor. Upon proteotoxic
stress and during aging, however, CHIP is preferentially shuttled
towards quality-control pathways for degradation of damaged
proteins, causing a stabilization of the INSR. Accordingly, pro-
teotoxic accumulation of damaged proteins or aberrant CHIP
function attenuates INSR degradation and affects metabolism
and longevity through increased IIS. In conclusion, our results
demonstrate a competition between proteostasis and lifespan
regulation through CHIP-assisted proteolysis, providing an
evolutionarily conserved concept for understanding the impact
of proteome imbalance on aging.

RESULTS

Lack of the E3 Ligase CHIP Increases IIS Activity

To obtain insight into the physiological function of CHIP, we
examined its role in aging, using C. elegans as a model organism.
Interestingly, the loss-of-function alleles chn-1(by155) and chn-
1(tm2692), both lacking the single CHIP worm ortholog CHN-1,
showed reduced lifespan (Figures 1A and S1A; Table S1). The
short lifespan phenotype of both deletion mutants was also
recapitulated by RNAi depletion of chn-1 (Figure S1B; Table
S1). chn-1(by155) worms exhibited reduced body size, which
often reflects limited nutrient uptake (Figure 1B). Therefore,
we investigated the effect of chn-71 depletion in context of
the well-established longevity pathway triggered by dietary
restriction (DR). DR can be reproduced genetically by using
eat-2(ad465) mutants, which exhibit reduced pharyngeal pump-
ing rates, causing lower food intake, smaller body size, and
extended lifespan (Lakowski and Hekimi, 1998). However, dele-
tion of chn-1 only partially shortened the lifespan of eat-2(ad465)
mutant worms, suggesting that CHN-1 acts parallel to DR in a
different longevity pathway (Figure 1C; Table S1).

IIS is well known to regulate both lifespan and metabolism in
C. elegans (Perez and Van Gilst, 2008). Hence, the phenotypes
we observed in the chn-1 deletion mutants could also be linked
to this conserved signaling pathway (Kimura et al., 1997).
Reduced activity of the DAF-2/INSR mobilizes the downstream
FOXO transcription factor DAF-16, resulting in enhanced
metabolism and extended lifespan of nematodes (Lin et al.,
2001; Ogg et al., 1997). Nuclear localization of DAF-16 can
be triggered by its overexpression to support transcriptional
activity and longevity (Henderson and Johnson, 2001). In fact,
transgenically expressed DAF-16::GFP was able to suppress

both chn-1(by155) and chn-1(tm2692) deletion mutants and
extended lifespan (Figures 1D and 1E; Table S1). Conversely,
short lifespan caused by RNAi-mediated downregulation of
daf-16 was not further reduced by chn-1 deletion. The combined
depletion of both genes rather resulted in almost identical life-
span curves, suggesting an epistatic relationship (Figure 1F;
Table S1). Inlight of this genetic interaction, we further monitored
DAF-16 nuclear localization as visual readout to test whether
insulin signaling is increased in the absence of chn-1. In fact,
localization of DAF-16::GFP into the nucleus was delayed
in the chn-1(by155) deletion mutant (Figures 1G and S1C;
Table S2), whereas it was enhanced by transgenic overexpres-
sion of chn-1::FLAG (Figures 1G, S1C, and S2A; Table S2). We
wondered whether the reduced lifespan and DAF-16 mobility
of chn-1 deletion worms might reflect reduced transcriptional
activity of DAF-16. Recent studies identified several target genes
of DAF-16 important for lifespan regulation (Lee et al., 2003).
Following mRNA expression levels by real-time PCR, we identi-
fied reduced amounts of sod-3 and sip-17 mRNAs in worms lack-
ing chn-1, similar to daf-16 loss-of-function, suggesting that
CHN-1 is important for efficient activation of DAF-16 (Figure 1H).

Given the evolutionarily conserved function of insulin signaling
(Barbieri et al., 2003), we wondered whether CHIP depletion pro-
vides similar short-lived phenotypes in D. melanogaster. In fact,
RNAi-mediated downregulation of Drosophila CHIP (dCHIP)
strongly reduced the lifespan of flies (Figure 1l; Table S1).
Whereas the reduction of CHN-1 and dCHIP levels diminished
longevity, overexpression did not enhance lifespan of worms
and was even toxic in flies (Figures S2A-S2D; Table S1). Overex-
pression of the chaperone-associated ubiquitin ligase might
cause an excessive routing of chaperone clients onto degrada-
tion pathways and might lead to non-physiological changes of
the chaperone network given the HSF-1 regulating activity of
CHIP (Dai et al., 2003; Qian et al., 2006).

Lifespan regulation critically depends on IS signaling, which is
activated upon ligand binding to the INSR at the plasma mem-
brane and involves a cascade of intracellular phosphorylation
events (van der Horst and Burgering, 2007). Given the impact
of CHIP depletion on lifespan regulation and genetic correlation
with IS, we wondered whether any of the IIS downstream targets
are regulated by CHIP-mediated degradation. In fact, depletion
of CHIP did not influence the protein level of PDK1, AKT, or
mTOR,; also, the level of the chaperone Hsp90 remained un-
changed in human embryonic kidney (HEK293) cells (Figure S2E).
However, it increased AKT kinase phosphorylation in flies (S505,
p-AKT) and human cells (S473, p-AKT) (Figures 1J and 1K),
providing further evidence for increased insulin signaling upon

(G) chn-1 deficient worms exhibit delayed nuclear localization of DAF-16::GFP triggered by heat stress. DAF-16::GFP localization in wild-type, chn-1(by155)
mutant worms, and worms overexpressing chn-1 (CHN-1::FLAG) was scored as nuclear or diffuse cytoplasmic (nuclear and cytoplasmic). Individual worms were
classified based on the intracellular distribution of the DAF-16::GFP fluorescence. Data shown are from one representative experiment (n = 100).

(H) CHN-1 is important for efficient activation of DAF-16. Real-time PCR identified reduced levels of sod-3 and sip-1 mRNAs in worms lacking chn-1, similar to the
daf-16 loss-of-function mutant (mean values were obtained in n = 3 independent biological replicates).

(l) Ubiquitous depletion of dCHIP through RNAi causes reduced lifespan of flies.

(J) Loss of dCHIP activates AKT signaling (S505, p-AKT) and stabilizes dINSR in flies (mean values were obtained in n = 5 independent experiments).
(K) Depletion of CHIP in HEK293 cells activates AKT signaling (phosphorylated AKT [S473, p-AKT] was quantified from n = 5 independent experiments).
(H, J, and K) Data are means SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See Table S1 for lifespan statistics.

See also Figure S1.
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depletion of CHIP (Su et al., 2011). Collectively, these results
suggest that CHIP provides a conserved role in the regulation
of IIS activity.

CHIP Activity Correlates with DAF-2/INSR Protein Level
Given our genetic epistasis data placing CHN-1 function up-
stream of DAF-2, we performed western blot analysis to monitor
the DAF-2 protein level in vivo (Figure S2F). Intriguingly, DAF-2
abundance increased specifically later in life and was signifi-
cantly enhanced in chn-1(by155) mutants especially at day 10
of adulthood (Figures 2A and 2B). Given that CHN-1 teams up
with the related ubiquitin ligase UFD-2 in another degradation
pathway regulating turnover of the myosin chaperone UNC-45
(Hoppe et al., 2004), we tested whether UFD-2 would be addi-
tionally involved in DAF-2 regulation. Loss-of-function ufd-
2(tm1380) mutants displayed reduced UNC-45 turnover (Fig-
ure 2C). Importantly, however, in contrast to chn-1(by155),
ufd-2(tm1380) mutants did not exhibit a stabilization of DAF-2
(Figure 2C). To rule out unspecific consequences of CHN-1
depletion on overall protein turnover, we compared the total
amount of ubiquitylated proteins in wild-type and chn-1(by155)
mutant worms at days 1 and 10 of adulthood. Since there was
no increase of ubiquitylated proteins detected in worm lysates
lacking CHN-1 (Figure 2D), the stabilization of DAF-2 suggests
a substrate-specific role of CHN-1 in IS regulation rather than
a general defect in ubiquitin-dependent protein degradation. In
flies, the observed induction of AKT kinase phosphorylation
upon loss of dCHIP was also accompanied by an increase of
the dINSR level (Figures 1J and 2E). In agreement with increased
insulin signaling activity, the stabilized receptor did not accumu-
late in detergent-insoluble aggregates (Figure 2F). Finally, deple-
tion of human CHIP in HEK293 cells resulted in a significant
increase in the protein amount of human INSR, whereas
transcript levels remained unchanged (Figure 2G). Conversely,
overexpression of CHIP caused reduced protein levels of
INSR (Figure 2H). These data demonstrate that CHIP plays a
conserved role in limiting INSR levels.

CHIP Binds and Monoubiquitylates the INSR

Regarding the correlation between CHN-1 and DAF-2 protein
levels, we wondered whether the two proteins are directly asso-
ciated. Indeed, we found that FLAG-tagged CHN-1 binds DAF-2
in immunoprecipitation assays by using lysates of transgenic
worms expressing CHN-1::FLAG (Figures 3A, 3B, and S3A).
Intriguingly, the interaction was most obvious at day 10 of adult-
hood, which correlates with the timing of DAF-2 protein level
increase in worms lacking CHN-1 (Figures 2A and 2B). This inter-
action is evolutionarily conserved given that we also detected
binding between the INSR and CHIP in human cell lysates
(Figure 3C).

Regarding the direct interaction, we tested whether the INSR
is a target for CHIP ligase activity and performed in vitro ubiqui-
tylation assays with recombinantly expressed proteins. Indeed,
we detected efficient ubiquitylation of DAF-2, dINSR, or INSR
either by CHN-1, dCHIP, or human CHIP, respectively (Figures
3D-3G). This reaction was completely blocked by a H218Q
point mutation within the conserved U-box domain of CHN-1,
essential for E3 ligase catalytic activity (U-box), or complete

deletion of the entire domain (AU-box) (Figures 3D, S3B, and
S3C) (Rosser et al., 2007). The amino-terminal tetratricopeptide
repeat (TPR) domain of CHIP mediates interaction with Hsp70
and Hsp90, and is required for the intrinsic ability of CHIP to
recognize substrate proteins (Rosser et al., 2007). Mutation of
the TPR domain also inhibited receptor ubiquitylation, revealing
that the domain contributes to the direct recognition of INSR
by CHIP in the chaperone-free reaction (Figures S3C and
S3D). In contrast to the role of CHN-1/CHIP, DAF-2 was not
modified by the related ubiquitin ligases UFD-2 (Hoppe et al.,
2004) or WWP-1, a HECT domain protein implicated in control
of DR-dependent longevity (Figures 3D and S3B-S3D) (Carrano
et al., 2009).

Different lysine (K) residues of ubiquitin are used for isopeptide
bond formation between single ubiquitin molecules to form poly-
ubiquitin chains with distinct linkages (Komander and Rape,
2012). Regardless of the use of wild-type (Ub) or a mutant form
of ubiquitin without lysines (Ub"®), we obtained a similar pattern
of ubiquitylation on DAF-2 or the INSR in our defined in vitro
studies, indicating that CHN-1/CHIP mediates multiple monou-
biquitylation of the INSR rather than polyubiquitylation (Figures
3F and 3G). These experiments suggest a conserved role of
CHIP in monoubiquitylation of the INSR in worms, flies, and
human cells. The lysine residues that are ubiquitylated were
identified by mass spectrometric analyses of modified DAF-2/
INSR obtained from independent in vitro experiments. K1047
was preferentially used for INSR ubiquitylation in vitro and clus-
ters with the additional conserved conjugation site K1057 (Fig-
ure S3E). In support of our findings, recent proteomic studies
also identified K1047 as a major residue targeted for receptor
ubiquitylation in human cells (Kim et al., 2011). In contrast to
the INSR, CHIP is not able to ubiquitylate the insulin-like growth
factor receptor 1 (IGF1R) (Figure 3H). Accordingly, depletion of
CHIP did not stabilize IGF1R (Figure 3l). Together, these findings
highlight the substrate-specific role of CHIP in INSR degradation
both in vitro and in vivo.

Ubiquitylation Provokes Endocytic-Lysosomal Turnover
of the INSR

Notably, proteasomal inhibition by MG132 did not affect INSR
stability in HEK293 cells (Figure 4A). In contrast, the amount
of INSR increased upon treatment of human cells with the lyso-
somal inhibitors bafilomycin A1 (BafA1) and chloroquine, or a dy-
namin inhibitor that blocks endocytosis (Figure 4A). Moreover,
dynamin inhibition reversed the reduced INSR level boosted by
CHIP overexpression (Figure 4B). These findings would be
consistent with an endocytic-lysosomal or autophagic degrada-
tion pathway for INSR. To distinguish between these possibil-
ities, we depleted the essential autophagy factor ATG7 from
human HEK293 cells by siRNA and monitored INSR level (Ko-
matsu et al., 2005). Efficient depletion of ATG7 significantly
inhibited autophagy, as evident from p62 accumulation and
reduced levels of lipidated LC3 (LC3-Il) (Figure 4C). Yet, ATG7
depletion did not affect INSR stability, thus excluding a critical
contribution of autophagy to INSR degradation. Importantly,
the CHIP-targeted lysine K1047 of the INSR is crucial for recep-
tor degradation in human cells given that the conservative
K1047R amino acid substitution stabilized the INSR to the
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Figure 2. CHIP Regulates DAF-2/INSR Protein Level

(A, B) chn-1(by155) shows increased levels of DAF-2 protein, analyzed by immunoblotting of worm lysates of indicated age (day 0; L4 worms) (mean values were
obtained in n = 6 independent experiments).

(C) Lack of UFD-2 does not stabilize DAF-2.

(D) chn-1(by155) mutation does not increase the global level of ubiquitylated proteins in young or aged adult worms.

(E) Ubiquitous depletion of dCHIP increases levels of dINSR (detected in whole fly extracts) (mean values were obtained in n = 5 independent experiments).
(F) dINSR stabilized upon dCHIP depletion does not accumulate in detergent-insoluble aggregates. Fly heads were lysed in SDS-containing buffer and the
resultant extract was separated in an SDS-soluble and -insoluble fraction by centrifugation at 100,000 x g.

(G) Depletion of CHIP in human HEK293 cells causes increased levels of INSR as determined by western blot, whereas mRNA levels remain unchanged (mean

values were obtained in n = 5 independent experiments).
(H) Overexpression of CHIP results in decreased level of INSR in HEK293 cells (mean values were obtained in n = 5 independent experiments).

(B, E, G, and H) Data are means + SEM. *p < 0.05, **p < 0.01.
See also Figure S2.

same extent as inhibition of lysosomal degradation by chloro- CHIP-Dependent Ubiquitylation of DAF-2 Is Linked to
quine treatment (Figures 4D, 4E, and S3E). Taken together, our  Longevity

data reveal an endocytic and lysosomal pathway for INSR turn-  We further assessed the physiological relevance of the ubiquitin
over initiated by CHIP-dependent monoubiquitylation. ligase activity by expressing wild-type and mutated variants of
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Figure 3. CHIP Binds and Monoubiquitylates DAF-2/INSR

(Aand B) CHN-1 interacts with DAF-2. Receptor complexes were isolated by immunoprecipitation from wild-type worms expressing CHN-1::FLAG (15 or 10™ day
of adulthood).

(C) CHIP interacts with INSR in human cells. After transient transfection of HEK293 cells with a FLAG::CHIP expressing plasmid, INSR complexes were isolated by
immunoprecipitation.

(D and E) Ubiquitylation reactions of DAF-2 and dINSR were carried out as indicated using CHN-1(WT), CHN-1(U-box), CHIP, dCHIP, WWP-1, and UFD-2 as
ubiquitin ligases.

(F and G) DAF-2/INSR undergoes monoubiquitylation. In vitro ubiquitylation assays were carried out as indicated using wild-type ubiquitin or a lysine-lacking
variant (UbX%). Samples from experiments analyzing mono vs. polyubiquitylation (G) were run on separate gels and are presented here separated by a dashed line.
(H) CHIP does not ubiquitylate IGF1R. Ubiquitylation reactions of IGF1R and INSR were carried out as indicated using CHIP as ubiquitin ligase. Samples from
experiments analyzing IGF1R and INSR ubiquitylation were run on separate gels and are presented here separated by a dashed line.

(I) Depletion of CHIP in human HEK293 cells does not affect protein levels of IGF1R. Data are means + SEM obtained in n = 4 independent experiments.

See also Figure S3.

chn-1 in the chn-1(by155) deletion strain. Unlike wild-type further clarify whether the level of DAF-2 strictly correlates with

CHN-1, the catalytically inactive CHN-1(U-box) mutant defective
in DAF-2 ubiquitylation was not able to rescue the shortened life-
span phenotype of chn-1(by155) worms (Figures 5A, 5B, and
S3A). This result supports the idea that CHN-1-dependent ubig-
uitylation of DAF-2 is tightly linked to regulation of longevity. To

lifespan, we analyzed its protein amount in different C. elegans
daf-2 mutant alleles (Figure 5C) (Kimura et al., 1997; Malone
and Thomas, 1994; Patel et al., 2008; Scott et al., 2002). The
hypomorphic daf-2(e1368) mutant promotes longevity and is
able to extend the short lifespan of chn-7-deficient worms
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Figure 4. CHIP-Mediated Ubiquitylation Initiates Endocytic INSR Degradation

(A) INSR level is sensitive to inhibition of endocytosis and lysosomal degradation. HEK293 cells were treated with 10 uM MG132, 200 nM Bafilomycin A1, 100 uM
chloroquine, or 10 M dynamin inhibitor V34-2 for 16 hr before lysis and levels of indicated proteins were determined by immunoblotting.

(B) CHIP overexpression causes diminished amounts of INSR in HEK293 cells, which is reversed by dynamin inhibition.

(C) Depletion of ATG7 in HEK293 does not affect INSR level. HEK293 cells were transiently transfected for 48 hr with siRNA specific for ATG7 (+) or control

SIRNA ().

(D and E) Lysine residue 1047 (K1047), located in the cytoplasmic domain of INSR, is required for endocytic turnover of the receptor. HEK293 cells were
transiently transfected for 48 hr with INSR and INSR-K1047R expressing plasmids or empty vector, and treated with 100 uM chloroquine for 16 hr prior to lysis as

indicated.

(A-C and E) Data are means + SEM obtained in n = 5 independent experiments. *p < 0.05, “*p < 0.01, **p < 0.001.

(Figure 5D). This genetic suppression further supports the
idea that the shortened lifespan of chn-1 depletion is caused
by DAF-2 stabilization (Figures 2A and 2B). In contrast to
e979 and e1391 temperature-sensitive mutant proteins, the
DAF-2°13€8 protein amount is elevated at day 5 of adulthood
(Figure 5C). When combined with chn-1(by155), daf-2(e1368)
lifespan was slightly reduced, which is in line with further in-
crease of DAF-2°13%8 |evel in the chn-1(by155) mutant back-
ground (Figures 5D and 5E). Contrary to all other long-lived
loss-of-function alleles, the daf-2(gk390525) allele (Thompson
et al., 2013; Bulger et al., 2017) displayed increased DAF-2 level
already at day 1 of adulthood and shortened lifespan (Figures 5C
and 5F). Intriguingly, daf-2(gk390525) harbors a single point
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mutation in K1614E, one of the lysine residues in DAF-2 targeted
for CHN-1-dependent ubiquitylation (Figures 3D and S3E).
Thus, defective ubiquitylation seems to result in an elevated
DAF-29K390525 rotein level and premature aging. Indeed, the
reduced lifespan of daf-2(gk390525) worms can be extended
again by RNAi-mediated depletion of daf-2 (Figure 5G). More-
over, the DAF-29%390525 |aye| was not further increased and life-
span of daf-2(gk390525) is not more diminished when combined
with the chn-1(by155) mutation, again highlighting the substrate-
specific role of CHN-1 in DAF-2 ubiquitylation and turnover
(Figures 5H, 51, and S4A). These observations further indicate
that CHN-1-mediated ubiquitylation regulates DAF-2 stability,
insulin signaling, and longevity.
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Figure 5. CHN-1 Ligase Activity Regulates DAF-2 Degradation and Longevity

(A and B) CHN-1::FLAG expression rescues the short lifespan of chn-1(by155) mutant worms; catalytic inactive CHN-1(U-box)::FLAG does not.

(C) DAF-2 protein level increases during aging in analyzed daf-2 mutant alleles. Importantly, daf-2(gk390525) allele displays increased DAF-2 level already at day 1
of adulthood.

(D) Short lifespan of chn-1(by155) is suppressed by daf-2(e1368) loss-of-function mutant.

(legend continued on next page)
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Proteolytic Regulation of IIS Is Diminished by
Proteotoxic Stress

To address the physiological relevance of CHN-1/CHIP-depen-
dent INSR degradation, CHN-1 was downregulated either during
larval development of worms or from day 1 of adulthood onward.
It turned out that chn-1 is most important in adult life because its
depletion specifically shortened life expectancy when applied
post-developmentally (Figures S5A and S5B). chn-1 mutants
are sensitive to heat stress, which might be linked to the age-
related decline in proteostasis known to cause high abundance
of misfolded proteins (Figure S5C) (Murata et al., 2003; Walther
et al., 2015). In contrast to molecular chaperones, CHN-1 levels
remained unchanged during aging and were not upregulated in
response to different proteotoxic conditions (Figures 2A and
S5D). A decline in proteostasis would thus redirect CHN-1 activ-
ity toward degradation of misfolded proteins and limit monoubi-
quitylation of DAF-2. Indeed, worms shifted to high temperature
at the beginning of adulthood (D1) showed elevated levels of
DAF-2 protein similar to those of chn-1 lacking mutants grown
at normal conditions (Figures 2A, 6A, and 6B). In line with a cen-
tral role in proteostasis, depletion of CHN-1/dCHIP in worms and
flies caused high sensitivity to oxidative stress induced by para-
quat treatment (Figures 6C and 6D). Moreover, in flies and
human cells we also detected elevated level of the INSR upon
oxidative stress (Figures 6E and 6F). This increase most likely re-
flects reduced receptor turnover caused by limited disposability
of CHIP under proteotoxic stress. In support of this hypothesis,
INSR levels could be restored in paraquat-treated human cells
by overexpression of CHIP (Figure 6F). Thus, ubiquitin ligase ac-
tivity of CHIP seems to be limited under proteotoxic stress con-
ditions. In addition, we also tested the impact of canavanine
on dINSR stability in flies. Incorporation of this non-proteino-
genic amino acid leads to aberrantly folded polypeptides and
increased proteotoxicity (Dasuri et al., 2011; Rosenthal et al.,
1987). Similar to increased oxidative stress, canavanine treat-
ment strongly stabilized dINSR, providing additional support
for the correlation between proteotoxic stress and INSR stability
(Figure S5E).

The age-related collapse of proteostasis networks often
induces aggregation of damaged and metastable proteins
(Lopez-Otin et al., 2013; Walther et al., 2015). By transgenic
expression of aggregation-prone fluorescently tagged polyglut-
amine (polyQ) expansions in intestinal and muscle cells (Morley
et al., 2002; Mohri-Shiomi and Garsin, 2008), we found that acute
depletion of chn-1 by RNAI caused early-onset protein aggrega-
tion and cellular toxicity in C. elegans (Figures 6G and S5F). This
observation is in line with recent findings (Kalia et al., 2011;
Matsumura et al., 2013; Min et al., 2008; Rosser et al., 2007), re-
flecting an important role of CHIP in maintenance of the cellular
proteome. We next addressed the role of CHIP in protein aggre-

gation by using human cells expressing an extended poly-
glutamine repeat sequence fused to GFP (polyQ103-GFP).
PolyQ103-GFP formed large, intracellular inclusion bodies that
efficiently recruited cytosolic CHIP (Figure 6H). The recruit-
ment toward protein aggregates diminished the pool of CHIP
throughout the cytosol, which did not affect the amount of
IGF1R, but specifically led to a strong increase of INSR level
(Figure 61). The observed increase could be attributed to reduced
INSR turnover by monitoring the mRNA to protein ratio (Fig-
ure S5G). Taken together, our findings illustrate that CHIP
integrates proteolysis of damaged proteins, which accumulate
under proteotoxic stress conditions or during aging, with regula-
tion of INSR turnover and IIS activity (Figure 7).

DISCUSSION

This study uncovered a balanced crosstalk between proteosta-
sis maintenance and longevity, which paves the way toward
understanding how proteome instability contributes to aging.
A central node of this conserved mechanism is the quality-con-
trol E3 ubiquitin ligase CHIP, which tightly cooperates with the
molecular chaperones Hsp70 and Hsp90 in the degradation
of damaged proteins (Arndt et al., 2007; Connell et al., 2001;
Cyr et al., 2002; Murata et al., 2003; Petrucelli et al., 2004).

We demonstrate here that CHIP mediates ubiquitin-depen-
dent degradation of the INSR and thereby modulates insulin
signaling and longevity. CHIP ubiquitylated the INSR in vitro in
the absence of its partner chaperones, pointing to a specific
and direct recognition of the receptor, distinct from the reported
role in chaperone-dependent processing of misfolded proteins
(Zhang et al., 2005; Stankiewicz et al., 2010) (Figures 3D-3G).
The substrate specificity of the observed interaction is further
highlighted by the fact that CHIP does not ubiquitylate or induce
the degradation of the closely related IGF1R (Figures 3H, 3l,
and 6l). Moreover, INSR ubiquitylation could not be induced by
other ubiquitin ligases such as WWP-1 or UFD-2, which cooper-
ates with CHN-1/CHIP on muscle-specific degradation path-
ways. In agreement with a specific functional interplay, DAF-2/
INSR was stabilized by CHN-1/CHIP depletion or by mutations
of DAF-2/INSR ubiquitylation sites utilized by CHIP (Figures
2A, 2B, 2E, 2G, 4E, 5C, and S3E). In all cases, receptor stabiliza-
tion significantly shortened lifespan, illustrating the close interde-
pendence of CHIP-mediated INSR degradation and longevity
regulation.

In contrast to the reduced lifespan caused by CHN-1 or dCHIP
depletion, overexpression did not enhance longevity of worms
and was even toxic in flies (Figures S2A-2D; Table S1). CHIP is
known to modulate the proteotoxic stress response by activating
the transcription factor HSF-1 (heat shock factor 1) and by
reducing the level of Hsp70 after heat shock (Dai et al., 2003;

(E) Deletion of chn-1 increases level of DAF-2°"%%8 mutant protein, analyzed by immunoblotting of worm lysates of indicated age. (F) daf-2(gk390525) worms

exhibit short lifespan.

(G) Depletion of DAF-2 by RNAi extends the short lifespan of daf-2(gk390525) allele.

(H) Deletion of chn-1 does not further increase the level of DAF-2K1614R

indicated age.

mutant protein (daf-2(gk390525) allele), analyzed by immunoblotting of worm lysates of

(I) Loss of chn-1 shortens lifespan of daf-2(gk390525) allele to the level of chn-1(by155) worms. See Table S1 for lifespan statistics.

See also Figures S4 and S6.
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Figure 6. Regulation of INSR Stability Competes with Degradation of Damaged Proteins

(A and B) Temperature-shifted (15°C to 25°C at day 1 of adulthood) wild-type worms show an age-related increase in DAF-2 protein level (mean values were
obtained in n = 6 independent experiments).

(C) chn-1(by155) mutant worms are sensitive to oxidative stress. Young adult wild-type and chn-1(by155) mutant worms were treated with 5 mM paraquat, and
their survival rates were measured for the indicated time (mean values were obtained in n = 4 independent experiments).

(D) dCHIP depleted flies show increased sensitivity to paraquat treatment, causing reduced lifespan. Control and RNAi depleted flies were treated with food
containing 20 mM paraquat, and their survival rates were determined (n = 5 independent experiments).

(E) Paraquat treatment leads to a significant stabilization of dINSR as determined in adult head extracts (mean values were obtained in n = 3 independent
experiments).

(F) Oxidative stress induced by paraquat causes stabilization of INSR in HEK293 cells, which is compensated by CHIP overexpression (mean values were
obtained in n = 5 independent experiments).

(G) chn-1 deletion enhances the age-dependent aggregation of the polyQ protein Q44::YFP. Worms with diffuse or aggregated intestinal staining of Q44::-YFP
were scored and plotted against the age of the worms (mean values were obtained in n = 6 independent experiments).

(H) CHIP is recruited to inclusion bodies formed by aggregation prone polyQ-103 in HeLa cells as detected by confocal microscopy. Scale bar represents 10 pm.
(I) Expression of aggregation prone polyQ-103 in HEK293 cells causes INSR but not IGF1R stabilization (mean values were determined in n = 5 independent
experiments).

(B, C, E, F, H, and J) Data are means + SEM. *p < 0.05, **p < 0.01, **p < 0.001. See Table S1 for lifespan statistics.

See also Figure S5.
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Figure 7. Model for the Reciprocal Regulation of Proteostasis and
Longevity

The membrane bound DAF-2/INSR triggers IIS and thereby adjusts stress
response and lifespan. Under normal conditions (unstressed), CHIP binds DAF-
2/INSR to mediate monoubiquitylation and initiate the endocytic-lysosomal
turnover of the receptor. Upon proteotoxic stress conditions, CHIP activity is
recruited toward quality-control pathways for degradation of damaged pro-
teins. Thus, proteome maintenance competes with ubiquitylation and degra-
dation of the INSR, which in turn affects IIS, metabolism, and lifespan.

Qian et al., 2006). Thus, the rather toxic effect of elevated CHIP
level might be caused by non-physiological changes of the chap-
erone network with deleterious consequences (Yan et al., 2003;
Stankowski et al., 2011). Accordingly, endogenous CHN-1 pro-
tein amounts also remained unchanged during aging or in
response to proteotoxicity (Figures 2A and S5D). CHN-1-depen-
dent DAF-2 turnover was also not affected by dietary interven-
tions (Figure S6A). These observations suggest an intricately
balanced regulation of CHN-1/CHIP activity to avoid excessive
rerouting of chaperone substrates toward degradation. Irrespec-
tive of organismal changes, however, overexpression of CHIP
directly affected INSR protein levels and compensated the
stress-induced stabilization of the receptor in human cells (Fig-
ures 4B and 6F).

chn-1(by155) mutants were sensitive to heat stress, oxidative
stress, and protein aggregation, similar to what we observed
upon inactivation of CHIP (Figures 6C, 6D, 6G, S5C, and S5F).
Moreover, these proteotoxic conditions also caused elevated
DAF-2/INSR levels (Figures 6A, 6E, 6F, 61, S5E, and S5G). Given
these findings, it is intriguing to speculate that CHIP integrates
proteolysis of damaged proteins with INSR degradation to
control metabolism and longevity (Figure 7). Accumulation of
damaged proteins upon proteotoxic conditions and during aging
challenges the dynamic equilibrium of quality-control networks
and shuttles CHIP into PQC pathways to degrade damaged pro-
teins, causing stabilization of the functional INSR and conse-
quently lifespan reduction (Figure 7). From the organismal
perspective, the prioritization of proteome stability is highly
beneficial and ensures reproduction early in life, but this is pro-
vided at the expense of aging. CHN-1 activity seems to be
most important later in life (Figures 2A, 2B, 6A-6C, 6G, S5A,
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and S5B), suggesting that other recently identified quality-con-
trol ubiquitin ligases might help to maintain proteostasis during
development (Fang et al., 2014; Heck et al., 2010).

Like C. elegans and Drosophila, CHIP-deficient mice develop
normally but exhibit reduced lifespan associated with age-related
pathophysiological defects (Min et al., 2008). With regard to the
conserved regulation, it is intriguing that mutations in the ortholo-
gous human gene STUBT are linked to accelerated aging
(Heimdal et al., 2014). Given the importance of insulin signaling
for metabolic regulation, it is also interesting that liver cells of
CHIP-null mutant mice develop insulin resistance (Kim et al.,
2016). Moreover, a single point mutation in K1095E, a lysine res-
idue in the human INSR that we identified to be ubiquitylated, is
also associated with severe insulin resistance of patients suffering
from diabetes (Ardon et al., 2014; O’Rahilly et al., 1991). These
strong functional similarities suggest an evolutionarily conserved
coordination of proteostasis and aging regulated by CHIP-assis-
ted degradation. A detailed understanding of how INSR degrada-
tion is adjusted to metabolic insults might lead to efficient thera-
pies for age-related diseases, including obesity and diabetes.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-His QIAGEN Cat# 34660

Rabbit polyclonal anti-DAF-2 This Study N/A

Rabbit polyclonal anti-CHN-1 This Study N/A

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F3165; RRID: AB_259529
Rabbit anti-UNC-45 Gazda et al., 2013 N/A

Mouse Monoclonal anti-alpha Tubulin Sigma-Aldrich Cat# T9026; RRID: AB_477593
(Clone DM 1A)

Mouse Monoclonal anti-alpha Tubulin Sigma-Aldrich Cat# T6074; RRID: AB_477582

(Clone B-5-1-2)
Peroxidase-conjugated AffiniPure Goat
Anti-Mouse IgG+IgM

Peroxidase-conjugated AffiniPure Mouse
Anti-Rabbit IgG+IgM

Donkey anti-rabbit IRDye 800CW/680

Donkey anti-mouse IRDye 800CW/680

Mouse monoclonal anti-Actin

Rabbit polyclonal anti-AKT

Rabbit monoclonal anti-Phospho AKT (Ser473)

Rabbit polyclonal anti-phospho Drosophila
AKT (Ser505)

Rabbit monoclonal anti-ATG7
Rabbit polyclonal anti-Chicken IgG
Rabbit polyclonal anit-CHIP

Rat monoclonal anti-GFP

Mouse monoclonal anti-Histidine-Tag
Rat monoclonal anti-Hsp90

Rabbit polyclonal anti-LC3B

Mouse monoclonal anti-p62

Rabbit anti-PDK1

Rabbit polyclonal anti-mTOR

Rabbit monoclonal anti-IGF1R
Rabbit polyclonal anti-INSR

Goat polyclonal anti-gamma Tubulin

Jackson Immuno Research

Jackson Immuno Research

Li-Cor
Li-Cor
Abcam
Cell Signaling
Cell Signaling
Cell Signaling

Novus Biologicals
Sigma-Aldrich
Milipore
Chromotek

Serotec

Abcam

Novus Biologicals

Santa Cruz

Cell Signaling

Abcam

Cell Signaling

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Cat# 115-035-003; RRID: AB_10015289

Cat# 211-035-109; RRID: AB_2339150

Cat# 926-32223; RRID: AB_621845
Cati# 926-32212; RRID: AB_621847
Cat# ab8224; RRID: AB_449644
Cat# 9272; RRID:AB_329827

Cat# 4060S; RRID: AB_2315049
Cat# 4054S; RRID: AB_331414

Cat# NBP1-95872; RRID: AB_11011190
Cat# C2288; RRID: AB_258791
Cat# PC711; RRID: AB_2198058

Cat# 3h9, ABIN398304; RRID:
AB_10773374

Cat# MCA1396; RRID: AB_322084
Cat# ab13494; RRID: AB_300398

Cat# NB100-2220; RRID: AB_10003146
Cat# sc-28359; RRID: AB_628279

Cat# 3062; RRID: AB_2236832

Cat# ab45989; RRID: AB_944296

Cat# 9750S; RRID: AB_10950969

Cat# sc-711; RRID: AB_631835

Cat# sc-7396; RRID: AB_2211262

Rabbit polyclonal anti-Stub1 (CHIP) Abcam Cat# 69451; RRID: AB_2198071
Rabbit polyclonal anti-dINSR This Study N/A

Bacterial and Virus Strains

BL21-CodonPlus (DE3)-RIL New England Biolabs Cat# C2530H

OP50 CGC N/A

HT115 CGC N/A

Chemicals, Peptides, and Recombinant Proteins

completeTablets EDTA free Sigma-Aldrich Cat# 4693132001

UbcH5b Boston Biochem Cat# E2-622

FLAG::Ubiquitin Boston Biochem Cat# U-120

(Continued on next page)
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REAGENT OR RESOURCE

SOURCE

IDENTIFIER

E1 activating Enzyme

Ubiquitin Conjugation Reaction Buffer
ATP Regeneration Solution

Ubiquitin

UbKO

FLAG M2 Affinity Gel

3X FLAG peptide

Bafilomycin A1

Chloroquine diphosphate salt
Dynamin Inhibitor V-34-2
Methylviologen dichloride hydrate
MG132

L-Canavanine

Paraquat dichloride hydrate

RU486 (Mifepristone)
VSV::CHN-1::6His

VSV::CHN-1 H218Q::6His
VSV::CHN-1 AU-box::6His

VSV: CHN-1 N9D, K13A, K73A::6His
UFD-2::6His

6His::DAF-2 C terminus (aa 1205-1928)
WWP-1::6His

CHIP

INSR Full Length

INSR K1047R

dINSR (aa 1815-2144)

INSR C terminus (aa 987-1428)
TRIzol

Enzo Life Sciences
Enzo Life Sciences
Enzo Life Sciences
Sigma-Aldrich
Boston Biochem
Sigma-Aldrich
Sigma-Aldrich
LC-Labs
Sigma-Aldrich
Calbiochem
Sigma-Aldrich
Peptanova
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
This Study

This Study

This Study

This Study

This Study

This Study

This Study

Arndt et al., 2005
This Study

This Study

This Study

This Study
Invitrogen

Cat# BML-UW9410-0050
Cat# BML-KW9885-0001
Cat# BML-EW9810-0100
Cat# U6253

Cat# UM-Nok

Cat# A2220

Cat# F4799

Cat# B1080

Cat# C6628

Cat# 324414

Cat# 856177-CAS75365-73-0

Cat# 3175-V
Cat# C1625
Cati# 36541
Cat# M8046
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat# 15596026

Critical Commercial Assays

ECL kit

QuickChange Lightning Site-Directed Mutagenesis Kit
InviTrap Spin Universal RNA Mini Kit

jetPRIME transfection reagent

High-Capacity cDNA Reverse Transcription Kit
Brilliant 11l Ultra-Fast SYBR Green QPCR Master Mix
Sso Fast EvaGreen supermix

GE Healthcare
Agilent Technologies
Stratec

Peglab

Applied Biosystems
Agilent Technologies
Bio-Rad

Cat# RPN2232
Cat# 210519
Cat# 1060100300
Cat# 114-75

Cati# 4368814
Cat# 600882
Cat# 1725201

iScript cDNA Synthesis Kit Bio-Rad Cat# 1708891
RNeasy Mini Kit QIAGEN Cat# 74104
Experimental Models: Cell Lines

HEK293 (Human embryonic kidney cells) Sigma-Aldrich Cat# 85120602
Hela (Epitheloid cervix carcinoma cells (female)) Sigma-Aldrich Cat# 93021013
Experimental Models: Organisms/Strains

C. elegans: unc-119(ed4)lll; hhis136[unc-119(+); This study N/A
chn-1p::chn-1::FLAG]

C. elegans: unc-119(ed4)lll; hhis145[unc-119(+); This study N/A
chn-1p::chn-1(U-box)::FLAG]

C. elegans: Bristol (N2) strain as wild-type (WT) CGC N2
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REAGENT OR RESOURCE SOURCE IDENTIFIER

C. elegans: chn-1(by155)! CGC WormBase ID: WBVar00000641
C. elegans: chn-1(tm2692)/ CGC WormBase ID: WBVar00251538
C. elegans: daf-16(mgDf47)! CGC WormBase ID: WBVar00275574
C. elegans: daf-16(m26)I CGC WormBase ID: WBVar00088538
C. elegans: ufd-2(tm1380)Il CGC WormBase ID: WBVar00250374
C. elegans: daf-2(e1370)ll CGC WormBase ID: WBVar00143949
C. elegans: daf-2(e1368)lll CGC WormBase ID: WBVar00143947
C. elegans: daf-2(m212)Ill CGC WormBase ID: DR608

C. elegans: daf-2(m596)lll CGC WormBase ID: WBVar00088714
C. elegans: daf-2(m579)ll CGC WormBase ID: WBVar00088710
C. elegans: daf-2(sa193)lll CGC WormBase ID: WBVar00242513
C. elegans: daf-2(e979)lll CGC WormBase ID: WBVar00143653
C. elegans: daf-2(e1391)lll CGC WormBase ID: WBVar00143967
C. elegans: daf-2(m577)lll CGC WormBase ID: WBVar00088709
C. elegans: daf-2(gk390525)IlI CGC WormBase ID:WBVar00813221
C. elegans: eat-2(ad465) CGC WormBase ID: WBVar00000014
C.elegans: unc-119(ed4)lll CGC WormBase ID: WBVar00145094

C. elegans: dgEx80[pAMSG66 vha-6p::Q44::YFP +
rol-6(su1006)]

Mohri-Shiomi and Garsin,

2008

N/A

C. elegans: zIs356(daf-16p::daf-16::GFP; rol-6) Lee et al., 2001 N/A

C. elegans: rmls133(unc-54::Q40::YFP) Morley et al., 2002 N/A

D. melanogaster: w8 Bloomington Stock Center RRID: BDSC_3605
D. melanogaster: actin-Gal4 Bloomington Stock Center RRID: BDSC_3954
D. melanogaster: RNAi-dCHIP VDRC RRID: FlyBase_FBst0460471
D. melanogaster: TIGS-2 Scott Pletscher N/A

D. melanogaster: UAS-dCHIP Verena Arndt N/A
Oligonucleotides

See Table S3 for primer sequences This Study N/A

siRNA human CHIP 5 QIAGEN Cat# SI00081963
siRNA human CHIP 5 QIAGEN Cat# SI03109659
siRNA human ATG7 1 QIAGEN Cat# SI104194883
siRNA human ATG7 3 QIAGEN Cat# SI04231360
Allstars negative control siRNA QIAGEN Cat# SI03650318
Recombinant DNA

pET21a-VSV::CHN-1::6His This Study N/A

pET21a- VSV::CHN-1 H218Q::6His This Study N/A

pET21a- VSV::CHN-1 AU-box::6His This Study N/A

pET21a- VSV: CHN-1 N9D, K13A, K73A::6His This Study N/A
pET21a-UFD-2::6His This Study N/A
pT7-6His::DAF-2 C terminus (aa 1205-1928) This Study N/A
pET21a-WWP-1::6His This Study N/A
pCMV-tag2b-CHIP Arndt et al., 2005 N/A
pCMV-tag2b-INSR Full Length This Study N/A
pCMV-tag2b-INSR K1047R This Study N/A
PETM-11-dINSR (aa 1815-2144) This Study N/A
PMAL-C2-INSR C terminus (aa 987-1428) This Study N/A

(Continued on next page)
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pEGFP-polyQ-25 Westhoff et al., 2005 N/A

pEGFP-polyQ-103 Westhoff et al., 2005 N/A

Software and Algorithms

GraphPad Prism 5 GraphPad Software https://www.graphpad.com/scientific-
software/prism/

Image Studio 4.0 LI-COR Biosciences https://www.licor.com/bio/products/
software/image_studio/

Excel 2013 Microsoft https://products.office.com/en-us/excel

XLSTAT XLSTAT https://www.xlIstat.com/en/

Imaged 1.48v Wayne Rasband (NIH) https://imagej.nih.gov/ij/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by Thorsten Hoppe (thorsten.hoppe@
uni-koeln.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Caenorhabditis elegans Maintenance and Transgenic Lines

The following strains were used in this study: Bristol (N2) strain as wild-type (WT) strain, chn-1(by155)l, chn-1(tm2692), daf-
16(mgDf47)l, daf-16(mu86)l, daf-16(m26)I, ufd-2(tm1380)Il, eat-2(ad465)ll, daf-2(e1368)lll, daf-2(e1370)lll, daf-2(m212)lll, daf-
2(m596)lll, daf-2(m579)Ill, daf-2(sa193)lll, daf-2(e979)lll, daf-2(e1391)lll, daf-2(m577)lll, daf-2(gk390525)Ill, unc-119(ed4)lll, zIs356
[daf-16p.:daf-16::GFP], dgEx80[pAMS66 vha-6p::Q44::YFP + rol-6(su1006)], rmls133[unc- 54p::Q40::YFP]. Unless otherwise stated
mutant strains were at least six times outcrossed against the wild-type strain to provide isogenic conditions. Nematodes were grown
at 20°C (unless otherwise stated) on nematode growth medium (NGM) agar plates seeded with Escherichia coli OP50 spread over the
surface as a food source (Brenner, 1974). Transgenic animals expressing the chn-1p::chn-1::FLAG were constructed by PCR ampli-
fication (Table S3) of the wild-type genomic DNA (567 bp chn-1 promoter and 2783 bp chn-1 genomic DNA) and the unc-54 3'UTR
(877 bp) and cloned into the pBSK vector containing the unc-119(+) marker for selection of transgenic worms. FLAG tag was fused to
the C terminus of the gene by using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) (Table S3). Dele-
tion of the U-box domain, mutation of the U-box (H218Q), or TPR (N9D, K13A, K73A) domain was introduced by QuikChange Light-
ning Site-Directed Mutagenesis Kit (Table S3). The constructs were particle bombarded into unc-119(ed4)lll mutants as described
previously (Praitis et al., 2001). Microparticle bombardment of C. elegans unc-119(ed4) hermaphrodites was carried out using a
BioRad Biolistic PDS-1000/HE with 1/4”gap distance, 9 mm macrocarrier to screen distance, 28 inches of Hg vacuum, and 1350
p.s.i. rupture disc. For each bombardment, 1 pul of 1-2 pg/ul plasmid DNA was coupled to 0.6 mg of 1.0-um microcarrier gold beads,
and bombarded onto a monolayer of ~10,000 unc-119(ed4) L4 and adult hermaphrodites (a-70-80 pl pellet) placed on 90-mm NGM
plates. Worms were allowed to recover for 1 hr after bombardment and were then transferred onto ten 90-mm NGM plates seeded
with OP50 E. coli and grown at 20°C. Because unc-119 mutants cannot form dauers, they die in the absence of food (Maduro and
Pilgrim, 1995), making it easy to identify the non-Unc rescued transformants 14 days after bombardment. From each plate containing
animals rescued for the unc-119(ed4) mutation, individual transformed animals were cloned and their F1 progeny scored for pres-
ence of unc-119(ed4) mutants. Homozygous stable lines were identified by the complete absence of unc-119(ed4)/ll mutant progeny
over several generations. Heterozygous lines were identified based on the presence of three distinct classes of progeny: heterozy-
gous transformed animals, homozygous untransformed animals, and a third class of sterile or inviable animals. To ensure that each
line was the result of an independent transformation event, we retained only one transformed line from each NGM plate. Transgenic
strains generated in this study are as following: unc-119(ed4)lll; hhis136[unc-119(+), chn-1p::chn-1::FLAG], unc-119(ed4)lll; hhis145
[unc-119(+); chn-1p::chn-1(U-box)::FLAG].

Drosophila melanogaster

The following strains were used in this study: w’’’® were used as wild-type flies, dCHIP-RNAi (VDRC stock number 10538), actin-
GAL4 (#BL-3954, Bloomington stock center), UAS-dCHIP (kindly provided by Verena Arndt, University of Bonn), TIGS-2 (kindly
provided by Scott Pletscher, University of Michigan). Flies were maintained on standard Drosophila Jazz-Mix instant food (Fisher
Scientific) at 25°C and 65% humidity in a 12 hr light/ 12 hr dark incubator. For ubiquitous depletion RNAI flies were crossed to
actin-Gal4 driver line. Control flies are of the genotype actin-Gal4/w' 8. For overexpression of dCHIP in adult midguts UAS-dCHIP
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flies were crossed to the TIGS-2 driver line. Expression of dCHIP was induced by placing flies of the same genetic background on
RU486-containing (induced) or ethanol-containing (non-induced) food. For food preparation, a 25 mg/ml stock solution of RU486
(Mifepristone, Sigma) was made in 100% ethanol. Appropriate volumes of the 25 mg/ml RU486 stock solution were diluted with water
and ethanol to a final ethanol concentration of 2% to avoid RU486 precipitation. 500 pl of the diluted solution with the desired
concentration of RU486 was added onto the surface of standard fly food. The vials were then allowed to dry at room temperature
for 24-36 hr depending on the ambient humidity. For paraquat or canavanine food the indicated concentration was solved in 1 ml
water and applied onto the surface of standard fly food and further processed as mentioned above. Flies were flipped every
other day.

Human Cells

HEK2983 cells were cultured at 37°C under 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, L-glutamine, penicillin/streptomycin (PS), sodium pyruvate and non-essential amino acids (NEAA). Hela cells were
cultured at 37°C under 5% CO2 in Dulbecco’s modified Eagles’s medium (DMEM) supplemented with 10% fetal bovine serum
and penicillin/streptomycin (PS).

METHOD DETAILS

Lifespan Analysis

In lifespan assays, first day of adulthood was defined as day 1. From day 0 on, synchronized worm populations (50 worms per plate
for a total of 200 individuals per experiment) were transferred daily to fresh NGM plates seeded with OP50 E. coli until egg laying
ceased. For RNAI based lifespan assays 50 synchronized L1 stage worms were fed with OP50 E. coli or with gene-specific RNAI
expressing HT115 E. coli bacteria. Worms were transferred daily to fresh plates until egg laying ceased. Worms were examined every
day for touch-provoked movement and pharyngeal pumping, until death. Animals that crawled off the plates or died owing to internal
hatching of progeny or extruded organs were censored. For lifespan measurement in D. melanogaster, male flies were collected
within 24 hr from eclosion and maintained at standard density (up to 30 flies per vial) on Drosophila Jazz-Mix instant food or in
case of induced expression on either RU486-containing (induced) or ethanol-containing (non-induced) food. Dead flies were counted
and food was changed every other day. For each genotype, at least 5 independent cohorts of flies raised at different times from at
least 5 independent crosses were analyzed. Statistical data of individual lifespan experiments is presented in Table S1. The exper-
iments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. No
statistical methods were used to predetermine sample size.

RNA Interference

RNAi in C. elegans was performed using the RNAi feeding method (Timmons and Fire, 1998). L1 or L4 larvae of wild-type worms were
placed on HT115 E. coli bacteria expressing daf-2 or daf-16-specific double-stranded RNA (dsRNA). As wild-type control, bacteria
transformed with the empty pPD129.36 vector were used as food source. For developmental or post-developmental silencing of
chn-1 L1 larvae or day 1 adult worms were placed on chn-1 dsRNA expressing HT115. RNAi in flies was induced by binary UAS-
GAL4 system (Brand and Perrimon, 1993). For ubiquitous depletion RNAI flies were crossed to actin-Gal4 driver line. Control flies
are of the genotype actin-Gal4/w'"'8,

C. elegans Body Length Measurements

Worms were maintained at 20°C until the first day of adulthood. Relative body length of worms was measured by taking images of
worms with a Leica M165FC stereomicroscope (10X eye piece, 0.75 - 6.0 zoom ratio) using 50 X magnification. Images were trans-
formed to jpeg format and body length of worms was determined by drawing a line on the longitudinal axis of each worm in ImageJ
1.48v software. Relative values of body length was calculated by using the mean body length value of at least 20 single worms of each
genotype and normalizing these values against WT worms’ mean body length.

C. elegans Body Bends Measurements

Body-bend assays were performed in a M9 buffer at room temperature. Individual day-1 adult worm was placed in 50 ul M9 buffer on
a microscope slide and the number of left and rightward body bends in 30 s were counted, where one leftward and one rightward
bend is equal to one stroke.

DAF-16::GFP Localization Assay

The synchronized DAF-16::GFP containing strains were maintained at 20°C. 100 day-1 old adult worms were transferred to small
plates (35x10mm) seeded with OP50 and subjected to 35°C heat shock for indicated time in water bath and immediately visualized
using Zeiss Axio Zoom.V16 microscope. Worms were classified into two categories based on the extent of DAF-16::GFP nuclear-
cytoplasmic distribution.
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Microscopy

Fluorescence and DIC images of worms were taken with an Axio Imager Z1 microscope mounted with Axiocam 503 mono camera
(Carl Zeiss), and processed with the analysis software Zen 2012 SP1 (Carl Zeiss). Hela cells were transfected with pCMV-tag2b-
CHIP and pEGFP-PolyQ-25 or pEGFP-PolyQ-103 for 48 hr. Cells were then washed two times with PBS, followed by fixation in
4% paraformaldehyde for 15 min. After another washing step, cells were permeabilized for 10 min in PBS containing 0.2% Triton-
100. Cells were blocked in 3% bovine serum albumin for 30 min and afterward washed 3 times in PBS. Primary antibody incubation
was performed in 1:200 dilution in PBS for 1 hr. Alexa-labeled secondary antibodies (Invitrogen) were used in a 1:500 dilution for 1 hr.
Cells were washed again for 3 times in PBS and afterward mounted in Mowiol. Images were acquired using a Zeiss Axiovert 510
microscope.

RNA Isolation and Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen) and QIAGEN RNeasy kit. Worms were washed off the plates using M9 buffer and 1 ml
TRIzol, and silica beads (1 mm diameter) were added to the samples and homogenized by Precellys tissue homogenizer. Chloroform
was added and samples were vortexed vigorously before phase separation through centrifugation. The aqueous phase was trans-
ferred on the QIAGEN RNeasy Mini Kit and RNA was isolated according to manufacturer’s instructions. cDNA was synthesized using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression levels were determined by real-time PCR
using Brilliant Il Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies) and Biorad CFX96 Real-Time PCR Detection Sys-
tem. Relative gene expressions were normalized to act-3 (T04C12.4) and tbg-1 (F58A4.8). mRNA levels. RNAi isolation from HEK293
cells was performed by the use of InviTrap Spin Universal RNA Mini Kit (Stratec). cDNA was synthesized from 0.5 ng RNA using iScript
cDNA synthesis kit from Bio-Rad. Quantitative PCR (QPCR) was performed using SsoFast EvaGreen Supermix (Bio-Rad) with tran-
script levels for GAPDH and beta-2-microglobulin (B2M) being monitored as reference transcripts. Relative Gene expression was
calculated using the AACT method. The specificity of the PCR amplification was verified by melting curve analysis of the final prod-
ucts using Bio-Rad CFX 3.1 software. In each experiment three biological and three technical replicate samples were analyzed. The
primer sequences used in the RT-PCR reactions are shown in Table S83.

Protein Extraction, Binding Assays, and Immunotechniques

Co-immunoprecipitations were performed on sonicated lysates from wild-type or mutant C. elegans that were resuspended in IP
buffer [50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM EDTA, 4% Glycerol and 1% Triton X-100, 2 mM PMSF and cOmplete EDTA-
free Protease Inhibitor (Roche)]. For immunoprecipitation of CHN-1::FLAG we used anti-FLAG M2 Affinity Gel (Sigma) incubated
with 1 mg of worm extract for 2 hr at room temperature. The immunoprecipitates were washed with 50 mM Tris pH 8.0, 50 mM
NaCl, eluted with 3X FLAG peptide (Sigma) and resolved by SDS-PAGE followed by immunoblotting. To prepare Drosophila protein
extracts, 10 male flies per genotype were shock frozen in liquid nitrogen and grinded with a pestle until white powder remained. 200 pl
of RIPA buffer [25 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 10% glycerol, com-
plete EDTA-free Protease Inhibitor (Roche)] was added and lysates were incubated for 15 min on ice. Afterward lysates were centri-
fuged at 16,000 x g for 30 min at 4°C. Protein concentration of supernatant was measured by Bradford protein assay (Bio-Rad) and
40 png protein per genotype were analyzed by SDS-PAGE and immunoblotting. For gut preparation and evaluation of Akt signaling,
dCHIP depleted flies and control flies were aged for 5 weeks respectively and 20 guts per genotype were collected in icecold PBS
buffer. PBS buffer was removed and guts were resuspended in 50 ul RIPA for proper lysis. Guts were grinded with a pestle until a
homogeneous solution remained and immediately sonicated 3 x 20 s at 100% amplitude. Gut lysates were incubated for 15 min
on ice and afterward centrifuged at 8,000 x g for 20 min at 4°C. Supernatants were collected and protein concentrations were
measured by Bradford protein assay (Bio-Rad). 30 pg protein per genotype was analyzed by SDS-PAGE and immunoblotting. For
monitoring dINSR protein level in paraquat and canavanine treated adult flies (3 weeks old), 20 heads each were collected in
60 ul RIPA buffer and prepared as described above. For differential centrifugation dCHIP depleted flies and control flies were
aged for 5 weeks and 20 heads per genotype were lysed in 200 pl RIPA buffer containing 1% SDS, followed by centrifugation at
3,000 x g for 5 min to discard tissue debris. The supernatant was subjected to centrifugation at 100,000 x g for 1 hr at 4°C to separate
soluble and insoluble protein fractions. The SDS-insoluble pellet fraction was resuspended in 100 mM Tris, pH 8, 8 M urea, sonicated
three times for 20 s at 100% amplitude, and afterward boiled at 97°C for 10 min. To prepare human cell extracts HEK293 cells were
lysed 48h after transfection in RIPA and incubated for 5 min on ice. Lysates were sonicated and after additional 15 min incubation on
ice lysates were centrifuged at 16,000 x g for 20 min at 4°C. Supernatants were collected, protein concentration was measured by
Bradford protein assay (Bio-Rad) and samples were analyzed by SDS-PAGE (40 ng protein loaded per lane) and immunoblotting
using specific antibodies. If not indicated otherwise, cells were treated with 10 uM MG132 (Peptanova), 200 nM Bafilomycin A1
(LC-Labs), 100 uM chloroquine (Sigma-Aldrich), or 10 pM dynamin inhibitor V34-2 (Calbiochem) for 16 hr before lysis. Paraquat
(Sigma-Aldrich) treatment (20 mM) was done for 20 hr. For immunoprecipitation of INSR, HEK293 cells were lysed in RIPA buffer
without SDS. After 20 min of incubation on ice, the lysate was sonicated and centrifuged at 16,000 x g for 20 min at 4°C. Supernatant
was then adjusted to a protein concentration of 10 mg/ml using MOPS/KCI buffer 20 mM MOPS-KOH, pH 7.2, 100 mM KCI, com-
plete EDTA-free Protease Inhibitor (Roche)] at a ratio 1:1 with RIPA buffer. The supernatant was used as a soluble cell extract for
immunoprecipiation. Antibodies directed against INSR or control antibody (rabbit anti-chicken IgG, Sigma) were added to a final con-
centration of 4 ug/ml extract and incubated for 1 hr at 4°C. 20 pl protein G-Sepharose was added and samples were incubated for an
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additional 1 hr at 4°C. Sepharose was washed six times with washing buffer (20 mM MOPS-KOH, pH 7.2, 100 mM KClI, 0.5% Tween)
and 2 times with washing buffer without Tween. Sepharose-bound proteins were eluted using 0.1 M glycine-HCI, pH 3.5, precipitated
with 10% TCA (trichloroacetic acid) and resolved in SDS sample buffer. Co-immunoprecipitated proteins were analyzed by SDS-
PAGE and immunoblotting.

Protein Expression and siRNA in Human Cells

HEK293 or Hela cells were seeded at approximately 30%-40% confluency and transfected 24 hr after plating. Transfection was
done using jetPRIME (Peglab) transfection reagent. After incubation over-night, cell medium was removed and fresh medium was
added to the cells. 48 hr after transfection cells were lysed either for protein extraction or RNA purification. For expression of
wild-type INSR in HEK293 cells pRT3-INSR-WT (Addgene) was used as template for cloning full-length cDNA of human INSR into
pCMV-tag2b vector (Clonetech) (Table S3). The K1047R mutation was introduced into pCMV-tag2b-INSR by site-directed mutagen-
esis (Table S3). For overexpression of CHIP pCMV-tag2b-CHIP vector was used (Arndt et al., 2005). Expression of poly-Q proteins
was induced by transient transfection with plasmids pEGFP-polyQ-25 and pEGFP-polyQ-103 (Westhoff et al., 2005). For efficient
depletion two different siRNAs were used per gene (FlexiTube siRNAs CHIP 1+5 and FlexiTube siRNAs ATG7 1+3 (QIAGEN)). Allstars
negative control siRNA (QIAGEN) was used as control siRNA.

In Vitro Ubiquitylation

10 pg of purified recombinant protein: His::CHIP, His::CHN-1, His::CHN-1(U-box), His::CHN-1(AU-box), His::(TPR)CHN-1, WWP-1::
His or UFD-2::His was mixed with 1 ug of recombinant protein corresponding to the C terminus of human INSR (amino acids 987-
1428), dINSR (amino acids 1815-2144) or DAF-2 (amino acids 1205-1928), and E1 (25 ng), E2 (UbcH5b; 400 ng), 2 ng of FLAG::
ubiquitin or lysine lacking variant (Ub"?), energy regenerating solution (Boston Biochem) and Ubiquitin Conjugation Reaction Buffer
(Enzo Life Sciences). Samples were incubated at 30°C for 1 hr, terminated by boiling for 5 min with SDS-sample buffer, and resolved
by SDS-PAGE followed by immunoblotting using anti-insulin R antibody (Santa Cruz) to monitor ubiquitylation of INSR, anti-DAF-2
antibody to monitor ubiquitylation of DAF-2, and anti-FLAG antibody (Sigma) to monitor E3 ligase activity.

Stress Assays

For oxidative stress assay, young adult worms were transferred to OP50-seeded NGM plates containing 5 mM paraquat. Survival of
worms was monitored every day after transfer and scored as described for the lifespan assays. In heat shock experiments day 1 adult
worms were transferred on chn-1 dsRNA expressing or control empty vector expressing HT115 bacteria seeded plates and incu-
bated at 35°C in water bath for the indicated time. Survival of worms was scored as described for the lifespan assays. For ubiquitous
dCHIP depletion RNAI flies were crossed to actin-Gal4 driver line and collected after 2 days of adulthood and placed on 20 mM para-
quat (methylviologen (Sigma-Aldrich)) containing food. Survival rates were measured every other day. Wild-type flies were collected
after 2 days of adulthood and placed on either H,O or 20 mM L-Canavanine (Sigma-Aldrich) containing food to induce protein
misfolding.

Statistical Analysis

Kaplan and Meier survival curves of the lifespan analysis and median lifespan values were calculated using GraphPad Prism 5 soft-
ware and Xlstat for Excel. The log-rank (Mantel-Cox) test was used to evaluate differences in survival and determine p values. Quan-
tification of immunoblots was done with Imaged 1.48v or Image Studio 4.0 software. Data obtained for changes in protein level are
presented as fold change compared to the control with the control value determined in each independent experiment set to 1. Sta-
tistical significance was assessed by two-tailed paired Student’s t test using Excel software (Microsoft). Stress resistance assays and
polyQ-aggregation assays were evaluated by two-tailed paired Student’s t test.
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Figure S1. CHN-1 Modulates IIS in C. elegans, Related to Figure 1

(A) The loss-of-function alleles chn-1(by155) and chn-1(tm2692) lack CHN-1 protein. To detect CHN-1 protein indicated lysates of adult worms were subjected to
immunoblot with anti-CHN-1 antibodies.

(B) Ubiquitous depletion of chn-1 by RNAI results in reduced lifespan of wild-type worms (n = 6 independent experiments).

(C) Representative images of cytoplasmic and nuclear DAF-16::GFP localization in worms. Scale bar represents 100 pm.
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Figure S2. CHN-1/CHIP Overexpression Affects Lifespan, Related to Figure 2
(A) Level of CHN-1::FLAG overexpression strain was analyzed by immunoblotting of indicated worm lysates (day 1 and 10 old animals).
(B) Overexpression of chn-1 does not enhance lifespan of wild-type worms (n = 4 independent experiments).

(C) Overexpression of dCHIP was driven by the use of the midgut specific TIGS-2 driver line and dCHIP levels were verified in gut extracts. Equal loading was

verified by ponceau S staining (ponceau).

(D) Flies of the genotype TIGS-2/ UAS-dCHIP were either placed on ethanol or RU486 (1 pg/ml or 5 pg/ml) containing food to induce dCHIP expression. dCHIP
expression leads to toxicity in a dose-dependent manner and results in reduced lifespan.

(E) Depletion of CHIP in HEK293 cells does not affect the expression level of PDK1, AKT, mTOR, or Hsp90.

(F) Specificity of anti-DAF-2 antibodies was evaluated using daf-2(e 1370) worms expressing thermolabile DAF-2 protein. Worms were grown at 25°C until day 1 of

adulthood, lysed, and analyzed by western blotting using DAF-2 specific antibodies.
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Figure S3. CHN-1/CHIP-Dependent Ubiquitylation of the INSR, Related to Figure 3

(A) CHN-1 protein level does not significantly change during aging. CHN-1 protein level was evaluated by western blotting using CHN-1 specific antibodies in
whole worm lysates of adult worms (representative immunoblots are shown of n = 3 experiments).

(B and C) Ubiquitylation of INSR was carried out as indicated using CHN-1, CHN-1(AU-box), CHN-1(U-box), (TPR)CHN-1, CHIP, UFD-2, and WWP-1 as ubiquitin
ligases.

(D) Mutations in the TPR domain of CHN1 ((TPR)CHN-1) abrogate INSR ubiquitylation. The ubiquitin ligase WWP-1 is unable to ubiquitylate INSR. Ubiquitylation
reaction was carried out using FLAG-tagged ubiquitin (FLAGUD) in the presence of E. coli BL21 lysates. Activity of used E3 enzymes was evaluated by western
blotting using anti-FLAG specific antibodies showing ubiquitylated bacterial proteins.

(E) In vitro ubiquitylated DAF-2, INSR were subjected to mass spectrometry to identify the lysine residues used for ubiquitin attachment. Conserved residues are
indicated in red. Previously published residues are marked as follows: #O’Rahilly et al., 1991; +Kim et al., 2011; *Udeshi et al., 20183.
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Figure S4. Defective Ubiquitylation Contributes to Elevated DAF-29%39%525 protein Levels, Related to Figure 5
(A) Loss of chn-1 does not significantly increase the level of DAF-29%390525 protein (mean values were obtained in n = 3 independent experiments).
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Figure S5. Role of CHIP in Proteostasis, Related to Figure 6

(A and B) CHN-1 function during development is not important for lifespan regulation.

(C) Post developmental knockdown of chn-1 results in higher sensitivity against heat stress (35°C) as compared to wild-type worms (mean values were obtained
in n = 4 independent experiments).

(D) CHN-1 protein level does not change when exogenous stress is applied to day 1 adult worms.

(E) Treatment with L-canavanine (20 mM) leads to a strong stabilization of dINSR in adult head extracts of aged wild-type flies (3 weeks old).

(F) polyQ40 exerts mild toxicity in the body-wall muscle cells of chn-1 depleted worms assessed by counting body bending of individual animals (15 or 5 day of
adulthood).

(G) Expression of aggregation prone polyQ-103 in HEK293 cells reduces INSR turnover rate as determined by mRNA/protein ratio (mean values were obtained in
n = 3 independent experiments).

(C and G) Data are means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S6. DAF-2 Level Upon Dietary Restriction, Related to Figure 5
(A) The age-related stabilization of DAF-2 in chn-1 mutants is not further increased in eat-2(ad465) worms. Western blot analysis of DAF-2 protein was carried out
by using anti-DAF-2 antibodies on whole-worm lysates of indicated age.
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