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Abstract

Background: Autophagy, a highly conserved homeostatic mechanism, is essential for cell
survival. The decline of autophagy function has been implicated in various diseases as well as
aging. Although mitochondria play a key role in the autophagy process, whether mitochondrial-
derived peptides are involved in this process has not been explored.

Methods: We developed a high through put screening method to identify potential autophagy
inducers among mitochondrial-derived peptides. We used three different cell lines, mice, c.elegars,
and a human cohort to validate the observation.

Results: Humanin, a mitochondrial-derived peptide, increases autophagy and maintains
autophagy flux in several cell types. Humanin administration increases the expression of
autophagy-related genes and lowers accumulation of harmful misfolded proteins in mice skeletal
muscle, suggesting that humanin-induced autophagy potentially contributes to the improved
skeletal function. Moreover, autophagy is a critical role in humanin-induced lifespan extension
in C. elegans.

Conclusions: Humanin is an autophagy inducer.

General Significance: This paper presents a significant, novel discovery regarding the role of
the mitochondrial derived peptide humanin in autophagy regulation and as a possible therapeutic
target for autophagy in various age-related diseases.
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Introduction

Mitochondria are multifaceted organelles. They produce ATP, maintain calcium
homeostasis, and are recognized as a center of retrograde signaling. Mitochondria release
calcium, reactive oxygen species (ROS), nicotinamide adenine dinucleotide (NAD*), and
mitochondrial derived peptides (MDPs) and have various cellular effects including activation
of nuclear genes and activation of signaling pathways [1, 2]. Mitochondria also regulate
autophagy through several different mechanisms. Autophagy is essential for cell survival

as it breaks down misfolded proteins, damaged organelles, and toxins [3]. The autophagic
process starts with forming an autophagosome, a double membrane-bound vacuole that
encloses the cytoplasmic materials in need of degradation. Mature autophagosomes fuse
with the lysosome, becoming an autolysosome, where the sequestered cell contents are
degraded and recycled for cellular maintenance [3]. These processes tightly regulated by
multiple autophagic pathways. One of the way the mitochondria regulate autophagy is

by the production of ROS, which regulates several autophagic pathways, such as ATG4—
ATG8/LC3, Beclin-1, p53, PTEN, PI3K-Akt-mTOR, and MAPK signaling, especially in
cancer cells [4]. When mitochondrial respiration is impaired, it directly inhibits autophagic
flux and autophagy gene induction, as well as the recruitment of an important autophagy-
related protein complex, Atgl-Atgl3 kinase, to the pre-autophagosome [5]. This shows that
properly functioning mitochondria are vital for autophagy processes. Mitochondria modulate
lysosome function as well—high levels of NAD* correlate with properly functioning
lysosomes [6]. Furthermore, mitochondrial impairment disrupts endolysosomal trafficking
pathways [6]. During the autophagy process, the autophagosome containing damaged
proteins and organelles fuses with the cell’s endolysosomal system [7]. Lysosomes are an
essential component of the autophagy process; thus, mitochondria’s regulation of lysosomes
translates to another mechanism of mitochondrial regulation of autophagy.

Emerging studies demonstrate that mtDNA harbor small open reading frames (SORFs)

that encode mitochondrial-derived peptides (MDPs) [8]. Humanin was the first discovered
MDP and has since been implicated in multiple biological processes such as cytoprotection,
apoptosis, and metabolism [1, 9-11]. This MDP is 24 amino acids in length and is encoded
from the 16s ribosomal RNA coding region of the mtDNA. In terms of metabolism, humanin
improves insulin sensitivity, decreases body weight gain, and decreases visceral fat levels
[12, 13]. Humanin has a positive impact on bioenergetics as evident through increased basal
oxygen consumption rate, increased respiration capacity, and increased ATP production in
retinal pigment epithelial cells [14, 15].

In addition to its aforementioned impact on biological processes, humanin is also implicated
in aging. Decreases in humanin levels have been observe in many different organisms
including mice, monkeys, and humans [16], implying that insufficient humanin levels

could be associated with the onset of certain age-related illnesses [16-18]. Interestingly,
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the naked mole rat, a model of negligible senescence [19],only shows a slight decrease

in humanin levels over its exceptionally long 30 year lifespan, supporting the idea that
humanin is related to biological aging [16]. Humanin also affects and is affected by

known anti-aging pathways such as IGF-I [20]. Humanin reduces oxidative stress, thereby
combatting mitochondrial dysfunction and diminishing levels of ROS [21]. It is speculated
that exogenous treatment of humanin and other MDPs could help combat degenerative
aging symptoms associated with low humanin levels and high oxidative stress. This involves
diseases such as neurodegenerative disease, type 2 diabetes, cardiovascular disease, memory
loss, stroke, inflammation, and amyotrophic lateral sclerosis (ALS)[17, 22-27].

The m.2706A>G polymorphism in humanin is associated with accelerated cognitive aging
and a decrease in circulating humanin levels [28]. Six additional small humanin-like
peptides (SHLPs 1-6) are encoded from the same 16S rRNA region as humanin [29].

Some, particularly SHLP2, have similar cytoprotective effects as humanin [29, 30]. MOTS-
¢, which is derived from a SORF within the mitochondrial 12S rRNA, regulates insulin
sensitivity and metabolic homeostasis [31]. MOTS-c acts as a retrograde signaling molecule
and translocates into the nucleus and modulates metabolic stress response [32]. Although
mitochondria play important roles in the autophagy processes, whether or not mitochondrial-
derived peptides are involved in modulating the autophagy process have not been elucidated.

Here, we utilized a high-throughput screening tools to investigate which MDPs induce
autophagy. We found that humanin increases autophagy in various cells and skeletal muscle
from old mice. Additionally, we find that autophagy plays a critical role in humanin-induced
lifespan extension in C. elegans.

Materials and Methods

Reagents and Antibodies

HNG (a potent analogue of humanin with a glycine substitution, S14G), SHLPs 2

and 6 (small humanin-like peptide 2 and 6), HNG-F6A were synthesized by Genscript
(Piscataway, NJ, USA). Peptides were initially dissolved in Milli-Q water. Choloroquine
(Sigma, St. Louis, MO, USA) and 3-Methyladenine (3-MA; Sigma) were used for inhibiting
lysosomal degradation in culture. Humanin siRNA and control siRNA were ordered from
Dharmacon. Humanin siRNA sequence is 5’GCUCAUAAGGAAAGGUUAAUUZ’. Control
SiRNA was purchased from Dharmacon: ON-TARGETplus Non-targeting Control Pool
(cat#. D-001810-10-05). The following antibodies were used in this study: anti-GAPDH
antibody (Cat. #5174S), anti-LC3 (Cat. #3868), anti-ATG5 antibody (Cat. #12994), anti-
ATG7 antibody (Cat. #8558), anti-ATG3 (Cat. #3415), anti-Beclin-1(Cat. #3495), anti-rabbit
1gG, HRP-linked antibody (Cat. #7074), and anti-mouse 1gG, HRP-linked antibody (Cat.
#7076). These antibodies are supplied by Cell Signaling Technology (Danvers, MA, USA).
Anti-p62 (Cat. #GP62-C, Progen Biotechnik, Heidelberg, Germany) and anti-K63 ubiquitin
(Cat. #05-1308, Millipore) were also used.
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Cell culture and treatment

SH-SY5Y cells and B16 cells were cultured in Dulbecco's Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM:F-12, ThermoFisher Scientific, Waltham, MA, USA ) and in
high glucose Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Waltham,
MA, USA), respectively, supplemented with 10% fetal bovine serum (FBS; Omega
Scientific, Tarzana, CA, USA) at 37°C in 5% CO,. HEK?293 cells stably expressing mRFP-
GFP-LC3 were established and characterized. The stable cell lines were cultured in DMEM
supplemented with 10% FBS and 500 ug/ml G-418 (ThermoFisher Scientific) at 37°C in
5% CO». siRNAs were transfected into HEK293 cells using RNAIMAX (ThermoFisher
Scientific).

High Throughput Autophagy Screening Assay

HEK?293 cells stably expressing mRFP-GFP-LC3 (ptfLC3 plasmid)[33] were seeded in 96
well plate. Mitochondrial-derived peptides were treated for 24 hrs. Then, cells were fixed
with 4% paraformaldehyde for 10min at RT. Nuclei were stained for 5 minutes at room
temperature in PBS containing Hoechst 33258 (2 mg/ml; Invitrogen). Cells were imaged in
Cellomics® ArrayScan® VTI HCS Reader (ThermoFisher Scientifc). Yellow (MRFP+ GFP)
and red (mRFP only) intensity per cells were measured to quantify the autophagosomes and
autolysosomes, respectively.

Western blot analysis

Cells were lysed with RIPA Lysis and Extraction Buffer (ThermoFisher Scientific) plus the
Halt protease & phosphatase inhibitor cocktail (ThermoFisher Scientific). The lysates were
incubated on ice for 10min then homogenized using a sonicator, and the supernatant was
collected by centrifugation at 15,000 x g for 15min at 4°C. For tissue, dissected skeletal
muscles were lysed with RIPA buffer and homogenized using a tissue homogenizer followed
by sonication. The supernatant was collected by centrifugation at 15,000 x g for 15min

at 4°C. Protein content in the cellular lysates was quantified using the Pierce™ BCA

Protein Assay Kit (ThermoFisher Scientific). Predetermined amounts of proteins (10-30ug)
were separated on 8-16% SDS-PAGE gels and blotted onto PVDF membranes (Biorad,
Hercules, CA, USA). Membranes were incubated with primary antibody at 4°C overnight
according to the manufacturer’s instructions. After several washes with Tris-buffered saline
containing 0.1% Tween-20, membranes were incubated at room temperature for 1hr with the
appropriate HRP-conjugated secondary antibody. Clarity™ Western ECL substrate (Biorad)
was used for detecting specific bands. Membranes were imaged on a Bio-Rad ChemiDoc
XRS* imager. If necessary, relative intensities of the bands in each condition were measured
using Image J, a free software program provided by National Institute of Health (Bethesda,
Maryland, USA).

Imaging cells

HEK293 cells stably expressing mRFP-GFP-LC3 cells cultured on coverslips were fixed
with 4% paraformaldehyde for 10 min at room temperature. After fixation, nuclei were
stained for 5 minutes at room temperature in PBS containing Hoechst 33258 (2 mg/ml;
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Invitrogen). Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen) and
observed under an LSM780 confocal microscope (Carl Zeiss, Germany).

RNA extraction and qRT-PCR

Animals

Total RNA was isolated from skeletal muscle using RNeasy Fibrous Tissue Mini

Kit (QIAGEN, Redwood City, CA, USA). The protocol was performed according to
manufacturer’s instructions and RNA was measured at 260 nm with the Nanodrop
system (ThermoFisher Scientific, Wilmington, DE, USA). RNA purity and quality were
evaluated by 260/280 and 260/230 ratios. Quantified RNA was reverse transcribed

with Superscript IV (ThurmoFisher Scientific). Quantitative real-time PCR (CFX
system, Biorad) was used for the detection of ATG7 and ATG8 genes using
SsoAdvanced Universal SYBR Green Supermix (Biorad) and following the protocol
provided by the manufacturer. GAPDH were used as reference gene. The primers

used for amplification are: ATG7 Forward primer (5’TCCGTTGAAGTCCTCTGCTT3’),
and Reverse primer (5° CCACTGAGGTTCACCATCCT3’); ATG8

Forward primer (5’CGGAGCTTTGAACAAAGAGTG3’) and, Reverse

primer (5’TCTCTCACTCTCGTACACTTC3’); GAPDH Forward primer

(5" ACCACAGTCCATGCCATCAC3’), and Reverse primer (5’
TCCACCACCCTGTTGCTGTA3-).

C57BL/6N mice were obtained from the NIA aged mouse colony starting at 18 months
of age. The mice were given twice-weekly injections of HNG at 4-mg/kg/BW or water/
vehicle IP for 14 months, as described previously [28]. Survival was monitored daily and
body weight and daily food intake measured weekly. All experiments with mice were
performed in accordance with the appropriate guidelines and regulations and approved
by the University of Southern California Institutional Animal Care and Use Committee
(IACUC) under protocol #20787.

Rotarod Performance Test

C. elegans

At 24 months of age, the mice were placed on Rotarod performance test. During a training
phase, mice were introduced to walking on the rotating rod one day before being tested.
The accelerating speed (from 4 to 40 rpm within 300s) of Rotarod performance tests were
performed three times a day for two days. The time until the animal falls off the rotating rod
was recorded by electronically connected software.

Worms were synchronized via hypochlorite treatment and grown at 15°C until adulthood.
They were then transferred to NGM plates supplemented with 10uM FUDR, 1mM IPTG,
100 pg/mL ampicillin, and seeded with HT115 £. coli that were transfected with the
appropriate RNAI construct. They were maintained at 20°C for the remainder of their life
and checked for death approximately every other day. Lifespans were analyzed using a
log-rank test on the Kaplan-Meier curves.
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Co-expression network analysis

The humanin transcript was correlated to all gene transcripts using data from the Mayo
Clinic brain Bank series. Briefly, counts from RNASeq data were produced by SNAPR and
normalized using edgeR-based implementation of the trimmed mean of M-values (TMM),
which calculated counts per million (CPM). These normalized counts were assigned to

the gene levels. Since the humanin ORF was not annotated, we re-analyzed available

BAM files and counted transcripts, using the summarizeOverlaps method as part of the
Bioconductor package in R, that mapped back to the humanin ORF against a custom
mitochondrial ORFome database. We then extracted normalized humanin transcript counts
and conducted a Pearson correlation for the humanin transcript against normalized counts of
all genes, correcting for multiple hypothesis testing using a False Discovery Rate threshold
of 0.05. Because of the experimental effects of humanin and autophagy /n vitro and

in vivo, we conducted a gene enrichment analysis targeted for autophagy-related genes.

We created a GO-annotated autophagy gene set list, extracted significant coexpressed
autophagy-related genes, and analyzed this curated autophagy-related gene set list against a
universe background gene list of all significant co-expressed genes using the clusterProfiler
R package, which revealed enriched GO terms relating to all pathways involved in
autophagy.

Statistical analysis

Data are presented as mean + S.E.M. Significant differences were determined by Student’s #
tests, oneway ANOVA followed by Tukey’s post hoc test using GraphPad Prism 8 software.
Values of *<0.05, **<0.01, ***<0.001 were considered statistically significant. Statistics for
c.elegans.

Results

High throughput screening revealed that humanin increases autophagy.

Various experimental tools to measure the autophagy processes have been developed [34].
Here, we used HEK293 cells stably expressing mRFP-GFP-LC3 to examine autophagy
induction by various mitochondrial-derived peptides. Because MRFP-GFP-LC3 captures
both autophagosomes and autolysosomes signals from cells, it can be used to examine

the autophagy induction and autophagic flux [35]. LC3 proteins incorporated into the
autophagosome’s inner and outer membranes were also carried to the autolysosome [35].
The low pH inside the lysosome quenches the fluorescent signal of GFP, whereas RFP
exhibits more stable fluorescence in acidic compartments [35]. Therefore, autophagosomes
and autolysosomes are labeled with yellow (MRFP+GFP) and red (mRFP only) signals,
respectively [35]. We applied this principal to develop a 96-well-based imaging assay to
quantify the autophagosomes and autolysosomes (Figure 1A). We treated HEK?293 cells
stably expressing mRFP-GFP-LC3 with several doses of different MDPs to quantify the
autophagosomes and autolysosomes. Both autophagy induction and autophagic flux are
important for maintaining proper protein quality control. We focused on the autolysosomes
to screen the MDPs because increased autolysosomes can represent that the increased
autophagy completed its function to degrade abnormal cargos. HNG, a potent analog of
humanin, increased the autolysosomes in HEK293 cells (Figure 1B). On the other hand,
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the other three MDPs, including SHLP2, SHLP4, and SHLP6 peptides, did not change the
number of autolysosomes (Supplemental figure 1). We focused on HNG, a potent analog

of humanin, which was previously proposed as a dietary restriction mimetic peptide by
reducing IGF-1 levels and activating AMPK [20], and has cytoprotective roles in various
age-related diseases [17, 22-27]. Moreover, humanin previously has been shown to activate
chaperone-mediated autophagy by interacting with hsp90, and increases substrate binding
and translocation into lysosomes [36]. Co-treatment of HNG with 3- Methyladenine (3-MA)
has an inhibitory effect on class 11 Phosphatidylinositol 3-kinases (PI-3K) activity [34],
which is known to be essential for the induction of autophagy, diminishing HNG-mediated
autolysosome increase (Figure 1B). This result suggests that HNG increases autophagy

by an upstream effector of PI3K Class 111 complex formation such as ULK1 complex,
AMPK, and mTOR. Previously, humanin was cloned as a IGFBP3 binding protein and
humanin’s 6! amino acid, phenylalanine, is important for its interaction to IGFBP3 [10].
The humanin F6A, which replace 61 amino acid phenylalanine with alanine, did not
increase the autolysosomes (Supplemental figure 1), suggesting the IGFBP3 interaction play
important roles in humanin’s autophagy regulation.

Humanin induces autophagy in several cell lines.

To validate the observation from the high-throughput screening, HEK293 cells stably
expressing mRFP-GFP-LC3 cells were treated with 10uM HNG and imaged with a
confocal microscopy (Figure 2A). Because LC3-11 is localized at the autophagosomal
vesicles, the punctated staining pattern of LC3-11 forms are widely used to monitor
autophagy. The number of yellow (autophagosomes) and red (autolysosomes) puncta per
cells were quantified. HNG increase the number of red puncta, whereas the number

of yellow puncta remained the same, suggesting that HNG induces the autophagy

process in the cells while maintaining autophagic flux. To understand whether HNG-
induced autophagy is a cell type-specific phenomenon, we used B16 melanoma cells and
SH-SY5Y neuroblastoma cells to examine the HNG-induced autophagy. We measured
autophagy levels in B16 cells on a biochemical level and performed immunaoblot analysis
using an antibody that recognizes LC3 and p62. A cytosolic form of LC3 (LC3-1) is
conjugated to phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate
(LC3-11), which is recruited to autophagosomal membranes. Due to the localization of
LC3-11 at the autophagosomal vesicles, the formation of LC3-11 is used to monitor
autophagy. p62/SQSTML1 is also widely used to monitor autophagy as it is localized at

the autophagic compartments and subsequently degraded through autophagy. Immunoblot
analysis demonstrated that both 1 and 10 uM HNG treatment decreased levels of p62/
SQSTM1, supporting the notion that HNG induces autophagy while autophagic degradation
process is intact in B16 cells (Figure 2B). Both 1 and 10 uM HNG treatment induced
accumulation of the endogenous the LC3-11 form (Figure 2B). HNG increases both LC3-1
and LC3-11 in B16 cells suggesting HNG potentially increases the expression of autophagy-
related genes including LC3. In SH-SY5Y cells, 0.1 and 1 uM HNG increases autophagy
(Figure 2C). Using a lysomotropic agent, chloroquine (CQ), which inhibits protein
degradation by raising intralysosomal pH, we specifically investigated whether the HNG-
induced accumulation of LC3-I1 is due to enhanced synthesis of autophagosomes or reduced
degradation of autolysosomes. When we compared and quantitated the levels of LC3-1l in
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HNG-treated cells in the presence or absence of chloroquine, we found that co-treatment
with a lysomotropic agent led to further increase in HNG-induced accumulation of LC3-11
(Figure 2C). p62/SQSTM1 levels were lower in HNG-treated cells compared to control
cells and the p62/SQSTML levels were elevated with co-treatment with CQ. These results
validated that accumulation of LC3-11 was most likely caused by an enhanced synthesis of
autophagosomes. Thus, humanin induces autophagy while maintaining autophagy flux. The
autophagy process requires multiple steps including initiation, elongation, and maturation.
We examined whether HNG treatment increases the autophagy proteins involved in the
initiation complex (Beclin-1) and LC3 lipidation during elongation (ATG7, 5, and 3). We
found that both 1 and 100 uM HNG increased the expression of autophagy proteins involved
in the initiation and elongation (Figure 2D).

Humanin increases autophagy in skeletal muscle from aged-mice

We previously published a study where we administrated HNG in 18-month-old female
C57BI/6N mice for 14 months and investigated the effects on lifespan and healthspan

[28]. In the study, we determined that HNG increase the healthspan in mice by improving
cognitive function and reducing inflammation [28]. In a rotarod performance test, HNG-
treated mice maintained their balance longer than the control group [28]. AMPK is one of
key modulators of autophagy in the skeletal muscles [37]. Previously, humanin was shown
to increase the AMPK pathway in primary hepatocytes, macrophages, and myocardial

cell [17, 38, 39]. HNG treatment in the old mice also increases the AMPK pathways

and increases mitochondrial biogenesis in skeletal muscles [40]. Since autophagy declines
with age and is implicated in multiple age-related diseases and since autophagy induction
improves muscle function [41, 42], we hypothesized that HNG-treated old mice maintained
their autophagy process better compared to the control group, thus improving protein and
mitochondrial quality. We examined autophagy-related gene expression in skeletal muscle
from the mice treated with HNG. HNG-treated mice showed elevated ATG7 and ATG8
expression compared to controls in skeletal muscle (Figures 3A and 3B). To examine
whether HNG can activate autophagy in other tissues, we examined the expression of
autophagy-related genes. The expression of autophagy-related genes in the experimental
group was the same as the control in the liver (Supplemental figure 2). HNG treatment

also induced accumulation of endogenous LC3-11 in skeletal muscle (Figure 3C). Autophagy
and the ubiquitin proteasome system are the major degradation systems in mammalian cells
that allow for the control of protein quality and the recycling of cellular contents [43].
Their mode of action and their requirements for substrate recognition are different. Although
ubiquitin is a common signal for both the autophagy and the ubiquitin-proteasome system,
the ubiquitin chain type could determine the pathway of choice for protein degradation
[43]. K48-linked ubiquitination is a proteasome signal, whereas K63-linked ubiquitination
directs proteins towards autophagosomal degradation [43]. We thus examined whether
humanin administration reduces abnormal protein accumulation, which is designated for
autophagy and proteasome. The accumulation of K63-linked ubiquitinated proteins were
lower in HNG-treated mice compared to control groups (Figures 3D). As shown previously,
HNG-treated mice exhibit better health outcomes [28]. At 28 months of age, mice were
evaluated balance and motor skills using Rotarod performance test. During the accelerating
speed, the control mice maintained balance for 36 seconds and improved with time. The
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HNG-treated group had the same learning curve but had better performance (Figure 3E).
Taken together, the finding that humanin maintain the autophagy process and reduce the
burden of the abnormal protein accumulation in skeletal muscle during aging may be one of
the mechanisms how humanin treated animals maintain better motor function during aging.

Autophagy is essential for humanin-induced lifespan extension in C. elegans.

Autophagy plays crucial roles for cellular homeostasis. Dysregulation of autophagy
potentially leads to the development of physiological alterations. Autophagy activity
decreases with age, leading to the accumulation of damaged molecules and organelles
during aging [41, 44]. Dysfunction of the autophagy process exacerbates age-related
diseases such as neurodegenerative diseases and cancer [41, 44].

Likewise, the maintenance of proper autophagy activity contributes to extended lifespan
[45-47]. Genetic studies suggested that autophagy has an essential role in the regulation of
animal lifespan [48]. Basal autophagy activity is elevated in many longevity paradigms and
the activity is required for lifespan extension [45-47]. The genes involved in autophagy and
lysosome function are elevated in long-lived animals [49, 50]. Pharmacological treatments
have been shown to extend lifespan through activation of autophagy, suggesting autophagy
could be a potential target to modulate animal lifespan [42, 51, 52]. Autophagy, an
evolutionary conserved lysosomal degradation pathway, interacts with various longevity
signals in the regulation of C. elegans lifespan [50]. Previously we have shown that humanin
transgenic worms have extended lifespan compared to control worms [16]. We hypothesized
that autophagy processes potentially explain the humanin-induced lifespan extension. To
address the question, we used RNA. to inhibit autophagy in humanin-transgenic worms. We
knocked down bec-1, the C. elegans ortholog of Atg6/VVps30/Beclinl and a key regulator of
the autophagic machinery, using RNAI. As seen in Figure 4, HN transgenic worm increased
mean lifespan from (24 days in control to 27 days in the transgenic). Depleting bec-1
function by RNAI eliminated the lifespan extension seen in humanin-transgenic worms
(mean lifespan of 22 days), indicating that autophagy plays an important role in humanin-
induced lifespan extension (Figure 4, n=90/group).

Humanin co-expresses with autophagy-annotated genes in the human brain temporal

cortex.

We utilized publicly available RNA-seq data to perform a co-expression network analysis.
The data was derived from 78 brain temporal cortical samples without evidence of
Alzheimer’s disease pathology [53]. First, 5251 genes that co-express with humanin gene
expression were identified. Second, to understand the network of humanin and autophagy-
related genes, we utilized 393 GO autophagy-annotated genes and merged with genes
which co-express with humanin. Further enrichment analysis (i.e., analyzing the autophagy-
related gene set against a background of all humanin co-expressed genes) showed that

150 gene among 393 autophagy-annotated genes were co-expressed with humanin (Figure
5A). These results suggested that humanin might regulate autophagy pathways in human
brain. To understand whether endogenous humanin is involved in basal autophagy, we
treated HEK293 cells with siRNA targeting endogenous humanin. Humanin siRNA reduces

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 10
the LC3-I11 levels compared to control siRNA (Figure 5B). This suggests that endogenous
humanin also play important roles in basal autophagy.

Discussion

In this study, we examined whether mitochondrial-derived peptides induce autophagy
processes in high-throughput screening. We, then, utilized several systems including cell
culture, mice, C. elegans, and human brain RNA-seq to validate the targets identified in
high-throughput screening. We showed that humanin, the first identified MDP, induces
autophagy in several cell types and skeletal muscle from old mice. In humanin-transgenic
worms, autophagy plays a critical role in lifespan extension. Furthermore, humanin co-
expressed with autophagy-related genes in human brains, further evidencing humanin’s
effect on autophagy pathways.

Humanin increases autophagy by activating AMPK upstream of PI13K Class 111 complex
formation, since 3-MA blocks humanin-induced autophagy. However, we could not rule out
the possibility of the involvement of other pathways activated by humanin. Humanin has
been cloned as a IGFBP3 binding protein [10]. HNG increases autophagy while HNG-F6A
-- an alanine replacement mutant which does not bind to IGFBP3 -- does not have the same
function. Previous work showed that IGFBP-3 stimulates autophagy in breast cancer cells
by binding to glucose-regulated protein 78 (GRP78) [54]. Therefore, humanin can increase
autophagy via both AMPK and its binding to IGFBP-3. Further studies deciphering the
detail mechanism on the interaction between humanin, AMPK, IGFBP-3 will provide us
better understanding on the mechanisms of humanin in autophagy induction.

Autophagy activates to maintain muscle integrity by degrading protein aggregates and
dysfunctional mitochondria in skeletal muscle [37, 47]. Preventing the accumulation of
damaged mitochondria is important as it may induce oxidative damage, skeletal muscle
apoptosis, and thereby lead to muscle diseases [47, 55]. In fact, several skeletal muscle
diseases show dysregulation of autophagy; excessive autophagy triggers excessive muscle
catabolism, which in turn leads to atrophy, whereas reduced autophagic flux exhibits muscle
degeneration and dysfunctional mitochondria [47, 56, 57]. Additionally, it has been found
that autophagy declines throughout the normal aging process in invertebrates and higher
organisms, positively correlating with common signs of aging such as progressive decline
of muscle mass, strength, and quality [57]. Autophagic removal of damaged mitochondria
appears to be one of the cellular mechanisms to prevent loss of muscle mass and quality by
attenuating mitochondria-induced apoptosis in a healthy cell [55-57].

Due to its cytoprotective nature, there has been growing attention on the therapeutic
modulation of autophagy [42, 51, 52]. Autophagy should be stimulated when the goal is

to increase normal cellular functions, but it should be inhibited when the goal is to treat
cancer [58]. Having full control of the regulation of autophagy would be crucial to develop
a cure for various diseases, such as skeletal muscle dysfunction, cancer, cardiovascular
diseases, and neurodegeneration [3]. Age-related muscle dysfunction and myopathy is one
of the leading causes of permanent disability and mortality in elders, but there is no

known treatment for it [59]. Many are studying pathways and potential pharmacological
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treatments that modulate autophagy to consequently improve skeletal muscle health and
function [42, 51, 52]. Previously, we showed humanin administration can improve skeletal
muscle function in the aged mice and improves other healthspan markers [28]. Here,

we showed humanin administration increased autophagy and decreased abnormal protein
accumulation in skeletal muscle. These results suggest that humanin-induced autophagy
potentially contributes to the improved skeletal muscle function. There is great interest in the
therapeutic potential of MDP analogs in aging-related diseases and metabolism disorders,
and a MOTS-c analogue entered clinical trial for NASH. A recent study showed high-
intensity interval exercise increases plasma and muscle humanin expression [60]. Further
studies examining whether humanin treatment indeed improves muscle mass, strength, and
exercise capacity in aged mice or other mice models of muscle wasting in an autophagy
dependent manner would be important to develop new therapeutic targets for muscle
wasting.

In summary, our studies showed that humanin-induced autophagy plays important roles in
skeletal muscle function during aging and lifespan extension in humanin transgenic worms.
These results suggest that humanin is an autophagy inducer and has therapeutic potential for
targeting autophagy in various age-related diseases including sarcopenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. While the first identified MDP called humanin has been linked to many
beneficial effects in various age-relative diseases, this is the first report of
humanin being associated with macroautophagy.

. Humanin administration induces autophagy in three different cell lines, while
humanin siRNA treatment reduces the basal autophagy levels.

. Humanin administration in old mice increases autophagy-related gene,
decreases abnormal protein accumulation, and improves exercise capacity.

. Humanin is co-expressed with autophagy-related genes in human brains.
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Figure 1.
High throughput screening of which mitochondrial-derived peptides induce autophagy. (A)
Schematic diagram of the screening. The graph shows examples of screening results. For

instance, chemical x inhibits autophagy, chemical y induces autophagy, and chemical z does
not alter autophagy in cells. (B) The red puncta (autolysosome) intensity per cell (n=8).
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Humanin induces autophagy in several cell lines. (A) HEK293 cells stably expressing
MRFP-GFP-LC3 were treated with HNG for 24hr. For quantification of either yellow
(mRFP+GFP) or red (mRFP only) puncta, 80 cells were analyzed by Image J. (B) B16
melanoma cells were treated with HNG for 24hr. The expression levels of LC3 and p62/
SQSTM1 were measured by western blot (n=3). (C-D) SH-SY5Y neuroblastoma cells
were treated with HNG for 24hr. The expression levels of LC3, p62/SQSTM1 (n=3), and

autophagy-related genes (n=2) were measured by western blot.
*<0.05,***<0.001.
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Figure 3.
Humanin increases autophagy in mouse skeletal muscle and improves muscle function

in aged mice. (A-B) Autophagy-related protein levels were measured by qRT-PCR (n=5/
group). (C) Western blot showing the LC3 expression and quantification of the LC3-II
accumulation (n=4/group). (D) The western blot and quantification of K63-mediated
ubiquitinated proteins (n=5/group). (E) Rotarod performance test (n=10/group). # <0.1,
*<0.05, **<0.01.
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Figure 4.
Autophagy is essential for humanin-induced life span extension in worms.

Survival curves N2 (control) and HN (humanin transgenic) animals fed either control
bacteria or bacteria expressing bec-1 dsRNA during adulthood. Mean lifespan was 24d for
N2 control, 20 d for N2 bec-1 RNAI, 27d for HN control, and 22d for HN bec-1 RNAI,

p <0.0001 (HN bec-1 RNAI vs HN control), p<0.01 (HN control vs N2 control), Log-rank
(Mantel-Cox) test. This experiment was performed twice.
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Figure 5.
Humanin expression is associated with autophagy pathway (A) Autophagy-annotated genes

co-express with humanin in the human brain temporal cortex. 150 genes that co-express
with humanin are involved in autophagy-related networks. (B) The expression levels of LC3,
p62/SQSTM1 were measured in HEK293 cells transiently transfected with humanin siRNA
(n=3).
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