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Advanced age is associated with a decline in cognitive function, likely caused by a combination of
modifiable and non-modifiable factors such as genetics and lifestyle choices. Mounting evidence
suggests that humanin and other mitochondrial derived peptides play a role in several age-related
conditions including neurodegenerative disease. Here we demonstrate that humanin administration
has neuroprotective effects in vitro in human cell culture models and is sufficient to improve cognition in
vivo in aged mice. Furthermore, in a human cohort, using mitochondrial GWAS, we identified a specific
SNP (rs2854128) in the humanin-coding region of the mitochondrial genome that is associated with
adecrease in circulating humanin levels. In a large, independent cohort, consisting of a nationally-
representative sample of older adults, we find that this SNP is associated with accelerated cognitive
aging, supporting the concept that humanin is an important factor in cognitive aging.

Aging is associated with a number of biological changes including decreases in memory and cognitive function.
Humanin is the first member of a new class of peptides originating from small, alternative open reading frames
within the mitochondrial genome. Since it was discovered, humanin has been shown to be neuroprotective in
multiple in vitro and animal studies’. The importance of the mitochondria in the etiology of Alzheimer’s disease
(AD) is becoming more apparent and evidence suggests that humanin protects from various insults both in
cellular models and in vivo models of Alzheimer’s disease®=°. In vitro, humanin protects against amyloid-beta
(AB) toxicity as well as other familial forms of AD. In vivo rodent studies have shown that humanin also prevents
the memory deficits caused by intracerebroventricular injection of A325-35 as well as having potent protective
properties in the triple-transgenic AD mouse>°. Thus, humanin is a neuroprotective factor whose endogenous
production could influence AD progression and other neurodegenerative diseases. Because circulating humanin
levels have been shown to decrease in humans as they age, humanin could also play a role in age-related cognitive
decline although this has not been investigated’. Notably, Alzheimer mouse models carry high penetrance genetic
mutations, which promote early pathology, thus preventing studies focused on cognitive decline in the old/aging
brain.

Because humanin is encoded within the mitochondrial genome, mitochondrial genetics may influence the
expression of humanin, which in turn may directly influence cognition during aging. In fact, many of the differ-
ences in disease incidence between haplogroups and ethnicities are in diseases that have been linked to humanin
in animal models such as Alzheimer’s, diabetes, and cardiovascular disease’~'°. Thus, in this study we examined
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Figure 1. Humanin treatment reduces AB3-induced toxicity (A) SH-SY5Y cells treated with A3 (2 uM) have
a decrease in viability measured by MTT and this is prevented by HNG treatment (B) or when measured by
calcein stain (C) Isolated neuronal mitochondria increase ROS production upon A( treatment and HNG
treatment prevents this induction. * indicates p < 0.05.
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Figure 2. Humanin treatment reduces age-related cognitive decline. (A) Middle-aged mice treated with
humanin perform better than control on the rotarod test after 6 months of treatment. After 10 months of
treatment, treated mice had a significant improvement in (B) search strategy and (C) success rate in the Barnes
maze. (D) The mice also performed better in the Y-maze as measured by spontaneous alternation behavior
(SAB).

the role of humanin in cognition and its use as a possible intervention across several experimental models and
paradigms.

Results

Humanin protects cells and mitochondria from A3 toxicity. Humanin has been shown to be a neu-
roprotective agent in vitro against a number of toxic insults. To determine whether humanin protects against
AP mitochondrial toxicity, we treated SH-SY5Y cells, a human neuroblastoma cell line, with soluble Aj3,_,, with
and without humanin-S14G (HNG), a commonly used potent humanin analogue. We found that HNG pro-
tects against A induced reduction of cell metabolism/viability using an MTT assay (Fig. 1A) and calcein stain
(Fig. 1B). We further investigated whether this protective effect is associated with a reduction in reactive oxygen
species (ROS) induced by A8 directly in mitochondria. By isolating neuronal mitochondria from the brains of
mice, we determined that A3 causes a significant increase in ROS production and that humanin treatment can
protect against this ROS increase (Fig. 1C). We verified our mitochondrial isolation technique by performing
Western blots for cytoplasmic and mitochondrial markers (GAPDH and mtCOX2 respectively) (Supplementary
Fig. 1). Thus, humanin may act as an in vitro neuroprotective agent, at least in part due to a direct effect on mito-
chondrial ROS production.

Humanin decreases age-related cognitive decline in mice.  To examine if humanin may improve cog-
nition in a mammalian model of aging, 18-month-old, female C57Bl/6N mice were obtained from the National
Institute on Aging (NIA) and treated with HNG biweekly by IP injection at a dose of 4 mg/kg. This dose was
chosen as it was shown to have physiological effects!”. At 24-months of age (6 months of treatment) (N =24 and
23 mice for control and HNG groups respectively), the HNG-treated group maintained their balance longer than
the control group on a rotarod test (Fig. 2A). This result was not due to differences in body weight as there was
not a significant difference between the two groups of mice selected for this test (data not shown). Four months
later, the trend was the same but the difference between the two groups was smaller and became non-significant.
On the other hand, at 28-months a subset of the mice (N=7 or 8 for control and HNG treated groups respec-
tively) were given a Barnes maze test; HNG-treated mice improved their search strategy (Fig. 2B) and success
rate (Fig. 2C) compared to control. An additional Y-maze test was administered to another subset of mice at 28
months of age (N = 10/group); HNG-treated mice had improved spontaneous alternation behavior compared
to control (Fig. 2D). Together, this suggests that the HNG treatment improves the cognitive ability of old mice.
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Figure 3. Humanin treatment reduces inflammation in mice. Mice treated with humanin analogue, HNG, have
a decrease in (A) activated microglia detected by Iba-1 staining. They also have a general decrease in circulating
inflammatory markers 3B-3F. * indicates p < 0.05.

Variable CA (n=75) AA (n=71) p-value
Age 58.5 (9.6) 58.4(10.0) 0.99
Gender 1.00
Male 39 (52%) 36 (52%)
Female 36 (48%) 35 (48%)
Humanin (pg/mL) 1491.0 (267.3) 1211.9 (222.7) <0.0001

Table 1. Demographic characteristics and humanin levels in African American (AA) and Caucasian Americans
(CA) subjects in the BVAIT study. Participants were individually matched on treatment assignment, gender and
age. Numbers in the table are mean (SD) or n (%). P-values shown are from independent t-tests or chi-square tests.

To examine if an increase in neurogenesis could explain the improvement in cognitive ability, we examined
the dentate gyrus of the mice for neurogenesis. At approximately 32 months of age, the remaining mice (n=6 for
control and 8 for HNG groups) were administered BrdU at 50 mg/kg for 8 days and then sacrificed, and plasma
and brain were collected for further analysis. Hippocampal neurogenesis was examined by staining for both BrdU
and doublecortin, which identifies newborn neurons. There was no significant difference in the number of BrdU
or doublecortin positive cells between the two groups (Supplementary Fig. 2A and B). Because of the association
between inflammation, aging, and memory decline, we examined if a reduction in pro-inflammatory, activated
glia could explain the memory improvements in the HNG-treated mice'®. We stained and morphologically ana-
lyzed the IBA1/AIF-1 positive microglia and found a significant decrease in the number of microglia exhibiting
an activated phenotype in the HNG group (Fig. 3A). Further, it has been proposed that microglia change as a
function of aging and that such change may reflect a diminished capability for the cells to perform their normal
function'®?. Indeed, prior work'?-* suggested that some age-related morphological changes in microglia were
reflective of dystrophy and senescence. A careful morphological analysis did not demonstrate any overt evidence
of a dramatic shift in dystrophic microglia morphology in the HNG-dosed mice (Supplementary Fig. 3). We
further examined circulating inflammatory markers using MesoScale Discovery (MSD) technology and found
that other markers of inflammation were decreased in humanin compared to control (Fig. 3B-F). Together, this
suggests that HNG treatment decreases both microglial activation and systemic inflammation, outcomes that
could explain the observed improvements in memory and cognition.

A SNP predicts circulating humanin levels and interacts with ancestry. Having found that huma-
nin could affect neurocognition in mice, we hypothesized that differences in circulating humanin levels could
partially account for the known ethnic disparities in neurocognitive diseases between Caucasian Americans (CA)
and African Americans (AA). We used samples from the B-Vitamin Atherosclerosis Intervention Trial (BVAIT)
study, from which we selected 71 AA and 75 CA participants who were matched by gender, age, and randomized
treatment (Table 1)?’. This group was made up of male and female patients at least 40 years old with no signs or
symptoms of cardiovascular disease. We found that the mean circulating humanin level in AA is nearly 20% lower
compared to CA, p < 0.05 (Fig. 4A).

Because humanin is encoded within the mitochondrial genome, we next examined the mitochondrial DNA
(mtDNA) for SNPs that could explain the differences between circulating humanin levels in AA and CA. We
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Figure 4. Humanin levels and cognitive age is associated with SNP rs2854128. (A) African-Americans have
lower circulating humanin levels than Caucasian-Americans. (B) Individuals with the mitochondrial SNP
rs2854128 have a significant decrease in circulating humanin levels. (C) RS2854128 is associated with an
increased cognitive age that is more pronounced in African-Americans. *Signifies p < 0.05.

G 57.6 98.3 94.0 86.9
A 42.4 1.7 6.0 13.1

Table 2. Percent Distribution of SNP rs2854128 in HRS MitoG2706A/rs2854128.

sequenced the entire mitochondrial genome of all samples to determine if any SNPs correlated with humanin
levels. Exploring SNPs near the humanin open reading frame (ORF), we focused on rs2854128, which is at the
very end of the humanin ORF (but does not result in a change in the humanin AA sequence) and found that it was
associated with a 14% decrease in circulating humanin levels (Fig. 4B) p < 0.05. In a multivariate analysis, both
self-reported race and the presence of the rs2854128 SNP independently and additively contributed to predicting
humanin levels.

A humanin SNP predicts cognitive decline in humans. We subsequently examined the effect of this
SNP in a separate cohort of participants from the Health and Retirement Study®®, a longitudinal study of approx-
imately 20,000 individuals over the age of 50 in the United States of which over 12,500 individuals consented to
DNA analysis. Using this dataset, we confirmed that the ancestral/reference allele is found in 42% of CA and in
much lower percentages of AA or Hispanic populations (Table 2). Looking at cognitive phenotypes hypothesized
to be related to humanin action, we found that the alternative allele was associated with an increase in cognitive
age at a given chronological age (p < 0.05 for the entire population), after adjusting for sex, education, and race.
We found a significant interaction between race and the rs2854128 SNP (P =0.005), such that rs2854128 had an
amplified effect on cognitive aging among AA, relative to CA. Subsequent stratified analysis showed that AA with
the alternate allele had cognitive ages that were about two years older than AA with the reference allele, whereas
there was only a marginal increase of about 0.2 years in cognitive age among CA with the alternate compared to
the reference allele (Fig. 4C).
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Discussion

In this study we show that humanin has neuroprotective effects both in vitro and in vivo. We further show that
humanin administration is sufficient to prevent some of the normal behavioral and cognitive deficits that occur
with age in common laboratory mice. This suggests that the decline in humanin seen with increasing age” may
be one of the reasons for the age-related decline in cognition and related physiological parameters. Separately, we
have identified plasma humanin levels as a novel mitochondrial biomarker that is reduced in African Americans,
further linking the mitochondria and mitochondrial peptides to health disparities. Plasma humanin has also been
shown to be low in endothelial dysfunction'>?, and to be correlated with longevity and GH levels®. Of note, we
recently showed that a second mitochondrial peptide, SHLP2, is also lower in African Americans compared to
Caucasian Americans, and reduced levels predict the risk of prostate cancer’!.

Here we also demonstrate for the first time a mitochondrial SNP that correlates with circulating
mitochondrial-derived peptide (MDP) levels. The prevalence of this SNP differs by race/ethnic group and could
explain some ethnic-specific disease differences. Because of the beneficial effects of humanin, a decrease in cir-
culating levels could lead to an increase in several different diseases of aging, particularly in dementia. We find
that this SNP does correlate with advanced cognitive age, although we recognize that these studies in human
populations are correlative. Interestingly, this SNP has been separately associated with cardiovascular disease and
cholesterol levels, both of which humanin has also been implicated in*% Interestingly, this SNP is found within
the coding region of the humanin gene and is a synonymous mutation that alters the stop codon of humanin
from TAA(Ochre) to TAG(Amber). How this effects circulating humanin levels is unknown, but could involve
differences in termination efficiency as it has been shown that TAA is a more efficient termination sequence than
TAG?*. Alternatively, it could also affect the stability of the humanin mRNA or the binding efficiency of the
mRNA to mRNA binding proteins.

Previous studies demonstrated that humanin prevents many of the cognitive deficits in mouse models of
AD, where both intranasal administration as well as injections have equally beneficial effects. Because of huma-
nin’s multiple effects, the exact mechanism of benefit is still unknown but could involve known humanin-related
actions such as its anti-apoptotic effects, anti-amyloid oligomerization properties, or anti-inflammatory effects
(17, 24-28). On a molecular level, humanin is also known to activate the trimeric IL6/CNTFR/WSX-1 receptor
and FPRL receptor and lead to activation of the AKT and ERK pathways®**-*. Other cognitive diseases have also
been examined in relation to humanin with several possible mechanisms proposed®**~*!. For the first time, we
find that humanin can also improve normal, age-related cognitive decline. Furthermore, our data implicate the
increase in inflammation with age as a possible mediator of this cognitive decline. Inflammation during aging,
sometimes called inflammaging*, has been suggested as being a primary cause of aging, and our findings support
this idea. Interestingly, many of the effects of humanin mimic the response to dietary interventions*-*.

Neurodegenerative diseases such as AD and other diseases disproportionately affect certain populations and
this likely has both biological and socioeconomic causes. We have now discovered a possible underlying biolog-
ical factor contributing to this health disparity, as we find that there is a significant difference between the circu-
lating levels of humanin between African Americans and Caucasian Americans. Beyond cognitive aging, because
of humanin’s role in other diseases including cardiovascular disease and diabetes, circulating levels of humanin
could also contribute to additional diseases that disproportionately affect African Americans. The mitochondria
have been implicated in health disparities because of their central importance in many diseases and the uniparen-
tal inheritance of the genome*. The role of humanin in health disparities is a novel concept that further implicates
the mitochondria in the biological basis of health disparities.

Many rare diseases have been shown to be directly caused by mutations of the mitochondrial genome and
even more have been associated with apparently synonymous mutations. Mutations and deletions of the mito-
chondria genome have also been implicated in aging, and mitochondrial dysfunction is found in a vast number of
diseases. In fact, a different MDP, MOTS-c, has a SNP that has been associated with longevity*” and its levels are
reduced in endothelial dysfunction*. Our study is the first to find an association between a mitochondrial SNP
and circulating MDP levels. This connection has even more consequences suggesting that SNPs in MDPs could
be potentially relevant to additional common diseases and disease risk.

Methods

Cell culture assays. MTT. MTT assays were used to measure SH-SY5Y cell proliferation. The neuroblas-
toma cells were seeded at 3 x 10* per well in 96-well plates in DMEM/F12 (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (Omega Scientific) until 85% confluent. Cells were treated with 100 uM of
freshly reconstituted humanin in Milli-Q water (GenScript) with and without Ag,_,, (CPC Scientific), prepared
as previously described!, for 24 hours. To prevent humanin-serum interference and to support cell viability for the
long 24-hour treatment duration, treatments were in DMEM/12 media supplemented with N2 (Thermo Fisher
Scientific). MTT (Sigma-Aldrich) reagent (5mg/ml) was added to each well after treatments for four hours and
lysed before absorbance values were read using the SpectrMax M3 microplate reader.

Cell Cytotoxicity Assay. A two-color fluorescence cell viability assay (LIVE/DEAD Viability/Cytotoxicity Kit;
Invitrogen (cat. L3224) was used to distinguish live cells from dead cells after humanin and A3, ,, treatment. The
ratio of live to dead cells can be quantified since live cells retain the Calcein AM dye and dead cells with dam-
aged membranes permit entry of the ethidium homodimer dye. SH-SY5Y cells were seeded at 3 x 10* per well
in 96-well plates in DMEM/F12 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Omega
Scientific) until 85% confluent. Cells were treated with 100 uM of freshly reconstituted humanin in Milli-Q water
(GenScript) with and without A3,_,, (CPC Scientific), prepared as previously described!, for 24 hours. To prevent
humanin-serum interference and to support cell viability for the long 24-hour treatment duration, treatments
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were in DMEM/12 media supplemented with N2 (Thermo Fisher Scientific). Cytotoxicity assays were performed
immediately after the 24-hour incubations according to the provided protocol.

Live Mitochondria Isolation. ~Cortical brain mitochondria were isolated from male 16-week old C57BL/6 mice.
Brains were removed and rinsed in ice cold buffer containing 210 mM mannitol, 70 mM sucrose, 20 mM HEPES,
2mM EGTA, and 0.2% (w/v) fatty acid free bovine serum albumin, pH 7.4 (ME Buffer). Cortical tissue was
extracted, minced, and immediately homogenized in MEB with 5-10 Teflon pestle strokes. Homogenates were
centrifuged at 1000 x g for 5minutes (4 °C) to remove tissue debris. Supernatants were transferred to a clean tube
and centrifuged at 3500 x g for 10 minutes (4 °C). Centrifugations were repeated twice. The mitochondrial pellet
was re-suspended in a buffer containing 220 mM mannitol, 8 mM sucrose, 10 mM KH,PO,, 5mM MgCl,, 2mM
HEPES, 1 mM EGTA, and 0.2% (w/v) fatty acid free bovine serum albumin, 10 mM succinate, and 2 uM rotenone,
pH 7.2 (MAS Buffer) to a final concentration of 400 ug/ml per well*. To confirm the ability of our protocol to iso-
late mitochondria, we repeated the procedure using Western blotting and probed for mtCOX2 (SC-23984 Santa
Cruz Biotechnology) and GAPDH (#7074 Cell Signaling).

Incubation of Live Mitochondria with HNG and AB,.,,. Cortical mitochondria suspensions in MAS Buffer
(250 mg/ml) were plated in a 96-well plate. To prime the mitochondria, 10 uM of HNG was administered to wells
and incubated at 37°C 15 minutes. HNG is a potent analogue of humanin that contains a glycine substitution for
serine at the 14" amino acid. HNG was dissolved in Milli-Q water immediately prior to mitochondria adminis-
tration. Following HNG exposure, 3uM or 30 uM of A, 4, (CPC Scientific), prepared as previously described’,
was dispensed into wells and incubated at 37 °C for 45 minutes.

Live Mitochondrial-derived H,0, Detection by Amplex Red. Mitochondria readily produce superoxide in
the mitochondrial matrix, which is dismutated to H,0, by superoxide dismutase 2. H,0, quickly diffuses
across the mitochondrial membrane to the medium and can be detected using Amplex Red (10-acetyl-3,7-d
ihydroxyphenoxazine, Thermo Fisher Scientific). In the presence of horseradish peroxidase (HRP), Amplex Red
reacts with H,0, and is converted to resorufin, which emits light at 590 nm when excited at 530 nm. Both Amplex
Red (50 uM) and HRP (0.1 U/ml) were added to MAS Buffer during HNG and A, _,, incubations. Fluorescence
emission was detected using a SpectrMax M3 microplate reader.

Longitudinal Study of Humanin Administration in Healthy Mice. We conducted a 14-month study
of 100 female, C57BL/6N mice 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. This dose was chosen after
protective effects were recently demonstrated by a Swedish group that administered humanin in twice-weekly
treatments. Survival was monitored daily and body weight and daily food intake measured weekly*’. All exper-
iments 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.

Mouse cognitive tests. Accelerating Rotarod. This procedure was the same as described previously*. At
24 months of age, the mice were placed on the rod rotating at an initial speed of 4 rpm. The rotation of the rotarod
was gradually increased to 40 rpm over a 5 minute session. The time at which they fall was recorded and analyzed.

Y-maze: A Y-maze test was performed when the mice were 28 months of age. The procedure was the same as
described previously®. In short, mice were placed in one arm of the maze and allowed to freely explore for 8 min-
utes. An entry into an arm was recorded only if both forepaws and hindpaws fully enter the arm. Quantification
of spontaneous alternation behavior was calculated as the proportion of alternations, defined as an arm choice
different from her previous two choices, to the total number of alternations.

Barnes Maze: Barnes maze tests were performed as previously described*’. 28 month old Mice were placed in
a start chamber in the middle of the maze and allowed to habituate for 30 seconds. The start chamber was then
removed and the mouse was allowed to explore the maze and the time until the mouse finds the escape box was
recorded. A maximum of 2 minutes was allowed for each trial.

Strategy Assessment: A random strategy was characterized by localized searches to holes separated by crosses
through the maze center. A serial search strategy was characterized by a systematic search of consecutive holes
(every hole or every other hole) with no maze center crosses. A spatial search strategy consisted of navigating
directly to the escape hole with both error and deviation scores less or equal to 3.

BrdU and Doublecortin Staining.  Atapproximately 32 months of age, mice were injected with BrdU for
8 days before sacrifice (50 mg/kg). Fixed hemibrains were sectioned coronally on a vibratome at 40 um and then
the brains were processed for BrdU and doublecortin (DCX) staining. Briefly, for BrdU staining sections were
pretreated with 2N HCl at 37 °C, washed, and incubated overnight in primary antibody against BrdU (1:500; Abd
Serotec). For DCX staining, sections were washed and incubated overnight in primary antibody against DCX
(1:2500; Santa Cruz). Sections were then washed and incubated with biotinylated anti-rat secondary antibody for
BrdU or anti-goat secondary antibody for DCX (Vector) for 1 hour and processed for diaminobenzidene staining
using Vectastain ABC Elite kit (Vector). Stained sections were air-dried overnight, dehydrated, then coverslipped
with Krystalon (EMD Millipore). Counting was done in the dentate gyrus (all layers) and quantified per unit area
(mm?) for BrdU and per section for DCX.

Iba-1 staining and microglial quantification. Sections for microglia staining were processed as above
without the HCl and were incubated overnight in primary antibody against Iba-1 (1:2000; Wako) and biotinylated
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anti-rabbit secondary antibody (Vector). For microglia morphological analyses, brain sections containing the
hippocampus (bregma —1.95 to —2.18) (wt n=6; n=7), defined regions of interest (ROI) were identified for the
CA1 and CA3 regions and the morphology of Iba-14 microglia evaluated. Brain sections were scanned under
40x magnification (Aperio ScanScope T2 scanner, Aperio Technologies, Inc., Vista, CA) and viewed using Aperio
ImageScope v.6.25.0.1117. Images were assigned random numbers and blinded for evaluation. Activation state
of microglia was based on morphological analysis of Iba-1 staining in a manner consistent with prior reports®>2.
The number of Iba-1 immunoreactive cells in the hippocampus was estimated by two-dimensional cell counts
using random-sampling based on the optical dissector technique. Briefly, an Olympus BX50 microscope equipped
with a motorized stage and computer-guided CASTGrid software (Olympus) was used for unbiased sampling.
In sections containing well-defined CA1-CA3 subregions of hippocampus, the hippocampus (excluding the den-
tate gyrus) was outlined, and high magnification microscopic fields were randomly sampled. Within each field,
cells within a counting frame (3000 pm?) was used for analysis. Microglia were classified as either type 1, (many
thin, ramified processes), type 2 (short, thick processes and a rod-shaped cell body), or type 3 (no or few short
non-ramified processes or many filapodial processes) cells. Type 2 and 3 microglia were considered activated.

Proinflammatory plasma biomarkers measurement. Proinflammantory biomarkers including
IL-6, IL-8, IL-10, TNF-o and INF-~ were measured by a custom metabokine 8-plex kit provided by Meso Scale
Discovery (Catalog#: N051A-1, Rockville, Maryland). Briefly, 25ul of standards and samples were added and
incubated for 2 hours on the MSD plate. After 3 washes, 25ul of detection antibody was added into each well and
incubated for 1.5hours. After the final wash, read buffer was added and the plate was analyzed on the Quick plex
SQ120.

Human studies.  Using samples from the B-Vitamin Atherosclerosis Intervention Trial (BVAIT) approved
by the University of Southern California Institutional Review Board?, we selected 75 AA and 75 CA partici-
pants that were matched by randomized treatment assignment (B-vitamins or placebo), gender and age. Written
informed consent was obtained from all subjects before their inclusion in the study and all methods were per-
formed in accordance with the relevant guidelines and regulations. We then measured plasma humanin levels by
ELISA in these patients as previously described*.

DNA extraction and next generation sequencing. DNA was extracted from bufly coats collected from
blood samples of the 150 BVAIT participants using the DNeasy blood and tissue kit (Qiagen) according to the
manufacturer’s directions. In short, the buffy coats were lysed using proteinase K and buffer added to optimize the
DNA binding conditions. These lysates were pipetted into a column that binds the DNA using silica-membrane
technology, washed, and then the DNA was eluted in water. The mitochondrial DNA was minimally amplified by
PCR using two different, overlapping sets of primers using TaKaRa LA TagDNA Polymerase. The PCR products
were run on a gel to check for correct amplification and then excised and purified using the QIAquick gel extrac-
tion kit (Qiagen). Illumina sequencing libraries were prepared in a 96-well plate format according to Dunham &
Friesen (2013) with the exception that DNA was sheared with dsDNA Shearase Plus (Zymo: Irvine, CA, USA) and
cleaned using Agencourt AMPure XP beads (Beckman- Coulter: Indianapolis, IN, USA). Fragment size selec-
tion was also carried out using beads instead of gel electrophoresis. Libraries were quantified using the Qubit 2-0
Fluorometer (Thermo Fisher Scientific Inc.), and the fragment size distribution was determined with an Agilent
Bioanalyzer 2100. The libraries were then pooled equimolarly, and the final pool was quantified via qPCR using
the Kapa Biosystems Library Quantification Kit, according to manufacturer’s instructions. The pool was then
sequenced in a Rapid ver. 1 Flowcell, in an Illumina HiSeq 2500 platform. Final file formatting, demultiplexing
and fastq generation was carried out using CASAVA v.1-8. Sequencing reads were further sorted by 4 bp barcode
using the Novobarcode application within Novocraft (www.novocraft.com). The libraries preparation, pooling,
quality control, sequencing and initial file processing were all performed at the UPC Genome Core (University of
Southern California, Los Angeles, CA, USA).

SNP analysis. For each sample, we first trimmed the raw sequencing reads by quality using the SolexaQA
package (ver. 1-12)**. All bases with a quality score of less than Q = 13 were trimmed and all reads that were less
than 25bp after trimming were removed from further analysis. We then mapped the quality-trimmed reads to
the revised Cambridge reference sequence of the human mitochondrial genome (NC_012920-1) using the BWA
aligner (ver. 0-7-5a)%. Following mapping, local realignment around insertion/deletions was performed using the
IndelRealigner tool as part of the GATK package (ver. 2:6-5)°°. After mapping and realignment, we applied the
GATK UnifiedGenotyper (ver. 2-6-5) to all samples simultaneously to identify single nucleotide polymorphisms
(SNPs) in our sample set (we identified 791 SNPs in the mitochondria). Having identified various SNPs in our
sequencing data, the next step of analysis was to correlate the SNPs to humanin levels. In particular, we focused
on SNPs contained within the small open reading frame of the humanin peptide within the 16S gene of the mito-
chondrial genome.

The SNP was then identified in the HRS and analyzed to determine whether the SNP was correlated with
humanin-related phenotypes.

Cognitive scores. The humanin genotype was extracted from bed, bim, and fam files and merged with cog-
nitive scores of all individuals between 1998 and 2012. Humanin genotype was identified for 15,620 individ-
uals and was regressed against the cognitive state score for self-respondents in 2012. Scores under 7, between
7-12, and over 12 delineate demented, cognitively impaired, and cognitively healthy status, respectively. Age,
sex, race, and the previous year’s cognitive score was used in the lag-dependent variable regression model on
10,158 respondents. The beta coefficient for the humanin SNP on cognitive score was 0.195 (p=0.006, 95% CI:
0.056-0.333).
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Cognitive aging. Cognitive age measures were based on data from wave three (1996) through wave ten
(2010) of the Health and Retirement Study, using four measures of cognitive functioning—delayed recall, imme-
diate recall, serial 7s, and backwards counting. A cognitive age was calculated for each participant at each wave
based on an algorithm proposed by Klemera & Doubal®’ that in prior work has been used for calculating biolog-
ical ages from biomarker data®®®. This method has been validated using both real and simulated data. Cognitive
age estimates combine information from equations of chronological age regressed on each of the four cognitive
functioning markers. The equation for calculating cognitive age is:

CA;
N

SBA

k;
Z;'nzl(xji - q])s—i +
J

m kj ’ 1

j=1[:,.] T

where, k; and g; are the slope and intercept, respectively, for chronological age on each cognitive measure, x;;
is each the value of the cognitive measure participant i, s; is the root mean squared error of chronological age
regressed on the cognitive measure, and CA; is chronological age for participant i. Additionally, S%s, desig-
nates the standard deviation for the difference in cognitive age and chronological age. It is estimated by taking
into account the variability in the first half of the equation, the mean variance of the cognitive measures that
is explained by chronological age, and the range of chronological age, as explained in Klemera and Doubal®.
Overall, the mean cognitive age of a population should equal the mean chronological age of the population®.

CogAge =

References
1. Hashimoto, Y. et al. A rescue factor abolishing neuronal cell death by a wide spectrum of familial Alzheimer’s disease genes and
Abeta. Proc Natl Acad Sci USA 98, 6336-6341 (2001).
2. Hagberg, H., Mallard, C., Rousset, C. I. & Thornton, C. Mitochondria: hub of injury responses in the developing brain. Lancet Neurol
13,217-232(2014).
3. Giinther, C. et al. Possible association of mitochondrial transcription factor A (TFAM) genotype with sporadic Alzheimer disease.
Neuroscience Letters 369, 219-223 (2004).
4. Hashimoto, Y. et al. Detailed characterization of neuroprotection by a rescue factor humanin against various Alzheimer’s disease-
relevant insults. ] Neurosci 21, 9235-9245 (2001).
5. Tajima, H. et al. A humanin derivative, S14G-HN, prevents amyloid-beta-induced memory impairment in mice. Journal of
Neuroscience Research 79, 714-723 (2005).
6. Niikura, T., Sidahmed, E., Hirata-Fukae, C., Aisen, P. S. & Matsuoka, Y. A humanin derivative reduces amyloid beta accumulation
and ameliorates memory deficit in triple transgenic mice. PLoS ONE 6, 16259 (2011).
7. Muzumdar, R. H. et al. Humanin: a novel central regulator of peripheral insulin action. PLoS ONE 4, 6334 (2009).
. Hastings, K. G. et al. Leading Causes of Death among Asian American Subgroups (2003-2011). PLoS ONE 10, e0124341 (2015).
9. Yracheta, J. M. et al. Hispanic Americans living in the United States and their risk for obesity, diabetes and kidney disease: Genetic
and environmental considerations. Postgrad Med 127, 503-510 (2015).
10. AE, S. et al. Uncovering Physiological Mechanisms for Health Disparities in Type 2 Diabetes. Ethn Dis 25, 31-37 (2014).
11. Ikonen, M. et al. Interaction between the Alzheimer’s survival peptide humanin and insulin-like growth factor-binding protein 3
regulates cell survival and apoptosis. Proc Natl Acad Sci USA 100, 13042-13047 (2003).
12. Xu, X. et al. Neuroprotective effect of humanin on cerebral ischemia/reperfusion injury is mediated by a PI3K/Akt pathway. Brain
Research 1227, 12-18 (2008).
13. Muzumdar, R. H. et al. Acute humanin therapy attenuates myocardial ischemia and reperfusion injury in mice. Arterioscler. Thromb.
Vasc. Biol. 30, 1940-1948 (2010).
14. Widmer, R.J. et al. Circulating humanin levels are associated with preserved coronary endothelial function. Am J Physiol Heart Circ
Physiol 304, H393-7 (2013).
15. Oh, Y. K. et al. Humanin preserves endothelial function and prevents atherosclerotic plaque progression in hypercholesterolemic
ApoE deficient mice. Atherosclerosis 219, 65-73 (2011).
16. Xu, X,, Chua, C. C,, Gao, J., Hamdy, R. C. & Chua, B. H. L. Humanin is a novel neuroprotective agent against stroke. Stroke 37,
2613-2619 (2006).
17. Eriksson, E. et al. Protective role of humanin on bortezomib-induced bone growth impairment in anticancer treatment. 106, djt459
(2014).
18. Zhao, S.-T., Zhao, L. & Li, J.-H. Neuroprotective Peptide Humanin Inhibits Inflammatory Response in Astrocytes Induced by
Lipopolysaccharide. Neurochem Res, https://doi.org/10.1007/s11064-012-0951-6 (2013).
19. Streit, W. J. & Xue, Q. Alzheimer’s Disease, Neuroprotection, and CNS Immunosenescence. Front Pharmacol 3 (2012).
20. Streit, W. J., Braak, H., Xue, Q.-S. & Bechmann, I. Dystrophic (senescent) rather than activated microglial cells are associated with
tau pathology and likely precede neurodegeneration in Alzheimer’s disease. Acta Neuropathol 118, 475-485 (2009).
21. Sierra, A., Blackmore, A. C. G., McEwen, B. S. & Bulloch, K. Microglia derived from aging mice exhibit an altered inflammatory
profile. Glia 55, 412-424 (2007).
22. Tremblay, M. E., Zettel, M. L., Ison, J. R, Allen, P. D. & Majewska, A. K. Effects of aging and sensory loss on glial cells in mouse visual
and auditory cortices. Glia 60, 541-558 (2012).
23. Sheng, J. G., Mrak, R. E. & Griffin, W. S. T. Enlarged and phagocytic, but not primed, interleukin-1a-immunoreactive microglia
increase with age in normal human brain. Acta Neuropathol 95, 229-234 (1998).
24. Miller, K. R. & Streit, W. J. The effects of aging, injury and disease on microglial function: a case for cellular senescence. Neuron Glia
Biology 3, 245-253 (2007).
25. Streit, W.]., Miller, K. R, Lopes, K. O. & Njie, E. Microglial degeneration in the aging brain-bad news for neurons? Front. Biosci. 13,
3423-3438 (2008).
26. Perry, V. H.,, Matyszak, M. K. & Fearn, S. Altered antigen expression of microglia in the aged rodent CNS. Glia 7, 60-67 (1993).
27. Hodis, H. N., Mack, W. J., Dustin, L., Mahrer, P. R. & Azen, S. P. High-Dose B Vitamin Supplementation and Progression of
Subclinical Atherosclerosis A Randomized Controlled Trial. Stroke (2009).
28. Health and Retirement Study public use dataset. (Produced and distributed by the University of Michigan with funding from the
National Institute on Aging (grant number NIA U01AG009740) (2016).
29. Bachar, A. R. et al. Humanin is expressed in human vascular walls and has a cytoprotective effect against oxidized LDL-induced
oxidative stress. Cardiovasc Res 88, 360-366 (2010).
30. Lee, C. et al. IGF-I regulates the age-dependent signaling peptide humanin. Aging Cell 13, 958-961 (2014).

el

SCIENTIFICREPORTS| (2018) 8:14212 | DOI:10.1038/s41598-018-32616-7 8


http://dx.doi.org/10.1007/s11064-012-0951-6

www.nature.com/scientificreports/

31. Xiao, J. et al. Low circulating levels of the mitochondrial-peptide hormone SHLP2: novel biomarker for prostate cancer risk.
Oncotarget 8,94900-94909 (2017).

32. Mitchell, S. L. et al. Investigating the relationship between mitochondrial genetic variation and cardiovascular-related traits to
develop a framework for mitochondrial phenome-wide association studies. BioData Min 7, 6 (2014).

33. Sun, J., Chen, M., Xu, J. & Luo, J. Relationships among stop codon usage bias, its context, isochores, and gene expression level in
various eukaryotes. ] Mol Evol 61, 437-444 (2005).

34. McCaughan, K. K., Brown, C. M., Dalphin, M. E., Berry, M. J. & Tate, W. P. Translational termination efficiency in mammals is
influenced by the base following the stop codon. Proc Natl Acad Sci USA 92, 5431-5435 (1995).

35. Kim, S.-]. et al. The mitochondrial-derived peptide humanin activates the ERK1/2, AKT, and STAT3 signaling pathways and has
age-dependent signaling differences in the hippocampus. Oncotarget, https://doi.org/10.18632/oncotarget.10380 (2016).

36. Hashimoto, Y., Kurita, M., Aiso, S., Nishimoto, I. & Matsuoka, M. Humanin inhibits neuronal cell death by interacting with a
cytokine receptor complex or complexes involving CNTF receptor alpha/WSX-1/gp130. Molecular biology of the cell 20, 2864-2873
(2009).

37. Ying, G. et al. Humanin, a newly identified neuroprotective factor, uses the G protein-coupled formylpeptide receptor-like-1 as a
functional receptor. Journal of Immunology 172, 7078-7085 (2004).

38. Harada, M. et al. N-Formylated humanin activates both formyl peptide receptor-like 1 and 2. Biochem Biophys Res Commun 324,
255-261 (2004).

39. Sponne, I. et al. Humanin rescues cortical neurons from prion-peptide-induced apoptosis. Mol. Cell. Neurosci. 25, 95-102 (2004).

40. Zhao, S.-T., Huang, X.-T., Zhang, C. & Ke, Y. Humanin protects cortical neurons from ischemia and reperfusion injury by the
increased activity of superoxide dismutase. Neurochem Res 37, 153-160 (2012).

41. Murakami, M., Nagahama, M., Maruyama, T. & Niikura, T. Humanin ameliorates diazepam-induced memory deficit in mice.
Neuropeptides, https://doi.org/10.1016/j.npep.2016.10.008 (2016).

42. Salminen, A., Kaarniranta, K. & Kauppinen, A. Inflammaging: disturbed interplay between autophagy and inflammasomes. Aging
4,166-175 (2012).

43. Brandhorst, S. et al. A Periodic Diet that Mimics Fasting Promotes Multi-System Regeneration, Enhanced Cognitive Performance,
and Healthspan. Cell Metab 22, 86-99 (2015).

44. Wei, M. et al. Fasting-mimicking diet and markers/risk factors for aging, diabetes, cancer, and cardiovascular disease. Science
Translational Medicine 9, eaai8700 (2017).

45, Xiao, J., Kim, S.J., Cohen, P. & Yen, K. Humanin: Functional Interfaces with IGF-1. YGHIR 29, 21-27 (2016).

46. Choudhury, A. R. & Singh, K. K. Mitochondrial determinants of cancer health disparities. Semin. Cancer Biol. 47, 125-146 (2017).

47. Fuku, N. et al. The mitochondrial-derived peptide MOTS-c: a player in exceptional longevity? Aging Cell 14, 921-923 (2015).

48. Qin, Q. et al. Downregulation of circulating MOTS-c levels in patients with coronary endothelial dysfunction. Int. J. Cardiol. 254,
23-27(2018).

49. Kim, S.-J,, Xiao, J., Cohen, P. & Yen, K. Subcellular Fractionation for ERK Activation Upon Mitochondrial-derived Peptide
Treatment. JoVE 1-5, https://doi.org/10.3791/56496 (2017).

50. Qin, Q. et al. Chronic Treatment With the Mitochondrial Peptide Humanin Prevents Age-related Myocardial Fibrosis in mice.
American Journal of Physiology-Heart and Circulatory Physiology ajpheart.00685.2017, https://doi.org/10.1152/ajpheart.00685.2017
(2018).

51. Christensen, A. & Pike, C. J. Age-dependent regulation of obesity and Alzheimer-related outcomes by hormone therapy in female
3xTg-AD mice. PLoS ONE 12, €0178490 (2017).

52. Ekdahl, C. T. Microglial activation - tuning and pruning adult neurogenesis. Front Pharmacol 3, 41 (2012).

53. Chin, Y.-P. et al. Pharmacokinetics and tissue distribution of humanin and its analogues in male rodents. Endocrinology 154,
3739-3744 (2013).

54. Cox, M. P, Peterson, D. A. & Biggs, P. ]. SolexaQA: At-a-glance quality assessment of Illumina second-generation sequencing data.
BMC Bioinformatics (2010).

55. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

56. DePristo, M. A. et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nature
Genetics 43, 491-498 (2011).

57. Klemera, P. & Doubal, S. A new approach to the concept and computation of biological age. Mech Ageing Dev 127, 240-248 (2006).

58. Levine, M. E. Modeling the rate of senescence: can estimated biological age predict mortality more accurately than chronological
age? 68, 667-674 (2013).

59. Lu, A. T. et al. Genetic variants near MLST8 and DHX57 affect the epigenetic age of the cerebellum. Nat Commun 7, 10561 (2016).

Acknowledgements

Support from the USC/UCLA Center on Biodemography and Population Health through a grant from the NIA
(P30AG017265) to KY; P0O1AG034906, RO1ES020812 to VLR and PC; W81XWH-17-1-0612, R01AG061834, An
AFAR BIG Award to PC; P30AG017265, R24AG054365 to EC; P01AG026572 and RF1AG058068 to CJP; AC was
supported by T32AG052374; 1R01AG057912-01, 4RO0AG052604-02 to MEL.

Author Contributions

B.M. performed the in vitro assays. K.Y., HH.M., A.C., S.B,, S.-].K,, ].X., and G.N. performed the mouse
experiments. K.Y. and H.H.M. performed the mitochondrial DNA isolation. D.C. performed the sequencing.
M.S. performed the data analysis of the mitochondrial sequences. J.W. performed all the ELISAs. M.E.L.
performed the analysis on the HRS dataset. K.Y., H.H.M., WM., G.J.H,, E.C., and P.C. helped with the data
analysis. K.Y., HH.M., JW,, BM., M.E.L,, D.C,, M.S,, VL., C.P, W.J M., HN.H., G.J.H., EM.C., and P.C. helped
write the manuscript and experimental design.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32616-7.

Competing Interests: P.C. is and K.Y. has been a consultant for CohBar Inc. P.C. holds stock in CohBar Inc.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:14212 | DOI:10.1038/s41598-018-32616-7 9


http://dx.doi.org/10.18632/oncotarget.10380
http://dx.doi.org/10.1016/j.npep.2016.10.008
http://dx.doi.org/10.3791/56496
http://dx.doi.org/10.1152/ajpheart.00685.2017
http://dx.doi.org/10.1038/s41598-018-32616-7

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14212 | DOI:10.1038/s41598-018-32616-7 10


http://creativecommons.org/licenses/by/4.0/

	Humanin Prevents Age-Related Cognitive Decline in Mice and is Associated with Improved Cognitive Age in Humans

	Results

	Humanin protects cells and mitochondria from Aβ toxicity. 
	Humanin decreases age-related cognitive decline in mice. 
	A SNP predicts circulating humanin levels and interacts with ancestry. 
	A humanin SNP predicts cognitive decline in humans. 

	Discussion

	Methods

	Cell culture assays. 
	MTT. 
	Cell Cytotoxicity Assay. 
	Live Mitochondria Isolation. 
	Incubation of Live Mitochondria with HNG and Aβ1-42. 
	Live Mitochondrial-derived H202 Detection by Amplex Red. 

	Longitudinal Study of Humanin Administration in Healthy Mice. 
	Mouse cognitive tests. 
	Accelerating Rotarod. 

	BrdU and Doublecortin Staining. 
	Iba-1 staining and microglial quantification. 
	Proinflammatory plasma biomarkers measurement. 
	Human studies. 
	DNA extraction and next generation sequencing. 
	SNP analysis. 
	Cognitive scores. 
	Cognitive aging. 

	Acknowledgements

	Figure 1 Humanin treatment reduces Aβ-induced toxicity (A) SH-SY5Y cells treated with Aβ (2 µM) have a decrease in viability measured by MTT and this is prevented by HNG treatment (B) or when measured by calcein stain (C) Isolated neuronal mitochondria in
	Figure 2 Humanin treatment reduces age-related cognitive decline.
	﻿Figure 3 Humanin treatment reduces inflammation in mice.
	Figure 4 Humanin levels and cognitive age is associated with SNP rs2854128.
	Table 1 Demographic characteristics and humanin levels in African American (AA) and Caucasian Americans (CA) subjects in the BVAIT study.
	Table 2 Percent Distribution of SNP rs2854128 in HRS MitoG2706A/rs2854128.




