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1 | INTRODUCTION

Abstract

The identification and validation of drugs that promote health during aging (“geropro-
tectors”) are key to the retardation or prevention of chronic age-related diseases. Here,
we found that most of the established pro-longevity compounds shown to extend
lifespan in model organisms also alter extracellular matrix gene expression (i.e., matri-
some) in human cell lines. To harness this observation, we used age-stratified human
transcriptomes to define the age-related matreotype, which represents the matri-
some gene expression pattern associated with age. Using a “youthful” matreotype,
we screened in silico for geroprotective drug candidates. To validate drug candidates,
we developed a novel tool using prolonged collagen expression as a non-invasive and
in-vivo surrogate marker for Caenorhabditis elegans longevity. With this reporter, we
were able to eliminate false-positive drug candidates and determine the appropriate
dose for extending the lifespan of C. elegans. We improved drug uptake for one of
our predicted compounds, genistein, and reconciled previous contradictory reports
of its effects on longevity. We identified and validated new compounds, tretinoin,
chondroitin sulfate, and hyaluronic acid, for their ability to restore age-related decline
of collagen homeostasis and increase lifespan. Thus, our innovative drug screening
approach—employing extracellular matrix homeostasis—facilitates the discovery of
pharmacological interventions promoting healthy aging.

KEYWORDS
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Unfortunately, humans spend on average one-fifth of their lifetime

The demographic shift in the human population reflects an aging
society—over 20% of Europeans are predicted to be 65 or over by
the year 2025 (Riera & Dillin, 2015). Aging is the major risk factor
for developing chronic diseases, such as cancer, Alzheimer's dis-

ease, and cardiovascular complications (Partridge et al., 2018).

in poor health suffering from one or multiple age-related chronic
diseases (Partridge et al., 2018). However, the onset of age-related
pathologies is not fixed, and the rate of aging was shown to be mal-
leable. The goal of biomedical research on aging or geroscience is to
identify interventions that compress late-life morbidity to increase

the period spent healthy and free from disease.
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A few geroprotective drugs exist that postpone age-related dis-

eases (Riera & Dillin, 2015). For instance, the anti-diabetes drug met-
formin reduces age-related chronic diseases and mortality from all
causes (Bannister et al., 2014). Ongoing clinical trials on geroprotec-
tive drugs or compounds include the anti-diabetic drugs metformin
(NCT02432287, NCT03451006) and acarbose (NCT02953093);
mTOR-inhibiting and immunosuppressant drug rapamycin (sirolimus;
NCT02874924); natural compounds resveratrol (NCT01842399) and
urolithin A (NCT04160312); and nicotinamide adenine dinucleotide
precursors NR (NCT02950441) and NMN (NCT04685096). One pri-
mary outcome measure used in the aforementioned clinical trials for
metformin and acarbose is the restoration from an “old” to a “youth-
ful” gene expression signature (NCT02432287, NCT02953093).
Therefore, we reasoned that cross-comparing youthful expression
signatures against expression profiles elicited by small molecules
could identify geroprotective compounds. Conceptually similar in-
silico approaches have been conducted in the past (Aliper et al., 2016;
Calvert et al., 2016; Donertas et al., ,2018, 2019; Fuentealba et al.,
2019; Janssens et al., 2019; Komljenovic et al., 2019; Liu et al., 2016).
However, these former approaches comparing age-related expres-
sion profiles with drug-treated cells revealed similar drug targets
(Donertas et al., 2019), such as the HSP90/HSF-1 axis (Fuentealba
et al., 2019; Janssens et al., 2019). Our strategy was to use a more
refined starting list of a “youthful” gene expression signature with
experimentally implicated genes associated with healthy aging.

A key signature of aging is the continuous decline of collagen
and cell adhesion gene expression (Ewald, 2019; Magalh3es et al.,
2009) accompanied with an increase in matrix metalloproteinase
expression (Ewald, 2019). Gene expression ontologies of extracel-
lular matrix (ECM) genes have been associated with healthy aging
in humans (Zeng et al., 2020). The ECM not only embeds cells and
tissues but also provides instructive cues that change cellular func-
tion and identity. For instance, placing old cells into a “young” ECM
rejuvenates senescent cells or stem cells and even reprograms tumor
cells (reviewed in (Ewald, 2019)). Moreover, collagen homeostasis is
required and sufficient for longevity in Caenorhabditis elegans (Ewald
et al., 2015). Heparan/chondroitin biosynthesis and TGFp pathway
are frequently enriched in C. elegans longevity drug screens (Liu
et al., 2016). Collectively, these functionally implicated genes are all
members of the matrisome.

The human matrisome encompasses 1027 protein-encoding
genes that either form the ECM, such as collagens, glycoproteins,
and proteoglycans; associate with ECM (e.g., TGFB, Wnts, and cyto-
kines); or remodel the ECM (e.g., matrix metalloproteinases (MMPs))
(Naba et al., 2016). The matrisome represents about 4% of the human
genome and is functionally implicated in about 8% of the total 7037
unique human phenotypes (Statzer & Ewald, 2020). Age-related
phenotypes rank among the top matrisome-phenotypic categories
across species (Ewald, 2019; Taha & Naba, 2019). Proteomics ap-
proaches have revealed unique ECM compositions associated with
health and disease status (Socovich & Naba, 2019). ECM composi-
tions can even be used to identify distinct cancer-cell types (Ewald,
2019). Therefore, organismal phenotypes, physiological states, and

cellular identity are characterized by distinct sets of expressed ECM
proteins. Since these unique ECM compositions are an expression
profile on a temporary, sometimes local basis and do not involve the
entire matrisome, we coined the term matreotype (Ewald, 2019). The
matreotype is the acute state of an ECM composition associated
with—or causal for—a given physiological condition or phenotype
(Ewald, 2019).

Given the functional implication of ECM in healthy aging, we
hypothesized that a youthful matreotype might predict drugs pro-
moting healthy aging. Here, we define a youthful human matreotype
using data from the Genotype-Tissue Expression (GTEx) project
(Consortium, 2013). We query this young matreotype signature with
the drug resource Connectivity Map (CMap) (Lamb et al., 2006) data
to identify longevity-promoting compounds. We then developed
a novel in-vivo tool as a surrogate marker for longevity to find ap-
propriate drug doses to be used for C. elegans' lifespan assays. Our
results implicate previously known longevity drugs as well as novel
drugs, providing a proof-of-concept for our approach.

2 | RESULTS

2.1 | Geroprotective compounds associated with
altering ECM

We first performed literature and database mining to search for
compounds that have been shown to increase lifespan and are
known to alter ECM in any organism. We acquired lifespan data
from databases DrugAge and GeroProtectors (Figure 1a) (Barardo
et al., 2017; Moskalev et al., 2015). We filtered for reported mean
lifespan extensions that were above 5% for compounds compared
to control (Figure 1a; Table S1)—then queried all PubMed abstracts
for the given agent and our ECM key terms, including collagen, MMP,
proteoglycan, integrin, and TGFp (Figure 1a; Table S1). After manual
curation, we identified 3% (16 out of 567) of the examined known
longevity-promoting compounds that slow aging and also had been
reported to affect proteins outside of cells, such as collagens and

other matrisome proteins (Figure 1b; Table S1).

2.2 | Longevity compounds affect matrisome
gene expression

Next, we investigated whether compound treatments, in general,
would alter matrisome expression. Connectivity Map (CMap) is a
library of 1.5 million gene expression profiles comparing 1309 dif-
ferent compound treatments on human cell cultures (Lamb et al.,
2006). We queried the CMap library for compound treatments that
either increase or decrease the expression levels of matrisome genes.
Using a z-score threshold of +1.5, we identified 167 compounds that
strongly regulate the 594 out of the 1027 matrisome genes compared
to the background (13,752 total quantified genes; Figure 2a, Figure
S1, Table S2). Out of the 12 most up- and 12 most downregulated
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FIGURE 1 Geroprotective compounds (a)
shown to affect the ECM. (a) Schematic

depiction of the literature and database

mining approach used. (b) Compounds
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matrisome expression profiles upon a compound treatment, we iden-
tified ten agents linked to longevity or impairment of age-related
pathologies (Figure 2b,c, Table S2). Strikingly, out of these 47 known
longevity-promoting compounds that were assessed in the CMap
library, we found 41 (87%) significantly altered matrisome gene ex-
pression (Figures 52-54, Table S2). After manual curation, we identi-
fied 20 additional compounds reported to increase lifespan. From the
total 67 reported lifespan-increasing compounds, 19 had minor ef-
fects on overall matrisome gene expression, whereas 26 compounds

polysaccharide extract

i 111111
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Royal Jelly
Rapamycin
Resveratrol*
S-Allyl Cysteine
Oleoylethanolamide
Tannic acid
Dehydroabietic acid
L—deprenyl
Collagen peptides
Quercetin

Acetylsalicylic acid (Aspirin)

increased, and 22 decreased, matrisome gene expression (Figure 2a,
Table S2). These results suggest that compounds implicated in healthy
aging show enriched differential matrisome gene expression.

2.3 | Defining young and old human matreotypes

For a more targeted approach, we reasoned that using a young
age-associated matrisome gene expression signature (i.e., youthful
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FIGURE 2 Drugs affecting matrisome gene expression. (a) Z-score of altering matrisome gene expression across all 1309 CMap drugs.
Vertical lines indicate compounds shown to increase lifespan in any organism. (b-c) Top 12 compounds that increase (b) or decrease (c) the

overall matrisome gene expression. For details, see Table S2

matreotype) to query CMap data should reveal more compound
treatments that might promote longevity. To define a young and
old human matreotype, we built upon the previous analysis of
the GTEx dataset (Consortium, 2013) comparing a young ver-
sus an old gene expression pattern of more than 50 tissues and
8000 transcriptomes by Janssens and colleagues (Janssens et al.,
2019). From these 50 tissues, we only identified 15 tissues that
had on average 138 age-related transcripts per tissue, which we
then filtered for matrisome genes (Figures S5, S6, Table S3). In our
analysis, we used two different approaches to quantify age-related
transcript changes: the difference in expression (“absolute”) and
the fraction of change (“relative”). The absolute expression change
preferentially captures genes exhibiting high baseline expression
levels, since any change in their abundance translates to a large
absolute change. By contrast, the relative expression difference
quantifies the change to the previously measured value and favors
lower expressed genes.

Among these age-related transcripts, matrisome genes were
well-represented: collagen gene expression decreased with age,
while matrix proteases (MMPs, ADAMs) increased (Figure 3a-d,
Table S3). These findings were consistent with previous reports
(Ewald, 2019; Magalhdes et al.,, 2009). However, we noted a
number of key observations. First, each tissue has a unique age-
related matreotype gene expression signature (Figures S5, S6,
Table S3). Second, both the transcript coverage and the age as-
sociation of the matrisome varies within the 15 assessed tissues.
Therefore, we decided to narrow the focus of our study to five
tissues: skin, thyroid, pituitary, aorta, and coronary artery tissue
(Figure S7, Table S3). In the remaining tissues, the number of age-
associated transcripts was too low to quantify the contribution
of the matrisome conclusively. Third, certain matrisome genes,
such as GDF15, experienced both increasing and decreasing ex-
pression levels during aging, depending on the tissue (Figure 3b).
With these observations in mind, our aim was to construct a
multi-tissue compendium of matrisome members, which were
most affected by aging.

To extend the matreotype generated from these five tissues,
we combined the findings of eight studies that also included tran-
scriptomes across ages from different tissues in order to validate
and identify additional multi-tissue and age-related matrisome
genes (Table S3). By considering both absolute and relative aging
gene expression changes, we determined the age-related mat-
reotype of brain, fat, skin, and other tissues to generate a new
common signature across tissues (Figure S8, Table S3). By invert-
ing the aged expression pattern, we defined the age-reversed or
“youthful” matreotype (Table S4). Using this approach, we defined
here, for the first time, a multi-tissue compendium of 99 genes
across 15 human tissues, which we define as the young and aged
matreotype.

2.4 | Use of the young and aged matreotype to
identify new pro-longevity compounds

The ultimate goal of our matreotype signature is its application to
identify new geroprotective compounds that modulate the matri-
some, and thus, longevity. To first validate this approach, we used
known pro-longevity compounds and identified those causing a
youthful matreotype (i.e., similar gene expression; Figure 4, Tables
S4, S5). We parsed the youthful matreotype signature into “down-
regulated matreotype genes that become upregulated during aging”
(Figure 4a) and “upregulated matreotype genes that become down-
regulated during aging” (Figure 4b, Table S4). We queried the CMap
compound expression profiles and plotted the top 50 compounds
that showed the gene expression signature as predicted by the
youthful matreotype and called them “reversed aging signature”
compounds (Figure 4a,b). As a control, we also plotted the top 50
compounds that would enhance gene expression in the direction-
ality of aging and called them “potentiated aging signature” com-
pounds (Figure 4a,b). Of these total 200 compounds, 15 compounds
were identified with both youthful and aged matreotypes, leaving
185 unique compounds.

Next, we searched the literature for reported lifespan increase in
any organism upon treatment with any of these 185 compounds and
found 24 of these compounds resulted in lifespan extension (Figure 4,
Table S5). To our surprise, these 24 compounds with reported lifespan
increase did not cluster preferentially with the “reversed aging signa-
ture” compounds as predicted but rather were almost equally distrib-
uted among all categories (Figure 4). This suggests that at least for
matrisome genes, longevity might not be a simple reversion of gene
expression associated with aging. Or it might be more complex given
that each tissue has a unique matreotype (Figures S5-S7), such as
that seen with GDF15 (Figure 3). Despite this unexpected finding, we
note that our matreotype-99-gene-compendium was able to identify
185 unique compounds, of which 13% have previously been reported
to extend lifespan (Figure 4). This is an improvement compared to
the 5% of the 67 longevity-promoting compounds found in all 1309
CMap assessed small molecules (Figure 2a). Thus, independent of di-
rectionality, both youthful and age-related matreotype, that is, the

matreotype signature itself predicts longevity-promoting drugs.

2.5 | Validating matreotype-predicted compounds
with lifespan assays using C. elegans

To translate the in-silico analysis to an in-vivo functional relevance for
healthy aging, lifespan assays in model organisms, such as C. elegans
or mice, are commonly used. The limitation of these lifelong assays,
especially in mice, is that often one does not know if the optimal dose
is applied until the end of the study 3 years later. To overcome this
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limitation, we developed an in-vivo screening assay measuring col-
lagen biosynthesis. Similar to humans, collagen biosynthesis declines
with age in C. elegans, and we recently discovered that many, if not
all, longevity interventions prolong the expression of collagen genes
in C. elegans (Ewald et al., 2015). This prolonged expression of key
collagen genes is required and sufficient for longevity (Ewald et al.,
2015). Thus, we hypothesized that prolonged collagen expression,

quantified on the transcriptional level by a collagen promoter-driven
GFP, would constitute a useful surrogate marker to predict longevity
(Figure 5a). Indeed, we found that the GFP intensity driven by colla-
gen col-144 promoter (Pcol-144::GFP) declined almost linearly within
the first 5 days of adulthood (Figure 5b, Table Sé).

To validate our hits, we chose eleven compounds out of
194 matreotype-predicted hits and examined a single compound dose
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for examining the Pcol-144::GFP expression levels during aging. We

found that vitamin B12 (cyanocobalamin), chrysin, and dapsone main-
tained strong Pcol-144::GFP expression at old age (Figure 5c, Table
Sé). Therefore, we decided to assess these concentrations of B12,
chrysin, and dapsone, and found that they robustly increased lifespan
(Figure 5d, Table S7). This indicates the usefulness of this reporter to
identify a longevity-promoting dose for C. elegans lifespan validation.
In our youthful matreotype-associated drugs, we have identified
phenformin (Figure 4b, Figure S9, Table S2), an analog of metformin.
Both phenformin and metformin have been shown to increase C. el-
egans lifespan (Pryor & Cabreiro, 2015). Here, we found that treating
late L4 C. elegans with metformin, prolonged collagen expression in
a dose-dependent manner (Figure 5e; Figure S10, Table Sé). This is
consistent with a study showing metformin slows extracellular matrix
morphological decline of the cuticle (Haes et al., 2014). This suggests
that one unexplored aspect of the metformin's mechanism of action
might be via improved collagen homeostasis. Given this exciting find-
ing, we decided to prioritize our investigations into drugs that will
enhance collagen homeostasis in mammals but have not shown any
pro-longevity phenotypes in any organisms. We, therefore, chose to
test the retinoic acid receptor agonist tretinoin since tretinoin treat-
ment prevents MMP upregulation and stimulates collagen synthesis
in photo-aged skin (Griffiths et al., 1993; Mukherjee et al., 2006). Our
analysis showed that tretinoin had an enriched differential expression
of matrisome genes (Figure S9). Furthermore, tretinoin has been pre-
dicted to associate with a youthful expression pattern by the in-silico
analysis of Janssens and colleagues but did not increase C. elegans
lifespan at 50 pM (Janssens et al., 2019). With our reporter system,
we found that treatment with 10 uM of tretinoin prolonged collagen
expression and increased lifespan (Figure 5f-i; Figure S10, Tables Sé6,
S7), confirming that tretinoin indeed promotes healthy aging.
Following the same rationale, in our drug hits that change matri-
some expression, we identified genistein, an isoflavone (phytoestro-
gen) derived from soybeans to have a youthful matreotype profile
(Figure S9). Genistein has been predicted to associate with a youth-
ful expression pattern by a previous in-silico analysis but failed to
increase C. elegans lifespan at 50 pM (Janssens et al., 2019). By con-
trast, other groups reported a lifespan increase using 50 and 100 uM

genistein (Lee et al., 2015). To reconcile this, we generated new 98%

pure genistein and found prolonged collagen expression in aged C. el-
egans and a mild increase in lifespan (Figure 5j, Figure S11, Table S7).
To optimize drug uptake, we encapsulated genistein extracts with
liposomes. We found higher collagen protein content in aged C. ele-
gans (day 8 of adulthood), enhanced oxidative stress resistance during
older age (day 5 adults), and improved lifespan extension compared to
empty vector liposomal control treatments (Figure 5k,l, Figures S11-
S12, Tables S7-S8). A similar strategy was used to encapsulate royal
jelly oil in a lecithin-based nanoemulsion for improved solubility on
the NGM culturing plates to facilitate uptake by C. elegans (Figures
$10, S11). These data indicate that optimizing drug delivery and dose
is important for lifespan and healthspan benefits.

To expand our findings, we searched for compounds that could
alter ECM composition and were not included in the CMap library.
Besides collagens, glycoprotein and proteoglycans are the other
two major components of ECMs across species (Naba et al., 2016;
Teuscher et al., 2019). We decided to investigate ECM precursors,
such as glucosamine, chondroitin sulfate, and hyaluronic acid, which
are part of the sugars added to these ECM proteins as potential me-
diators of the youthful matreotype. In humans, cohort studies of over
70-500 thousand participants who took glucosamine or chondroitin
supplements showed a 15%-18% and 22% reduction in total mortal-
ity, respectively (Bell et al., 2012; Li et al., 2020). Here, we found that
glucosamine treatment increased collagen expression during aging
(Figure S10, Table Sé). Previous studies also implicated glucosamine
supplementation in lifespan extension of C. elegans and mice (Weimer
et al., 2014). Using our collagen reporter screening system, we de-
termined that 20 pl/ml of hyaluronic acid and 400 pg/ml chondroitin
sulfate prolonged collagen synthesis during aging and were sufficient
to increase lifespan (Figure 5m-o; Figures S10, S12, Tables S6-S8).
Thus, our ECM-transcriptional reporter system is a powerful tool to

identify drug-response doses that promote healthy aging.

3 | DISCUSSION

Recent artificial intelligence, in silico, and other computational ap-
proaches have been harnessed to predict beneficial and longevity-

promoting effects of compounds, which were previously not

FIGURE 5 Validating compounds that were predicted to modulate the age-related matreotype for in-vivo collagen expression and
lifespan. (a) Heterogeneity in decline of collagen col-144 promoter-driven GFP (LSD2002 [Pcol-144::GFP]) at day 3 of adulthood. GFP

levels were categorized in 4 groups (none/very low, low, medium, and high). (b) Approximately linear decline of Pcol-144::GFP expression
during the first 5 days of adulthood. (c) A single concentration per matreotype-predicted compound tested for their efficacy on prolonging
Pcol-144::GFP expression during aging. (d) Lifespan corresponding to the matreotype-predicted compounds with prolonged Pcol-144::GFP
expression during aging. (e-f) Metformin (e) and tretinoin (f) were observed to partially prolong Pcol-144::GFP expression during aging

in certain dosage regimes. (g-h) Representative image (g) and quantification (h) of Pcol-144::GFP expression at day 4 of adulthood

upon tretinoin treatment from day 1 of adulthood. (i) Adulthood treatment (start at day 2 of adulthood) of tretinoin extended lifespan.

(j) Adulthood treatment of genistein increased Pcol-144::GFP expression at day 4 of adulthood. (k) Liposomal-encapsulated genistein

showed higher collagen over total protein levels at day 8 of adulthood. () Adulthood treatment (start at day 2 of adulthood) of liposomal-
encapsulated genistein extended lifespan. (m) Adulthood treatment of chondroitin increased Pcol-144::GFP expression at day 4 of adulthood.
(n) Adulthood treatment of hyaluronic acid increased Pcol-144::GFP expression at day 5 of adulthood. (o) Adulthood treatment (start at day 2
of adulthood) of chondroitin or hyaluronic acid extended lifespan. For raw data and statistics for (b, c, e, f, h, j, k, m, n), see Table S6. For raw
data, statistics, and additional trials (d, i, I, 0), see Table S7
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considered to mediate effects on ECM gene expression. A major

challenge lies in the validation of the health-promoting results of a
compound. Here, we demonstrated that a concise list of 1027 ma-
trisome or 99 matreotype genes facilitates the identification of
lifespan-enhancing drugs. To establish a proof-of-concept for our
matreotype approach, we developed a new non-invasive and in-vivo
reporter system, which we used to validate known and novel gero-
protective drugs. We used our system to determine the appropriate
dose to unravel the compounds' longevity potential indicated with
our, and previous, in-silico approaches.

Established geroprotective drugs, such as metformin, rapa-
mycin, resveratrol, and others, with known lifespan-extending
effects, have previously been reported to alter the expression of
ECM components (Figure 1). When we compared gene expression
signatures, we found that almost ninety percent of the known
longevity-promoting compounds in the CMap library showed
changes in matrisome gene expression. To identify novel geropro-
tective drugs, we refined our approach by parsing ECM gene sig-
natures resembling a young or aged matreotype to correlate with
a given drug's gene expression pattern. We found 185 candidate
drugs, of which 24 showed lifespan increase in model organisms
and 42 unique compounds had previously been predicted as poten-
tial geroprotectors (Table S5).

The generally accepted assumption is that there is a drift in
gene expression during aging, and that restoration of a younger
gene expression pattern indicates rejuvenation of cells or tissues.
This premise has been extensively used as a biomarker for the res-
toration of health in clinical trials (NCT02432287, NCT02953093),
parsing healthy versus common aging cohorts (Zeng et al., 2020),
reprogramming cells into a younger state (Lu et al., 2020), or in
previous in-silico approaches (Tyshkovskiy et al., 2019). This prem-
ise also requires that longevity or rejuvenating interventions work
through temporal scaling, a process that has been shown to be the
case for lifespan extension and aging-associated gene expression
in C. elegans (Stroustrup et al., 2016; Tarkhov et al., 2019) but not
yet for mammals. We found that longevity-promoting drugs either
increase or decrease matrisome gene expression (Figure 2). With a
more refined approach using the youthful matreotype, we observed
that both reversing or propagating the aging gene signatures could
predict geroprotective drugs (Figure 4). One explanation could be
that there is overlap in the gene expression signatures during aging
and chronic diseases are similar (Zeng et al., 2020).

Clearly, independent of directionality, the current defined age-
related matreotype holds predictive power to identify new lifespan-
enhancing drugs. A shortcoming of our definition of the aging- and
youth-associated expression signatures is that we do not take the
context of the individual tissues into consideration. Unfortunately,
insufficient studies are available to compile high-quality subsets
for each tissue, which should be addressed in further experimental
investigations. This is especially important in the case of collagen
expression at an advanced age that can be both associated with im-
proved tissue maintenance as observed in the skin and joints, while
at the same time be implicated in fibrotic changes in the liver and

kidney. For instance, downregulation of ECM in fat tissue but not in
blood vessels is a key gene signature for healthy elderly individuals
(Zeng et al., 2020). During aging, inflammation increases leading to
fibrosis (Ewald, 2019). On the contrary, collagen synthesis declines
during aging and degradation or fragmentation by increased MMP
activities, evident in aging skin (Ewald, 2019). Several drugs, includ-
ing rapamycin (Chung et al., 2019), tretinoin (Griffiths et al., 1993;
Mukherjee et al., 2006), genistein (Polito et al., 2012), and resvera-
trol (Lephart & Andrus, 2017), increase collagen synthesis in the skin.
By contrast, resveratrol, rapamycin, and genistein suppress fibrotic
collagen deposition by intestinal fibroblasts, kidney, and lung tissues,
respectively (Chen et al., 2012; Li et al., 2014; Matori et al., 2012).
Thus, drugs might act as a geroprotector and increase lifespan by
either inhibiting or enhancing the matrisome expression depending
on pre-existing tissue damage or disease.

The model organism C. elegans does not show inflammation nor
fibrosis during aging. Thus, collagen expression in C. elegans might
reflect restoration or repair of the progressive decline of ECM ho-
meostasis during aging analogous to human skin. This makes C. ele-
gans the ideal readout for any age-dependent changes of matrisome
genes observed from human or mammalian omics approaches.
Based on this, we established an age-dependent collagen transcrip-
tional read-out as a predictive marker for longevity.

In previous work, more than 100,000 compounds have been
screened, and about 100 compounds have been identified to in-
crease C. elegans lifespan (Table S5). A practical limitation in verifying
drug candidates is the uncertainty in optimal dosage levels. Usually,
one dose is chosen for all compound treatments for C. elegans lifes-
pan screening assays, potentially leading to many false-negative re-
sults and limiting its interpretation. Dose-response curves are not
linear, but often J- or U-shaped, whereby in general, high doses are
toxic and low doses lead to hormetic responses increasing lifespan.
We showed that two previously predicted but regarded as false-
positive compounds—tretinoin and genistein—robustly increase
lifespan when assayed at the appropriate dosage. Furthermore, op-
timization for the route of uptake improves robustness, promoting
healthy aging. Thus, our reporter system serves as a predictive tool
to identify the appropriate dosage for lifespan assays.

It is striking that longevity-promoting compounds identified in model
organisms showed enriched matrisome gene expression signature in
human cells treated with these compounds (Figures S2-S4). The pro-
posed mechanisms for longevity compounds discovered with C. elegans
mostly work through intercellular communication. Pathway analysis
showed an enrichment for chondroitin and heparan sulfate biogenesis
and TGFp pathway as predicted drug-protein targets (Liu et al., 2016).
On the contrary, the outcome of previous in-silico approaches using
youthful gene expression determined from GTEx data to query CMap
identified HSP90 chaperone network (Doénertas et al., 2019; Fuentealba
et al,, 2019; Janssens et al., 2019) and protein homeostasis (Komljenovic
et al,, 2019) as healthy aging promoting interventions. HSP90 is found in
the extracellular space binding fibronectin and chaperones other ECM
proteins (Hunter et al., 2014). Pharmacological inhibition of HSP90 alters
ECM signaling (Chaturvedi et al., 2011). Proper ECM protein homeostasis
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is essential to ensure intercellular communication, a hallmark lost during
aging (Ewald, 2019). This raises the question whether geroprotective drugs
improve ECM homeostasis. There is tantalizing evidence with established
longevity-promoting medications, such as rapamycin, resveratrol, met-
formin, and others (Figure 1b), and we provided experimental evidence
for this with tretinoin, genistein, glucosamine, chondroitin, and hyaluronic
acid (Figure 5). Consistent with this is that glucosamine and chondroitin
stimulate collagen synthesis in vitro and ex vivo of elderly human skin in a
clinical trial (Gueniche & Castiel-Higounenc, 2017; Lippiello, 2007), extra-
cellular matrix component hyaluronic acid treatments stimulate collagen
synthesis in human photo-aged skin (Wang et al., 2007), and in mice (Fan
et al,, 2019), and topical application of rapamycin restores collagen VII
levels in a clinical trial (NCT03103893) (Chung et al., 2019). ECM homeo-
stasis might remodel or prevent glycation and crosslinking of collagens
(Ewald, 2019). There are currently 27 clinical trials addressing ECM stiff-
ness and its role in diseases by investigating eleven different molecular
targets. Furthermore, different matreotypes might be valuable prognostic
factors or biomarkers (Ewald, 2019). Thus, defining matreotypes related
to healthy aging or age-related chronic diseases might be a strategy for
personalized medicine approaches.

In summary, we demonstrated that prolonged ECM expression is
a biomarker for C. elegans longevity and harnessed this to establish a
novel in-vivo assay. We provided evidence that gene expression pat-
terns of human cells treated with known geroprotective drugs alter
ECM genes and developed an age-stratified matreotype. We then used
this matreotype to identify geroprotective compounds based on their
transcriptomes. Our method highlights a previously unused potential
of ECM reprogramming as a means to identify and validate compounds,
licensed drugs, natural compounds, and supplements that potentially
retard or prevent age-related pathologies. Understanding pharmaco-
logical reprogramming of extracellular environments may provide a new
platform to discover previously unidentified therapeutic avenues and

holds significant translational value for disease diagnostics.

4 | EXPERIMENTAL PROCEDURE

4.1 | Strains

Caenorhabditis elegans strains were maintained on NGM plates and
OP50 Escherichia coli bacteria. The wild-type strain was N2 Bristol.
Mutant strains used are described at www.wormbase.org: TJ1060:
spe-9(hc88) I; rrf-3(b26) 1l. LSD2002 was generated by integrating
Pcol-144::GFP transgene (a generous gift from Yelena Budovskaya and
Stuart Kim) into N2, outcrossing eight times, and crossing to TJ1060,
resulting spe-9(hc88) |; xchls001 [Pcol-144:: GFP; pha-1(+)] X genotype.

4.2 | Dataanalysis

Data analysis was performed utilizing the dplyr (Hadley Wickham,
Romain Francois, Lionel Henry and Kirill Mdller (2020). dplyr:
A Grammar of Data Manipulation. R package version 1.0.0) and
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purrr (Lionel Henry and Hadley Wickham (2020). purrr: Functional

Programming Tools. R package version 0.3.4). R packages. Data visu-
alization was generated using ggplot2 (H. Wickham. ggplot2: Elegant
Graphics for Data Analysis. Springer-Verlag New York, 2016),
ComplexHeatmap (Gu (2016). Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics),
and ggpubr (Alboukadel Kassambara (2020). ggpubr: “ggplot2”
Based Publication Ready Plots. R package version 0.4.0.999).

4.3 | Data origin

Human matrisome (http://matrisomeproject.mit.edu, (Naba et al.,
2016)), GTEx data (Consortium, 2013), age change (Janssens et al.,
2019). CMap data (Lamb et al., 2006), lifespan information were ob-
tained from GenAge, Geroprotectors (Moskalev et al., 2015), and
through a comprehensive literature review.

4.4 | Literature search

Compounds that extended the mean lifespan of the organism by
more than 5%, according to the DrugAge (Barardo et al., 2017) and
Geroprotector (Moskalev et al., 2015) databases, were selected for
further investigation. The abstracts of studies associated with lifes-
pan extension were filtered for the occurrence of at least one of the
following matrisome keywords: collagen, ECM, extracellular, matrix,

proteoglycan, hyaluronic, hyaluronan, TGF, integrin, and TGFbeta.

4.5 | Aging matreotype definition

To define the human aging matreotype, we performed a literature
search and extracted the age association of all genes involved in
forming the human matrisome. The inclusion criteria for the meta-
analysis require whole-genome coverage for each study, availability
of the full dataset including negative data, and that the publication
has undergone peer-review. If the datasets have not yet been sub-
jected to a significance cutoff, we applied multiple testing corrected
(Benjamini-Hochberg) threshold of 0.05 to each dataset if applica-
ble. Tissue-specific differences were not further investigated due to
confounding in the meta-analysis. Studies analyzing individual tis-
sues were treated as separate sources. To define the aging matri-
some, we acquired data from at least three sources implicating the
gene in the aging process. Studies that offer directionality were fur-
ther utilized to determine matrisome genes that were upregulated or
downregulated with age using the same thresholds.

4.6 | Collagen promoter-driven GFP scoring

The strain LSD2002 Pcol-144::GFP was used to assess age-related
decline in collagen-144 expression. Animals were age-synchronized
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by bleaching and made infertile by culturing at 25°C. NGM culturing

plates were prepared with tretinoin (Sigma PHR1187), hyaluronic acid
(Sigma H5388), chondroitin sulfate (Sigma 27042), metformin (Sigma
D150959), glucosamine (Sigma G4875), and genistein (Changzhou
Longterm Biotechnology Co., Ltd). Distribution scoring is based on
intensity observed visual inspection, categorizing to none or very
low, low, medium, or high intensity. For some experiments, animals
were mounted onto 2% agar pads and pictures were taken with an
upright fluorescent microscope (Tritech Research, model: BX-51-F).
To separate the GFP signal from the autofluorescence of the gut,
we used the microscope, settings, and triple-band filterset as de-
scribed by Teuscher (Teuscher & Ewald, 2018). The total intensity
per animal, intensity [a.u.], is calculated from fluorescence images
using FlJI. The detailed instruction and workflow are described in

Supplementary File 1 and the python code in Supplementary File 2.

4.7 | Lifespan measurements
Manual scoring of lifespan as previously described by Ewald et al.
(2016). In brief, about 100 day-2 adult C. elegans were picked to
NGM plates containing the solvent either water or 0.1% dimethyl
sulfoxide (DMSO) alone as control or tretinoin (Sigma PHR1187), hy-
aluronic acid (Sigma H5388), and chondroitin sulfate (Sigma 27042).
Vitamin B12 (Sigma, PHR1234), chrysin (Santa Cruz Biotech, sc-
204686), and dapsone (Santa Cruz Biotech, sc-203023A) lifespans
were performed in 1.25% DMSO and 50 uM FUdR in 24-well plates,
4 wells per condition and 30 worms per well, transferred at L4 de-
velopmental stage. Animals were classified as dead if they failed to
respond to prodding. Exploded, bagged, burrowed, or animals that
left the agar were excluded from the statistics. The estimates of
survival functions were calculated using the product-limit (Kaplan-
Meier) method. The log-rank (Mantel-Cox) method was used to test
the null hypothesis and calculate P values (JMP software v.14.1.0).
Additional Information can be found in the Extended
Experimental Procedure in the Supporting Information available
online.
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