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Abstract

Human skin is composed of the cell-rich epidermis, the extracellular matrix (ECM) rich dermis, and the
hypodermis. Within the dermis, a dense network of ECM proteins provides structural support to the skin and
regulates a wide variety of signaling pathways which govern cell proliferation and other critical processes.
Both intrinsic aging, which occurs steadily over time, and extrinsic aging (photoaging), which occurs as a
result of external insults such as solar radiation, cause alterations to the dermal ECM. In this study, we utilized
both quantitative and global proteomics, alongside single harmonic generation (SHG) and two-photon
autofluorescence (TPAF) imaging, to assess changes in dermal composition during intrinsic and extrinsic
aging. We find that both intrinsic and extrinsic aging result in significant decreases in ECM-supporting
proteoglycans and structural ECM integrity, evidenced by decreasing collagen abundance and increasing
fibril fragmentation. Intrinsic aging also produces changes distinct from those produced by photoaging,
including reductions in elastic fiber and crosslinking enzyme abundance. In contrast, photoaging is primarily
defined by increases in elastic fiber-associated protein and pro-inflammatory proteases. Changes associated
with photoaging are evident even in young (mid 20s) sun-exposed forearm skin, indicating that proteomic
evidence of photoaging is present decades prior to clinical signs of photoaging. GO term enrichment revealed
that both intrinsic aging and photoaging share common features of chronic inflammation. The proteomic data
has been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the data set
identifier PXD015982.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Human skin is composed of a dense array of
extracellular matrix (ECM) proteins, which are
essential for the organ's structural and mechanical
properties as well as functions [1]. The collagen-rich
ECM is an essential component of dermal vascula-
ture, structural support, and overlying epidermis
hemostasis. While all organs change over time as
a result of the natural aging process, changes due to
aging in skin are exacerbated by a number of
environmental factors, including exposure to ultravi-
thors. Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
olet (UV) radiation [2] and micro-organisms [3].
Cutaneous aging can be classified into natural
aging, also known as intrinsic aging, and photoag-
ing, also known as extrinsic aging [4,5]. Histological
and ultrastructural studies have revealed that the
major alterations in both intrinsically aged and
photoaged skin are localized in the connective
tissue dermis [6] and to a much lesser extent the
cornified envelope (CE) [7]. Biochemical evidence
indicates that the prominent molecular features of
intrinsic aging in skin are fragmentation of collagen
fibrils and declined collagen synthesis [8,9]. Since
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2 Alterations in extracellular matrix composition
collagen fibrils are responsible for much of the
strength and resiliency of skin, their degeneration
with aging causes skin to become fragile and easily
bruised [10,11]. Age-related dermal ECM alterations
impair skin dermis structural and mechanical prop-
erties and create a tissue microenvironment that
promotes age-related skin diseases, such as thin-
ning [12], increased fragility [10], impaired vascula-
ture support [13,14], and poor wound healing [15].
Additionally, aging and sun exposure are two of the
most significant risk factors for development of skin
cancers [16]. In addition to the known increase in
genetic alterations found in aged skin, the stromal
microenvironment is altered and can promote
tumorigenesis [17]. As such, characterization of
skin, including the collagen-rich ECM, is of consid-
erable interest.
The primary objectives of this work are to

characterize the skin proteome with a focus on
matrisomal proteins that are altered between young
and aged human skin as well as between sun-
exposed and sun- protected skin. The matrisome
[18] is composed of a large number of heteroge-
neous ECM components and proteins that modify
and interact with the ECM. The original matrisome
[18] contains soluble factors with limited data to
support direct sequestration to the ECM and lacks
Cell-ECM receptors and GAG modifying enzymes,
demonstrating the need for a more specific definition
of proteins which genuinely compose the ECM. The
matrisome is composed of two groups: the core
matrisome (consisting of collagens, ECM glycopro-
teins and proteoglycans) and matrisome-associated
proteins (consisting of ECM-affiliated proteins, ECM
regulators, and secreted factors). Moreover, alter-
ations that occur in aged, as well as sun-exposed,
skin have not been characterized in detail. A recent
review of previously published skin proteomes found
significant disparities between the data presented by
different groups, with only 56 consensus proteins
appearing in the reviewed databases [19]. Among
proteins that were not consistently identified in all
skin proteomes were collagen I and elastin, two of
the most abundant proteins in human skin, highlight-
ing the poor coverage of more insoluble skin
components. Additionally, each of the proteomic
data sets ascribe only 2–3% of total protein signal
from skin to ECM proteins, drastically underrepre-
senting the ECM as a fraction of total protein content
[19]. Our method generates improved coverage of
inaccessible ECM proteins, allowing us to obtain a
deeper molecular-level characterization of extracel-
lular matrix alterations within the skin during aging
than has been possible with previous techniques. In
this study, we obtained full-thickness skin biopsies
from young (mean age 26.7 ± 1.3 years) and aged
(mean age 84.0 ± 1.7 years) subjects at three
anatomical locations representing three levels of
photoexposure: hip, underarm, and forearm. We
then analyzed these samples for dermal alterations
during the processes of intrinsic and extrinsic aging
using single harmonic generation (SHG) and two-
photon autofluorescence imaging (TPAF) alongside
global and quantitative proteomics.
Materials and methods

Procurement of human skin samples

Skin biopsies were obtained from clinically normal
adult Caucasian volunteers with no history of skin
inflammatory conditions or chronic diseases such as
diabetes; 22–30 years for young group (mean age
26.7 ± 1.3 years, males n = 2; females n = 4) and
80+ years for aged group (mean age 84.0 ±
1.7 years, males n = 2; females n = 4). For global
proteomics, 3 subjects from young (males n = 1;
females n = 2) and aged (females n = 3) sample
groups were used for analysis. Three punch biopsies
(hip, forearm, and underarm) were obtained from
each subject. Photodamage of dorsal forearm skin
was judged by wrinkles, pigmentation, skin turgor,
and subject history of sun exposure [20]. Full
thickness skin samples were 4 mm in diameter. All
procedures involving human subjects were ap-
proved by the University of Michigan Institutional
Review Board, and all subjects provided written
informed consent before entering the study.

Second-harmonic generation (SHG) microscopy

For second harmonic generation microscopy, skin
sections (100 μm) were fixed with 2% paraformalde-
hyde for 30 min, and SHG imageswere obtained using
a Leica SP8 Confocal Microscope with 2-Photon
(University ofMichiganMicroscopyand ImageAnalysis
Laboratory), as described previously [21].
CT-FIRE [22] with default parameters was used to

extract collagen fiber lengths and widths from SHG
image stacks. 10 slices were selected evenly from
each image stack for analysis.

Sample preparation for LC-MS/MS

Skin samples were processed as previously
described [23]. Briefly, fresh frozen samples were
milled in liquid nitrogen with a mortar and pestle.
Approximately 5 mg of each sample was processed
by a step-wise extraction resulting in cellular, soluble
ECM (sECM), and insoluble ECM (iECM) fractions
for each sample [24]. Optimized for the skin
samples, 3 mm glass beads were used to mechan-
ically agitate samples in a NextAdvance Bullet
Blender prior to all cellular and sECM extraction
steps. Protein concentration of each fraction for each
sample was carried out by A660 Protein Assay
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(Pierce™). Proteolytic digestion was carried out
according to the FASP protocol [25] with 10 kDa
molecular weight cutoff filters. Samples were pre-
pared for 5 LC-MS/MS injections. Approximately
30 μg of protein from each fraction was combined
with 500 fmol of stable isotope labeled quantitative
concatemers (QconCATs [26]) representing ECM,
ECM-associated, and cellular proteins of interest
[27]. Samples were reduced, alkylated, and digested
with trypsin at 37 °C for 14 h. Peptides were
recovered from the filter using successive washes
of 50 mM ammonium bicarbonate and 0.1% formic
acid. Final volume was adjusted to inject 6 μg of
protein and 100 fmol of QconCAT standard for each
run.

Mass spectrometry

Global proteomics was carried out (n = 3 per
group) on an LTQ Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific) coupled to an Eksigent
nanoLC-2D system through a nanoelectrospray LC–
MS interface. Sixteen μL of each sample was
injected into a 20 μL loop using the autosampler.
Peptides were desalted on a trapping column
(ZORBAX 300SB-C18, dimensions 5 × 0.3 mm,
5 μm) and washed with 0.1% FA at a flow rate of
5 μL/min for 5 min, prior to loading onto the
analytical column. The analytical column was then
switched on-line at 600 nL/min over an in house-
made 100 μm i.d. × 150 mm fused silica capillary
packed with 3.6 μm Aeris C18 resin (Phenomenex;
Torrance, CA). After 10 min of sample loading, the
flow rate was adjusted to 350 nL/min, and each
sample was run on a 120-min linear gradient of
2–40% ACN with 0.1% formic acid to separate the
peptides. LC mobile phase solvents consisted of
0.1% formic acid in water (Buffer A) and 0.1% formic
acid in acetonitrile (Buffer B, Optima™ LC/MS,
Fisher Scientific, Pittsburgh, PA). Data acquisition
was performed using the instrument supplied Xca-
libur™ (version 3.0) software. The mass spectrom-
eter was operated in the positive ion mode. Each
survey scan of m/z 400–2000 was followed by
collision-induced dissociation (CID) MS/MS of the
twenty most intense precursor ions. Singly charged
ions were excluded from CID selection. Normalized
collision energies of 35 eV were employed using
helium as the collision gas.
Quantitative analysis of the samples was carried

out (n = 6 per group) by liquid chromatography –
selected reaction monitoring (LC-SRM) analysis on
a QTRAP®5500 triple quadrupole mass spectrom-
eter (ABSciex) couple with a UHPLC Ultimate 3000
(Thermo Fisher) as previously described [28]. Each
sample was injected and separated by reversed
phase chromatography (Waters, Acquity UPLC BEH
C18, 1.7 μm 150 × 1 mm) by running a gradient
from 2% to 28% acetonitrile in 0.1% formic acid for
28 min at a flow rate of 150 μL/min. The mass
spectrometer was run in positive ion mode with the
following settings: source temperature of 210 °C,
spray voltage set to 5300 V, curtain gas of 20 psi,
and source gas of 35 psi (nitrogen gas). Data were
acquired using the instrument-controlled software,
Analyst (v1.6.2). QconCAT transition selection,
declustering potential, collision energies, and reten-
tion times were specifically optimized for each
peptide of interest using Skyline's software [29]
and settings can be found in previously published
data [30].

Data analysis

For global LC-MS/MS, raw files were directly
loaded into Proteome Discoverer 2.3 (Thermo Fisher
Scientific) and searched against the SwissProt
database using an in-house Mascot™ server (Ver-
sion 2.5, Matrix Science). Mass tolerances were ±
15 ppm for MS peaks, and ±0.6 Da for MS/MS
fragment ions. Trypsin specific cleavage was used in
searches for cellular and sECM fractions, while
CNBr/Trypsin specificity was used for iECM frac-
tions, both allowing for 1 missed cleavage. For all
samples, methionine oxidation, proline hydroxyl-
ation, protein N-terminal acetylation, and peptide
N-terminal pyroglutamic acid formation were allowed
as variable modifications while carbamidomethyla-
tion of cysteine was set as a fixed modification.
Methionine to homoserine and homoserine lactone
were included as variable modifications for iECM
searches. Label Free Quantification was performed
using the Minora Feature detector for precursor peak
intensity-based abundance. Data was filtered to a
threshold of 1% FDR (strict) at the protein, peptide,
at PSM levels using the Protein FDR Validator,
Peptide Validator, and Percolator nodes, respective-
ly, in Proteome Discoverer 2.3.
For targeted LC-SRM runs, files were directly

loaded into the Skyline software package (version
4.2). Peaks were manually validated and light to
heavy ratios (12C6/

13C6) for each target peptide
were collected as previously described [30].
The Perseus R-based computational platform [31]

was used for statistical analysis and figure genera-
tion. Data was log transformed and filtered to remove
all proteins containing b2 valid values in a sample
group. Data imputation was performed separately for
each sample using values from a normal distribution
with a width of 0.3 and a downshift of 1.8.
In proteomic comparisons we used equal tissue

weight to tissue weight comparisons which reveal
significant differences in total protein as indicated by
total assigned area under the curve (AUC) ion
intensity in LC-MS runs and subsequently the
uneven distribution of proteins in the volcano plots
(Fig. 4). When we normalize to total AUC ion
intensity (highly correlated with protein abundance)
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the general trend is maintained, indicating that there
are significant differences in protein composition
between these two groups which do not directly
correlate with overall protein abundance (data not
shown).
Data Availability: The mass spectrometry proteo-

mics data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository
with the data set identifier PXD015982. Username:
reviewer95682@ebi.ac.uk. Password: M0Kv6XxH.

Gene ontology term enrichment

Gene ontology (GO) biological process terms
specifically enriched in a sample group were
determined using the LAGO software package
(Lewis-Sigler Institute, Princeton University) based
on GO:TermFinder [32]. For intrinsic aging enrich-
ment, all proteins in a pairwise comparison of young
underarm and aged underarm with p b 0.05 or
FC N 3 were selected and submitted separately by
sample enrichment. For photoaging enrichment,
forearm-enriched and underarm-enriched proteins
in both young and aged sample groups were pooled
into two anatomical groups and all proteins with
p b 0.05 or FC N 3 between groups were selected
for GO enrichment analysis. Proteins higher in
underarm tissue from both young and aged com-
parisons, as well as proteins higher in forearm
tissue, were submitted in separate groups. All GO
terms with p ≤ 0.05 after applying a Bonferroni
correction were chosen as significant hits.
Results

Matrisome solubility profiling reveals decreased
solubility of ECM proteins with intrinsic aging
and photoaging

The sequential extraction method used here (Fig.
1) allows for the assessment of protein solubility by
calculating the fraction of the protein signal identified
in the insoluble ECM. Measured matrisomal proteins
were extracted at a wide range of solubility levels,
with TNXB and FN1 extracted nearly entirely in the
soluble fractions while ELN and COL8A1 are
detected almost exclusively in the insoluble ECM
fraction (Fig. 2). The inaccessibility of the most
insoluble ECM proteins to both detergent and
chaotrope extractions highlights the importance of
further digestion in providing full ECM coverage. It
has been well documented that collagen decreases
in solubility with age as a result of its low turnover
and the lifetime accumulation of both crosslinks and
non-enzymatic glycation [33,34]. We observe a
general trend of decreasing solubility of many ECM
components, including collagen, with both aging and
photoaging (Fig. 2). Proteins with the most significant
reductions in solubility during intrinsic aging, mea-
sured by comparing solubility in young and aged hip
skin, include COL1A1 (p = 0.036), COL4A2 (p =
0.00013), lysyl oxidase (LOX) (p = 0.00046), and
biglycan (BGN, p = 0.0015). Proteins most signifi-
cantly shifted toward the insoluble fraction specifically
during photoaging, measured by comparing solubility
in aged hip and forearm skin, include COL5A3 (p =
0.0059), fibrillin-1 (FBN1, p = 0.01), extracellular
matrix protein 1 (ECM1, p = 0.033), and laminin
subunit gamma-1 (LAMC1, p = 0.037) (Fig. 2).
Interestingly, metalloproteinase inhibitor 3 (TIMP3)
significantly increases in solubility with photoaging,
indicating that it may change in activity or accessibility
in response to UV exposure (Fig. 2).

SHG microscopy reveals decreasing length and
width of collagen fibers with intrinsic aging and
photoaging

We used ECM-focused imaging and our
compartment-resolved proteomic techniques to as-
sess proteins that are altered during intrinsic aging of
the dermis. Lifetime exposure of human skin to UV
radiation causes premature changes toward an aged
phenotype, known as photoaging, and has been
shown to alter the composition of matrisomal
proteins [11]. To accurately assess the effects of
intrinsic aging with minimal confounding alterations
due to photoaging, skin biopsies were obtained from
sun-protected hip and underarm skin and stratified
into two distinct age groups: a young group ranging
from 22 to 30 years (26.7 ± 1.3 years) and an aged
group ranging from 80 to 88 years (84.0 ±
1.7 years) (see Materials and Methods for details).
The gross morphology of the acellular dermis was
imaged using SHG microscopy. In young sun-
protected skin, collagen fibers appear well ordered,
continuous and disperse across the dermis (Fig. 3A).
In contrast, collagen fibers in aged sun-protected
skin appear fragmented and poorly dispersed across
the dermis, with visible clusters of collagen signal
and gaps in the collagen network (Fig. 3B).
To extract collagen fiber lengths and widths, SHG

images were analyzed using CT-FIRE [22]. Both the
length and width of imaged collagen fibers was
shown to decrease with increasing chronological
age (Fig. 3C, D). Photoaging also resulted in a
decrease in collagen fiber length, with forearm
samples displaying significantly shorter fibers than
either hip or underarm samples within the same age
group (Fig. 3C). A reduction in fiber width in
response to photoaging was also observed but
was less drastic than the effect on fiber length, with
significantly shorter fibers than hip skin observed in
aged forearm but not young (Fig. 3D). No significant
difference in fiber length between young forearm and
aged hip skin was observed, demonstrating that

mailto:reviewer95682@ebi.ac.uk
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photoaging accelerates the degradation of the
collagen network within the skin.

Intrinsic aging in low-UV hip samples causes
reductions in structural ECM, basementmembrane
components, and crosslinking enzymes

For proteomic analysis, a significance cutoff of
p b 0.05 was used and fold changes are calculated
using the more abundant sample group as the
numerator. Positive and negative fold changes
indicate increases and decreases with aging/photo-
aging, respectively. In proteomic comparisons of
sun-protected hip skin in young and aged subjects,
we observed that most of the core matrisomal
proteins were markedly reduced in aged dermis,
including structural ECM components COL6A6
(FC = −3.5), COL5A2 (FC = −4.1), COL5A3 (FC =
−2.5), and COL2A1 (FC = −16.6) (Fig. 4A). This
finding is recapitulated within the absolute quantifi-
cation data, with significant decreases in COL1A1
and COL1A2 observed with every step of increasing
age or photoexposure, except for young forearm to
aged hip (Fig. 5A, B). However, despite the overall
reduction in core matrisome component abundance
observed with age, elastin (ELN) was detected at
approximately 6.5-fold higher intensity in aged
subjects than in young (Fig. 4A). Other elastic
network ECM components FBN1 (FC = −1.78),
fibrillin-2 (FBN2, FC = −5.3), fibulin-1 (FBLN1,
FC = −2.8), fibulin-5 (FBLN5, FC = −3.4), and
microfibrillar-associated protein-4 (MFAP4, FC =
−5.2) were significantly reduced with intrinsic age
(Fig. 4A). Proteoglycan ECM components fibromo-
dulin (FMOD, FC = −9.5), decorin (DCN, FC =
−2.4), lumican (LUM, FC = −2.7), versican (VCAN,
FC = −3.3), podocan (PODN, FC = −3.5), and
mimecan (OGN, FC = −3.1) were also significantly
depleted in aged hip samples compared to young
(Fig. 4A). Many basement membrane components,
including COL4A2 (FC = −2.3), laminin subunit
alpha-5 (LAMA5, FC = −3.3), laminin subunit beta-
1 (LAMB1, FC = −3.1), laminin subunit beta-2
(LAMB2, FC = −3.7), perlecan (HSPG2, FC =
−3.6), nidogen-1 (NID1, FC = −4.0), and nidogen-2
(NID2, FC = −3.6), were significantly reduced with
age (Fig. 4A). Additional basement membrane
proteins laminin subunit alpha-2 (LAMA2, FC =
−3.3), laminin subunit alpha-3 (LAMA3, FC = −3.4),
laminin subunit alpha-4 (LAMA4, FC = −3.1), lami-
nin subunit beta-3 (LAMB3, FC = −4.5) and laminin
subunit gamma-2 (LAMC2, FC = −3.9) were less
abundant in aged hip skin but did not reach
significance.
In addition to structural components, ECM archi-

tecture and remodeling are heavily regulated by
numerous crosslinking enzymes, proteases and
protease inhibitors. Lysyl oxidase (LOX), an enzyme
involved in generating ECM crosslinks and elastin
fibrillogenesis, was significantly reduced at 4-fold
lower abundance in aged hip skin (Fig. 4A).
Additional ECM crosslinking enzymes transglutami-
nase 3 (TGM3, FC = −4.5) and transglutaminase 5
(TGM5, FC = −5.8) were also significantly depleted in
aged hip samples. While matrix metalloproteinase 2
(MMP2, FC = −3.6) and multiple cathepsins (CTSV
(FC = −12.7), CTSB (FC = −7.6), CTSC (FC = −7.2),
CTSH (FC = −7.5), CTSD (FC = −3.5), CTSZ (FC =
−2.6)) were detected at significantly lower abundance
in agedhip samples, protease inhibitors TIMP3 (FC =
14.9) and antileukoproteinase (SLPI, FC = 4.0) were
observed at significantly higher abundance in aged
hip skin (Fig. 4A). Phospholipase A2 Group IIA
(PLA2G2A), an enzyme involved in the formation of
inflammatory eicosanoids through the production of
arachidonic acid [35], was detected at significantly
higher abundance in aged hip skin (FC = 8.7) (Fig. 4A).
Interestingly, many of the most significantly reduced
proteins with age were hair keratins and associated
proteins, including keratin 85 (KRT85, FC = −19.9),
keratin 83 (KRT83, FC = −237.0), keratin 34 (KRT34,
FC = −147.9), keratin 75 (KRT75, FC = −38.1),
keratin-associated protein 2-3 (KRTAP2-3, FC =
−76.2), and keratin-associated protein 3-1 (KRTAP3-
1, FC = −68.0) (Fig. 4A). Because of the high statistical
significance of these measurements, they are unlikely
to be an artifact of sample contamination (i.e. intro-
duced during sample preparation) and appear to
suggest alteration of hair keratin turnover and produc-
tion during intrinsic aging, as shown in previous studies
[36]. Consistent with earlier reports [37], in young sun-
protected hip skin, collagen fibers appeared well
organized, densely packed, and intact (Fig. 4B, left
panel). In contrast, the collagen fibers in aged hip
dermis were sparser and exhibited signs of fragmen-
tation and disorder, with aggregated collagen clusters
becoming visible (Fig. 4B, right panel).

Intrinsic aging in mid-UV underarm results in
decreased ECM structural components and
increased inflammatory markers

In order to assess the effects of intrinsic aging on the
skin proteome we also performed a comparative
analysis between underarm skin in young and aged
patients. Differences in anatomical locations likely
result in alterations in protein composition and the
response to aging. While the overall trend of lower
collagen and other structural ECM component abun-
dance with age seen in hip skin was consistent with
underarm comparisons, fewer components were sig-
nificantly reduced in aged samples (Fig. 6A). ECMcore
structural components observed at significantly re-
duced abundance in aged underarm samples include,
COL11A2 (FC = −7.9), matrilin-4 (MATN4, FC = −7.9)
and MFAP4 (FC = −8.21) (Fig. 6A). Other ECM
structural components, including COL1A1 (FC =
−1.7), COL1A2 (FC = −1.7), COL2A1 (FC = −2.0),
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COL7A1 (FC = −2.2), matrilin-2 (MATN2, FC = −1.8),
and dermatopontin (DPT, FC = −1.7) were reduced in
aged samples but did not reach significance. Although
no elastic fiber components were significantly enriched
in either underarm age group, FBLN5 (FC = −3.4) and
FBN2 (FC = −1.5)were observed at lower intensities in
aged samples.However, the increase in elastin content
with age seen in the hip skin is maintained in this
comparison, with ELN detected at 2.1-fold higher
intensities in aged underarm skin. Proteoglycan ECM
components DCN (FC = −1.7) and prolargin (PRELP,
FC = −2.7) were significantly decreased in aged
underarm samples, with other proteoglycans FMOD
(FC = −2.6), BGN (FC = −1.9), OGN (FC = −1.7), and
LUM (FC = −1.4) displaying depletion in aged samples
that did not reach the significance cutoff (Fig. 6A).
Clusterin (CLU) is a stress-induced glycoprotein which
has been shown to associate with elastic fibers in aged
skin and perform a chaperone-like function, protecting
against UV-induced aggregation of elastin [38]. Con-
sistently, here CLU was detected at 1.6-fold higher
abundance in aged underarm samples than in young
(Fig. 6A).
While no basement membrane components were

seen at significantly higher abundance in either
sample group, all measured basement membrane
components were detected at a lower abundance in
aged underarm samples than in young. Basement
membrane components most decreased in aged
samples without reaching significance include NID1
(FC = −1.7), NID2 (FC = −1.7), LAMA2 (FC = −2.2),
LAMA4 (FC = −1.8), LAMC2 (FC = −1.7), and
HSPG2 (FC = −1.6) (Fig. 6A). Significant alterations
in abundance of ECM modifying enzymes with age
were also observed in the underarm comparison,
with crosslinking enzyme LOX appearing at 3.5-fold
lower abundance in aged samples. In contrast,
protease inhibitors SLPI (FC = 6.2) and TIMP3
(FC = 10.1), as well as high-temperature require-
ment A serine peptidase 1 (HTRA1, FC = 10.1),
were all significantly enriched in aged underarm
skin, consistent with the hip results (Fig. 6A). WNT1
Inducible Signaling Pathway Protein 2 (WISP2), also
known as CCN5, is a glycoprotein involved in
developmental regulation and keratinocyte differen-
tiation [39] which, when overexpressed, results in
reduced collagen abundance and fibroblast prolifer-
ation [40]. We observe WISP2 (FC = 7.0) at signif-
icantly higher abundance in aged underarm skin
(Fig. 6A). Similar trends to those seen in hip skin
were observed in SHG imaging of young and aged
underarm skin, with aged skin exhibiting lower
overall collagen signal and more uneven collagen
fibril distribution than young (Fig. 6B).
Gene ontology (GO) biological function term

enrichment analysis of protein clusters which either
increased or decreased with intrinsic age revealed
system-level molecular signatures of intrinsic aging.
Among 154 proteins which were significantly de-
creased with intrinsic age, 43 biological function GO
terms were significantly enriched, including small
molecule metabolic process (GO:0044281),
oxidation-reduction process (GO:0055114), nucleo-
tide metabolic process (GO:0009117), generation of
precursor metabolites and energy (GO:0006091),
extracellular matrix organization (GO:0030198), and
extracellular structure organization (GO:0043062)
(Fig. 7). The significant decreases in a wide variety
of metabolically-annotated and ECM proteins sug-
gest reductions in metabolic capacity and ECM
integrity of the skin with increasing intrinsic age,
respectively.
Among 40 proteins significantly increased with

intrinsic age, 19 GO biological function terms were
found to be significantly enriched, including re-
sponse to external stimulus (GO:0009605), immune
response (GO:0006955), defense response
(GO:0006952), proteolysis (GO:0006508), inflam-
matory response (GO:0006954), and regulation of
inflammatory response (GO:0050727) (Fig. 7). In-
creasing abundance of defense-related GO terms
suggests an increase in immune activity with intrinsic
age, while increasing inflammatory markers indicate
alterations to the inflammatory environment of the
skin. Enrichment of proteolytic enzymes provides
support for previous studies which have found
increased collagen proteolysis to be a core signature
of intrinsic aging [41].

Intrinsic aging in high-UV forearm samples
causes decreases in structural ECM components
and accumulation of elastic fiber-associated
proteins

Although a pairwise comparison of young and
aged forearm skin provides less clear information
regarding the effects of intrinsic photoaging due to
the confounding effect of varying UV-induced pho-
toaging, some insights into how high photoexposure
alters the trends seen in intrinsic aging can be
gained. The two most abundant structural ECM
components, COL1A1 (FC = −2.2) and COL1A2
(FC = −2.3) are significantly reduced in aged fore-
arm skin, suggesting that photo-exposure acceler-
ates degradation of the collagen network (Fig. 8A).
Interestingly, in SHG imaging of forearm skin
samples from aged subjects, an overall decrease
in collagen network density is not observed at this
level of analysis, with aged samples exhibiting more
visible collagen intensity but less dispersion and
more network aggregation (Fig. 8B). While the
intrinsic aging process results in an overall degen-
eration of the extracellular elastic fiber network [5],
large amounts of photo-exposure can result in the
accumulation of non-functional elastic-fiber material,
generating a condition known as solar elastosis
[42,43]. In contrast to our observations in the hip skin
pairwise comparison, both global (Fig. 8A) and



Fig. 1. Experimental overview. Skin punch biopsies were collected from the hip, underarm, and forearm of young and
aged subjects. Skin samples were subjected to compartment-resolved extraction, generating cellular (soluble), soluble
ECM (sECM), and insoluble ECM (iECM) fractions. Each fraction was analyzed via mass spectrometry and 2129 proteins
were identified across all samples at 1% FDR. Skin biopsies were additionally subjected to SHG and TPAF imaging to
visualize collagen and elastin within the dermis.
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quantitative (Fig. 5C, D) proteomics show that some
elastic network-related proteins including FBLN1
(FC = 4.5) and the elastic fiber associated glycopro-
tein vitronectin (VTN, FC = 6.9) are significantly
enriched in aged forearm samples. Additionally,
FBLN2 (FC = 2.1), FBLN7 (FC = 2.9), FBN2
(FC = 1.8), and ELN (FC = 2.0) were detected at
higher intensities in aged forearm skin but did not
reach significance. Similar trends to those seen in
hip and underarm comparisons were observed for
the proteoglycans FMOD (FC = −4.1) and PODN
(FC = −3.3), as well as the crosslinking enzyme LOX
(FC = −3.7), with all proteins significantly reduced in
aged forearm samples (Fig. 8A). TIMP3 (FC = 11.7),
SLPI (FC = 5.3), WISP2 (FC = 4.2) and CLU (FC =
10.1) also follow a similar pattern to that seen in
earlier comparisons, all showing significant enrich-
ment in aged forearm skin (Fig. 8A). High-
temperature requirement A serine peptidase 3
(HTRA3, FC = 12.4) was identified at significantly
higher intensity in aged forearm skin (Fig. 8A), while
ECM crosslinking enzymes transglutaminase 1
(TGM1, FC = 3.3), TGM3 (FC = 1.9), and TGM5
Fig. 2. Solubility profiling of ECM components. Solubility of e
intensity across all fractions which resulted from the iECM frac
from young (green) and aged (orange) subjects.
(FC = 1.4) were present at higher levels in aged
forearm skin but did not reach significance.

Photoexposure in young samples causes
reductions in structural ECM and ECM protease
inhibitors

To assess the proteomic effects of photoaging with
fewer confounding effects of chronological aging, we
performed a pairwise comparison of sun-protected
and sun-exposed skin in young subjects. Because
hip and forearm skin likely vary in protein composi-
tion as a result of anatomical location, as supported
by previous fibroblast transcriptomics [44], underarm
skin was chosen as the sun-protected tissue for
photoaging comparisons against sun-exposed fore-
arm. Significant alterations in matrisome composi-
tion were observed between young underarm and
forearm, indicating that by an individual's mid-20's
forearm skin has received sufficient photoexposure
to induce molecular-level changes even before
clinical signs of photoaging are present. We ob-
served that the majority of observed proteins were
ach protein is calculated as the percentage of total AUC ion
tion. Rows represent hip, underarm, and forearm samples

Image of Fig. 2


Fig. 3. SHG/TFAP images for young (A) and aged underarm (B) showing collagen (white), elastin (green), and DAPI
stain (blue). Collagen fiber length (C) and width (D) for young (green bar) and aged (orange bar) samples derived from
SHG imaging using CT-FIRE image analysis. Error bars display 95% confidence interval for the sample group.
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detected at lower levels in forearm skin, suggesting
that photo-exposure results in degradation or re-
duced synthesis of protein networks within young
skin (Fig. 9A). No core structural ECM proteins were
found to be significantly enriched in either sample
(Fig. 9A). However, additional structural ECM
proteins including COL6A5 (FC = −12.2), COL7A1
(FC = −3.4), COL17A1 (FC = −3.7), and MATN2
(FC = −1.6) were reduced with age but did not reach
significance, indicating an overall reduction in
structural ECM abundance with increasing photoag-
ing in young skin. Elastic fiber components FBN2
(FC = −3.5) and MFAP4 (FC = −5.6) were identified
at significantly lower levels in forearm skin, while
other elastic fiber components (FBN1 (FC = −1.8),
FBLN5 (FC = −2.8)) were observed at lower inten-
sities in forearm skin but below the significance
cutoff (Fig. 9A). Elastin, in contrast to previous
intrinsic aging comparisons, is present at similar
levels in underarm and forearm skin, suggesting that
it is not significantly affected by the difference in
photo-exposure between these two locations in
young skin. Proteoglycan ECM components were
generally identified at lower abundance with in-
creased photoaging, with OGN significantly reduced
(FC = −3.1) and BGN (FC = −2.8), asporin (ASPN,
FC = −2.8), DCN (FC = −1.7), and LUM (FC = −1.9)
showing lower intensity with photoaging without
significant depletion (Fig. 9A).
Although no significant alterations in core base-

ment membrane components were detected during
photoaging of young skin, all measured basement
membrane components were present at lower
intensities in sun-exposed forearm skin (Fig. 9A).
LAMA3 (FC = −1.8), LAMB3 (FC = −2.9), LAMC2
(FC = −2.4), NID1 (FC = −2.2), and ECM1 (FC =
−3.2) decreased most drastically with photoaging
but did not reach significance. Together, LAMA3,
LAMB3, and LAMC2 make up laminin 332, a
structural basement membrane component involved
in cell adhesion [45], wound healing [46], and
keratinocyte proliferation [47]. ECM crosslinking
enzymes TGM1 (FC = −3.0) and TGM3 (FC =
−2.7) were measured at lower intensities in forearm

Image of Fig. 3


Fig. 4. Differentially expressed proteins and ECM network alterations during intrinsic aging in human hip skin. Volcano
plot visualization of significantly enriched proteins between young and aged hip skin (A). Proteins above significance cutoff
colored green (young) or orange (aged). SHG/TFAP imaging of young and aged hip skin (B) showing collagen fibrils
(white), elastin (green), and nuclei (blue).
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skin without reaching significance, while no change
in LOX abundance was apparent between the two
sample groups. Extracellular serine protease
HTRA1 is enriched at 8.8-fold higher abundance in
forearm samples but does not reach significance,
while serine protease inhibitors SERPING1 (FC =
−2.8), SERPINA6 (FC = −2.5), SERPINC1 (FC =
−2.3), SERPINF2 (FC = −3.0), and SERPINB2
(FC = −93.0) were all significantly reduced in fore-
arm skin (Fig. 9A). This suggests that SERPIN class
serine protease inhibitors are depleted by photo-
exposure and that extracellular proteolytic activity is
less inhibited in a more photo-exposed tissue
environment. As seen in earlier intrinsic aging
comparisons, WISP2 (FC = 3.2) is significantly
enriched in more photoaged forearm skin.

Image of Fig. 4


Fig. 5. Absolute quantitation of key ECM proteins in young (green) and aged (orange) samples. Quantification was
performed using SIL QconCAT peptide standards. Error bars represent standard deviation.
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Photoexposure in aged samples causes increases
in basement membrane and elastic fiber
components

The effects of photoaging were also assessed using
a pairwise comparison of aged underarm and forearm
skin. Because the forearm of an aged subject has
experienceddrasticallymore lifetimeUVexposure than
that of a young subject, while the underarm remained
largely UV-protected, it is likely that the proteome
alterations due to photoaging will be more drastic in
aged skin. In contrast to other comparisons, structural
ECM components were not significantly enriched in
either sample group, suggesting that large amounts of
photoexposure may impair protein clearing, countering
the overall reduction in structural ECM seen in intrinsic
aging comparisons. Elastic fiber network component
FBLN1 (FC = 3.6) was detected at significantly higher
intensity in forearm skin, alongside FBLN7 (FC = 2.0),
whichwas identified at higher intensity but did not reach
significant enrichment (Fig. 9B). The enrichment of
FBLN1 specifically in aged, sun-exposed forearm skin
was confirmed by the absolute quantification data, in
which FBLN1 was detected at significantly higher
intensity in the aged forearm than in any other sample
(Fig. 5C). Additionally, VTN is observed at significantly
higher intensities in aged forearm samples in both
global (FC = 3.5, Fig. 9B) and quantitative analyses
(Fig. 5D). Theseproteinswere chosen for quantification
as surrogate measures for elastic fiber abundance due
to difficulties in solubilizing and analyzing ELN. The
accumulation of elastic fiber-associated proteins within
photoaged forearmskin indicates the beginningof solar
elastosis, in which aberrant elastic fibers aggregate
within the dermis. Proteoglycan ECM components
OGN (FC = −3.9), ASPN (FC = −6.1), PODN (FC =
−3.3), LUM (FC = −2.3), andDCN (FC = −1.8)were all
significantly decreased with photoaging, illustrating a
decrease in total proteoglycan abundance with UV
exposure (Fig. 9B).
In contrast to the trend seen in the comparison of

young forearm and underarm skin, all measured
basement membrane proteins are detected at higher
abundance with photoaging in aged skin. COL4A2
(FC = 2.5) is significantly enriched in forearm skin,
while LAMA2 (FC = 1.8), LAMB1 (FC = 1.7), and
LAMC1 (FC = 1.7) represent the basement
membrane components with the highest forearm
enrichment without reaching significance (Fig. 9B).
The observed increase in basement membrane
components with high UV exposure may be due to
the thickening of the basement membrane in
response to aging and UV-induced damage, as
shown in previous studies [48,49]. Serine protease
HTRA1 (FC = 3.0) was significantly enriched in
forearm skin, representing the only detected ECM
regulator which is significantly enriched in either
sample group (Fig. 9B).

GO-term enrichment reveals loss of metabolic
proteins and increased stress/immune response
with photoaging

GO term enrichment analysis was used to assess
molecular alterations during photoaging by sepa-
rately pooling all underarm- and forearm-enriched
proteins in both young and aged pairwise photoag-
ing comparisons. Within 976 proteins that decreased
with photoaging, 490 GO biological function terms
were significantly enriched, including organic sub-
stance metabolic process (GO:0071704), primary
metabolic process (GO:0044238), organonitrogen
compound metabolic process (GO:1901564), lo-
calization (GO:0051179), transport (GO:0006810),

Image of Fig. 5


Fig. 6. Differentially expressed proteins and ECM network alterations during intrinsic aging in human underarm skin.
Volcano plot visualization of significantly enriched proteins between young and aged underarm skin (A). Proteins above
significance cutoff colored green (young) or orange (aged). SHG/TFAP imaging of young and aged underarm skin (B)
showing collagen fibrils (white), elastin (green), and nuclei (blue).
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and protein metabolic process (GO:0019538) (Fig.
9C). Decreases in these terms suggest an overall
deficit in metabolic and protein trafficking compo-
nents in highly photoaged tissue which is support-
ed by reductions in metabolic capacity in cultured
fibroblasts from aged donors [50]. From 123
proteins detected at significantly higher abundance
with increasing photoage, 52 GO biological func-
tion terms were significantly enriched, including
cell differentiation, response to stress, immune
system process, cell death, immune response, and
epithelium development (Fig. 9C). Increases in
proteins related to immune and stress-related
processes suggest that a high degree of photoag-
ing induces tissue damage-related responses
within the skin.

Image of Fig. 6


Fig. 7. Selected gene ontology (GO) biological process terms enriched in young underarm (green) and aged underarm
(orange). All proteins with p b 0.05 or FC N 3 between sample groups were selected for GO enrichment analysis.
Displayed terms were selected due to high enrichment significance and relevance.
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Discussion

Alterations in ECM solubility

Through global and quantitative proteomic analy-
sis, we have identified several changes to matrisome
composition that occur during both intrinsic and
extrinsic aging, as well as molecular signatures
unique to each aging process. A summary of matrix
changes during intrinsic and extrinsic aging can be
found in Fig. 10. We assess solubility of matrisomal
proteins as the percent of total area under the curve
(AUC) signal for each protein detected in the iECM
fraction. The inaccessibility of some ECM proteins to
both detergent and chaotrope extractions highlights
the importance of performing further digestion to fully
characterize matrix composition. Due to the lifetime
accumulation of crosslinks and glycation, collagen
has been shown to decrease in solubility with
increasing age [51]. We observe significant de-
creases in solubility of not only a variety of collagens
with both intrinsic aging and photoaging, but also
other ECM proteins, including LOX with intrinsic
aging and basement membrane components with
photoaging. The differential effects of intrinsic and
extrinsic aging on the solubility of some ECM
proteins provide additional insight into the distinct
molecular signatures of these processes.

Alterations in structural ECM and elastic fibers

With increasing age and photoexposure, we
observe a clear decrease in the abundance of
many core structural ECM components, indicating
a decrease in ECM structural integrity. The loss of
ECM structural components in aging skin is mirrored
in studies of aging fibroblasts, where the secretion of
multiple collagens is reduced in senescent cells
when compared to control [52]. Both global and
quantitative data show stepwise decreases in
collagen I abundance with each level of age and
photoexposure, providing proteomic evidence which
supports the finding that collagen is increasingly
fragmented during both intrinsic and extrinsic aging
and subsequently inhibits procollagen production
[8]. These findings are further supported by SHG/
TPAF imaging in which thinner, shorter, and more
disorganized collagen fibers are observed in both
intrinsically aged and photoaged skin. The presence
of thin, fragmented, sparsely organized collagen
fibers in aged dermis is confirmed by other recent
microscopy studies [53]. Collagen abundance and
fiber length in young, sun-exposed forearm skin are
most like those in aged, sun-protected hip skin,
suggesting that extrinsic aging shares some molec-
ular signatures with intrinsic aging and photoexpo-
sure may accelerate the progression of an aged skin
phenotype. However, photoaging also induces
unique molecular features including an overall
accumulation of protein, as shown in the pairwise
comparisons of young and aged skin (Figs. 3, 5, 7).
Basement membrane components also undergo
overall decreases in abundance with intrinsic age,
coinciding with the flattening and weakening of the
dermal-epidermal junction observed in previous
studies [6].
Elastic fibers, composed of an elastin core and a

microfibrillar scaffold, are a core component of the
dermal ECM and are largely responsible for skin
elasticity [54]. Previous studies have reported differ-
ential effects on elastic fiber content during intrinsic
aging and photoaging, with intrinsic aging resulting in
overall degradation of the elastic fiber network due to
decreased synthesis and assembly of elastin fibers
[5]. In contrast, photoaging is characterized by an

Image of Fig. 7


Fig. 8. Differentially expressed proteins and ECM network alterations during intrinsic aging in human forearm skin.
Volcano plot visualization of significantly enriched proteins between young and aged forearm skin (A). Proteins above
significance cutoff colored green (young) or orange (aged). SHG/TFAP imaging of young and aged forearm skin (B)
showing collagen fibrils (white), elastin (green), and nuclei (blue).
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accumulation of aberrant elastotic material within the
dermis, termed solar elastosis [5]. In our data, we
observe an overall decrease in most elastic fiber
associated components, including MFAP4, FBLN1,
FBLN5, and FBN2, during intrinsic aging in sun-
protected hip skin (Fig. 4). However, we also see an
enrichment of elastin in aged hip skin compared to
young, contrasting with previous findings. This en-
richment may be due to the high degree of LOX
crosslinking and insolubility of the mature elastin
protein, in addition to the lack of unmodified lysine
residues within its sequence, making mature elastin
insusceptible to cleavage by either trypsin or chemical
digestion [55]. Lysyl oxidase is involved in the cross-
linking of both collagen and elastin for proper fiber
assembly [56,57]. We observe decreases in LOX
abundance in all anatomical pairwise comparisons,
suggesting decreased LOX activity, and likely subse-
quent elastin assembly, with increasing age. FBLN5
has also been shown to be essential for elastogenesis
in vivo [58], indicating that age-associated decreases
in this key protein could impair elastin assembly.

Image of Fig. 8


F
ig
.9

.
D
iff
er
en

tia
lly

ex
pr
es

se
d
pr
ot
ei
ns

an
d
ne

tw
or
k
al
te
ra
tio

ns
du

rin
g
ph

ot
oa

gi
ng

in
hu

m
an

ar
m

sk
in
.
V
ol
ca

no
pl
ot

vi
su

al
iz
at
io
n
of

si
gn

ifi
ca

nt
ly

en
ric

he
d
pr
ot
ei
ns

be
tw
ee

n
yo

un
g
un

de
ra
rm

an
d
fo
re
ar
m

sk
in
(A
)a

nd
ag

ed
un

de
ra
rm

an
d
fo
re
ar
m

sk
in
(B
).
S
ig
ni
fic
an

tly
en

ric
he

d
pr
ot
ei
ns

ar
e
co

lo
re
d
lig
ht

gr
ee

n
(u
nd

er
ar
m
)o

rd
ar
k
gr
ee

n
(f
or
ea

rm
)(
A
)a

nd
lig
ht

or
an

ge
(u
nd

er
ar
m
)o

rd
ar
k
or
an

ge
(f
or
ea

rm
)(
B
).
S
el
ec

te
d
ge

ne
on

to
lo
gy

(G
O
)b

io
lo
gi
ca

lp
ro
ce

ss
te
rm

s
en

ric
he

d
in
un

de
ra
rm

(g
re
en

)a
nd

fo
re
ar
m

(o
ra
ng

e)
(C

).
F
or
ea

rm
-e
nr
ic
he

d
an

d
un

de
ra
rm

-e
nr
ic
he

d
pr
ot
ei
ns

in
bo

th
yo

un
g
an

d
ag

ed
sa

m
pl
e
gr
ou

ps
w
er
e
po

ol
ed

in
to

tw
o
an

at
om

ic
al

gr
ou

ps
an

d
al
lp

ro
te
in
s
w
ith

p
b
0.
05

or
F
C

N
3
be

tw
ee

n
gr
ou

ps
w
er
e
se

le
ct
ed

fo
r
G
O

en
ric

hm
en

t
an

al
ys

is
.
D
is
pl
ay

ed
te
rm

s
w
er
e
se

le
ct
ed

du
e
to

hi
gh

en
ric

hm
en

ts
ig
ni
fic
an

ce
an

d
re
le
va

nc
e.

14 Alterations in extracellular matrix composition

Image of Fig. 9


Fig. 10. Summary of matrix alterations during intrinsic aging and photoaging. Representative SHG images of hip and
forearm skin from young and aged subjects showing collagen fibrils (white), elastin (green), and nuclei (blue). Bars display
change in abundance or solubility of ECM components during intrinsic aging and photoaging (darker, higher magnitude;
lighter, lower magnitude).
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In highly photoexposed skin, elastin-containing
material and associated proteins have been shown
to accumulate within the dermis as a result of UV-
induced alternative elastin splicing [59] and in-
creased tropoelastin mRNA expression in response
to both UV radiation [42] and heat [43]. While we do
not see significant enrichment of elastin with
photoaging, likely due to the high inaccessibility of
the protein in all samples, we observe increased
abundance of in elastic-fiber associated glycopro-
teins VTN and FBLN1 in forearm skin of aged
subjects when compared to underarm. The increas-
ing abundance of some elastic fiber components
with photoaging contrasts with the trends seen for
these same proteins during chronological aging,
possibly suggesting that solar elastosis is occurring
in aged forearm samples at a rate that outpaces the
degradation of elastic fibers due to intrinsic aging.
Clusterin, a stress-induced glycoprotein shown to
help prevent UV-induced aggregation of elastin [38],
is also identified at higher abundance with photoag-
ing, suggesting that the interaction between these
two proteins likely plays a role in the regulation of
UV-induced elastosis.

Alterations in ECM proteoglycans

Proteoglycans are defined as containing a core
protein with at least one attached GAG alongside other
O- and N-linked oligosaccharides. Although proteogly-
cans serve many critical roles within the ECM, from
structural components to signaling regulators, a
primary function for many ECM proteoglycans is the
regulation of TGF-β signaling and collagen fibrillogen-
esis. For example, independent knockouts of LUM
[60], FMOD [60], DCN [61], BGN [62], and OGN [63] in
mice have all been shown to generate defects in
collagen fibril diameter and contour, suggesting they
play a key part in regulating collagen assembly and
architecture. DCN has also been demonstrated to
inhibit MMP-mediated cleavage of collagen, further
enhancing the resilience of the collagen network [64].
We observe significant decreases in all these proteo-
glycans with both intrinsic and extrinsic aging,

Image of Fig. 10
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suggesting that both processes result in deficits in
regulation of collagen fibrillogenesis and maintenance.
Alterations in ECM modifying proteins

Over the lifespan, ECM components are constant-
ly modified and remodeled through crosslinking,
glycation, and proteolytic degradation performed by
a variety of ECM-associated enzymes. Crosslinking
of structural ECM proteins is essential to the
structural stability and physicochemical properties
of the matrix and increases in frequency with
increasing age [34]. LOX functions as the primary
crosslinking enzyme for both collagen [65] and
elastin [57], aiding in the assembly and deposition
of these proteins within the ECM. We observe
reductions in LOX with intrinsic aging in all pairwise
age comparisons, as shown in previous studies by
activity assay [66] and gene expression analysis
[67]. The loss of LOX during aging likely contributes
to deficits in both collagen and elastic fiber assem-
bly. Other enzymes which crosslink ECM compo-
nents include transglutaminases, which are
responsible for the formation of the cornified
envelope (CE) through crosslinking of filaggrin,
loricrin, and a variety of small proline-rich proteins
[68]. While we identify TGM1, TGM2, TGM3, and
TGM5 consistently across all samples, significant
enrichments of any TGM protein are observed only
in comparisons of young hip and aged hip, where we
observe reductions in TGM3 and TGM5 with intrinsic
aging. TGM3 has been shown to provide some
protection from photodamage by strengthening the
UV-filtering capabilities of the cornified envelope
[69], suggesting that skin may become more
susceptible to UV damage with increasing age.
In addition to crosslinking enzymes, ECM remod-

eling is heavily regulated by a series of proteases
and proteolytic regulators. The two primary classes
of proteases that function within the extracellular
matrix are matrix metalloproteases, which are
primarily responsible for structural degradation of
the ECM, and serine proteases, which mainly
function to initiate activation cascades [70]. We
detect MMP2 at reduced abundance in aged hip skin
compared to young, but do not see significant
changes in MMP abundance in any other compar-
isons. However, metalloprotease inhibitor TIMP3 is
consistently observed at higher intensity in aged skin
in all pairwise comparisons between anatomical
locations, suggesting that it increases in abundance
with intrinsic age. While the abundance of other
TIMP proteins has been previously shown to be
inversely correlated with tissue age [71], TIMP3 is
uniquely expressed solely in the extracellular matrix
and likely functions as a marker of terminal
differentiation within the cell [72], increasing in
abundance with increasing age [73].
Cathepsin proteases have been previously impli-
cated in the turnover and remodeling of the ECM
through the proteolytic processing of a variety of
ECM components [74–76] and shown to be down-
regulated during intrinsic aging [77] and photoaging
[78–80]. We observe significant reductions in a wide
variety of cathepsins during intrinsic aging, likely
resulting in reduced ECM turnover with age. In-
creasing cathepsin D abundance in photoaged skin
through topical application was previously shown to
restore water content and TGase-1 expression in
photoaged tissue [81], suggesting that the loss of
these proteins may play a critical role in skin barrier
degradation.
Serine proteases high temperature requirement A1

and A3 (HTRA1 and HTRA3) were observed to
increase specifically with photoaging, appearing signif-
icantly enriched only in highly photoaged forearm skin.
HTRA proteases have been shown to cleave a number
of ECM substrates, including fibronectin, clusterin, and
vitronectin [82]. HTRA proteins have also been shown
toantagonizeTGF-β signaling [83,84], promotingapro-
inflammatory environment by suppressing TGF-β-
mediated anti-inflammatory immune regulation [85].
Increased abundance of HTRA proteases in response
to photoaging, in addition to enrichment of inflammatory
proteins observed in intrinsically aged tissue, supports
the hypothesis that a pro-inflammatory state is associ-
ated with accelerated dermal alteration.

Method strengths and future improvements

By using compartmental extraction coupled with
chemical digestion, we are able to detect all key skin
proteins not consistently identified across previous
skin proteomics studies [19], as well as a wide
variety of other ECM components. Our data provides
coverage of 229 of the 1111 proteins annotated
within the matrisome project DB [18] and includes
115 of 275 core matrisome-annotated proteins.
While our method covers a larger fraction of
matrisomal protein than previous methods, we are
unable to identify many secreted factors and
signaling molecules, including cytokines, growth
factors, and interleukins which are present at low
abundance and more loosely associated with the
ECM. Elastin is highly crosslinked and lack lysine
and arginine residues, making it difficult to digest and
analyze using proteomics. It is possible that deficits
in ELN assembly observed with chronological age
allow elastin to be more readily digested and
identified, making its apparent signal higher in
aged samples than in young. The true amount of
elastin present in each sample could be determined
in future studies by amino acid and crosslinking
analysis (desmosine/isodesmosine as surrogate
measures) of the remaining pellet after chemical
digestion or with the development of an ELN
optimized proteomic method.
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Conclusions

Overall, both intrinsic aging and photoaging can
be characterized by significant decreases in
structural ECM integrity, shown by significant
reductions in both the abundance of most colla-
gens and the length and width of collagen fibers.
Proteoglycans which perform ECM-supporting
functions, such as regulation of collagen fibrillo-
genesis, are also decreased by both types of
aging, likely driving the degradation of the struc-
tural ECM. Intrinsic aging results in a distinct
molecular signature from that generated by pho-
toaging, producing reductions in elastic fiber and
crosslinking enzyme abundance which also likely
contribute to a loss of ECM structural integrity and
elasticity. Photoaging, on the other hand, can
generally be defined by increases in elastic fiber-
associated proteins, indicating the progression of
elastosis, and pro-inflammatory proteases such as
the HTRA family. Both intrinsic aging and photo-
aging cause a loss of metabolic enzymes and an
increase in the abundance of immune- and
inflammation-related proteins. Anti-inflammatory
interventions may be a useful target for future
anti-aging skin therapies.
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