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Abstract: Objectives: To gain a deeper understanding of the association between several widely used skin aging-
related proteins and all other genes within the genome. Methods: Skin transcriptome sequencing data of 142
healthy controls across three different populations were mapped to the NCBI build 37 reference genome. Quantified
gene abundances were obtained, and missing data were imputed. Principal component analysis was performed
to identify sample stratification. Finally, linear regression analyses were conducted to investigate the relationships
between the expression levels of these widely used proteins and all other genes. Results: Following realignment
and abundance calculation, a total of 63,677 genes were obtained, and 20,476 genes remained after the quality
control. Principal component analysis (PCA) results indicated sample stratification among different populations.
Upon performing linear regression analyses across the separate datasets, consistent results were observed. The
analysis revealed five protein-coding genes significantly associated with collagen Il (P value < 2.44E-6, R? > 0.5).
Two protein-coding genes, including collagen lll, were positively correlated with fibronectin, and five protein-coding
genes were positively correlated with elastin. Enrichment analysis demonstrated that extracellular matrix (ECM)-
receptor interaction was the most significant pathway associated with genes linked to collagen Il and fibronectin
(P = 1.29E-10). Conclusions: These findings highlight the crucial role of ECM-receptor interaction in the context
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of collagen llI- and fibronectin-related genes, providing valuable insights into the underlying biological mechanisms.
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Introduction analyses of transcriptomic and metabolomic
data have revealed the critical role of the he-

Aging, an enduring and universal aspect of patokine FGF21 in liver aging, offering novel

human existence, has long captivated scien-
tific inquiry due to its profound impact on physi-
ological function and overall health. As a com-
plex and multifaceted process, aging involves
intricate molecular and cellular mechanisms
that contribute to progressive declines in tissue
and organ function. Recently, comprehensive
reviews have illuminated key pathways underly-
ing this phenomenon, notably the interplay
between mitochondrial dysfunction, inflamma-
ging, and sarcopenia [1]. Similarly, integrative

insights into systemic metabolic changes dur-
ing the aging process [2]. These studies collec-
tively emphasize the intricate biological net-
works that drive aging, setting the stage for a
deeper exploration of targeted interventions to
mitigate its effects.

The skin is a crucial organ that covers the sur-
face of the human body and is directly exposed
to the external environment. As we age, the skin
undergoes significant structural and functional
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changes. Many factors contribute to skin aging,
both intrinsic and extrinsic, with several remain-
ing unknown. One such extrinsic factor is ultra-
violet radiation [3], which can cause premature
skin aging. Pollution is another extrinsic factor
that can accelerate the aging process. Intrinsic
factors include reactive oxygen species [4],
clonal hematopoiesis in the elderly [5], loss of
epigenetic information [6], and alterations in
gene expression [7]. Together, these factors
contribute to skin aging.

Skin cells exhibit complex alterations during
aging and are frequently accompanied by
changes in gene expression related to extracel-
lular matrix (ECM) proteins [8-10]. Collagen,
one of the most abundant extracellular matrix
proteins, has been shown in many studies to
exert significant anti-aging effects when sup-
plemented [11-13] and is widely used in prod-
ucts from many well-known cosmetic brands,
most commonly in the form of type | and Il col-
lagen. Collagen bundles are resistant to pres-
sure deformation due to their rotating struc-
tures and play a critical role in maintaining skin
elasticity [14]. As a result, collagen is consid-
ered an ideal biomedical and cosmetic skin
care material [15]. As an essential component
of the skin, collagen plays an important role
in injection fillers, wound dressings, functional
skin care products, and general cosmetic appli-
cations because of its good supporting, repair-
ing, moisturizing, and whitening properties.

In addition to collagen, elastin (ELN) and fibro-
nectin (FN1) also play important roles in the
anti-aging process. One study reported that
cardiac-specific overexpression of fibronectin
type Il domain-containing 5 (FNDC5) attenuat-
ed aging-related cardiac remodeling and dys-
function in mice [16].

Fibronectin is a high-molecular-weight glyco-
protein that typically exists as a dimer of
approximately 500 kDa. It is characterized by
variable molecular conformations and multiple
isoforms generated through alternative splic-
ing. Fibronectin is a common ECM protein
involved in cell adhesion, diffusion, migration,
proliferation, and apoptosis, and preferentially
binds cells through interactions with integrins,
other fibronectin subunits, collagen, heparin,
fibrin, matrix metalloproteinases, and growth
factors [17]. Fibronectin fibrils possess unique
mechanical properties that enable them to
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modulate the mechanotransduction signals
perceived and transmitted by cells. By binding
to other ECM proteins, including collagen, elas-
tin, and proteoglycans, fibronectin promotes
ECM maturation and tissue specificity [18].

Elastin (ELN) is a protein essential for the elas-
ticity of the native ECM, accounting for approxi-
mately 2-4% of the dry weight of the skin
and providing elasticity to various organs [19].
Elastin fibers confer elasticity and resilience
to the skin, enabling it to adapt to internal
physiological and external environmental pres-
sures. Elastin is also biocompatible and non-
immunogenic, making it an ideal material for
wound dressings [20]. In our previous study, we
designed an elastin-like recombinant polypep-
tide (ELR) capable of being absorbed through
the skin based on the properties of the hexa-
peptide VGVAPG. Continuous use of this ELR
could significantly improve skin elasticity and
reduce wrinkles [21].

In this study, we analyzed transcriptome se-
quencing data from human skin samples from
the Chinese Han population [22], as well as
data from two publicly available skin transcrip-
tome sequencing studies [23-25]. Our goal was
to examine the relationships between several
widely used skin aging-related proteins-particu-
larly collagen Ill, fibronectin, and elastin-and all
the other genes present in the genome.

Materials and methods
Data sources

Transcriptome sequencing data from 20 heal-
thy Chinese Han individuals were extracted
from our previous study (SRP065758) [22].
Two additional transcriptome sequencing data-
sets, comprising 84 healthy Detroit Caucasian
samples and 38 healthy German Caucasian
samples, were obtained from GEO datasets
SRP035988 [23] and GSE121212 [24, 25],
respectively. The present study was conduct-
ed in accordance with the principles of the
Declaration of Helsinki.

Realignment and estimation of gene expres-
sion levels

All data processing and analyses were con-
ducted in a Linux environment. First, all FASTQ
files were realigned to the NCBI build 37 refer-
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ence genome using STAR [26]. RNA-seq FASTQ
files from the Detroit samples were generated
using lllumina GAIl platform and consisted of
single-end reads, whereas files from the
Chinese and German samples were generated
using the lllumina HiSeq 2500 platform and
consisted of paired-end reads. Gene and iso-
form abundances were quantified from both
single-end and paired-end RNA-seq data using
the software package RSEM [27]. For paired-
end data from the Chinese and German sam-
ples, the additional parameter “paired-end”
was specified. Gene expression levels were rep-
resented as transcripts per million (TPM) [28],
and values were obtained for 63,677 genes
annotated in the Ensembl database (Homo_
sapiens.GRCh37.75.gtf).

Missing data imputation and principal compo-
nent analysis

A local Python script was used to remove
genes with more than 20% missing data.
Subsequently, a k-nearest neighbors (KNN)
approach (K = 10, approximately equal to the
square root of the total sample number) was
used to impute the remaining missing values.

Batch effect correction

To mitigate potential batch effects arising
from differences in geographic origin (America,
Germany, and China), batch correction was
applied to the TPM expression matrix using
pyComBat, a Python implementation of the
ComBat empirical Bayes method [29]. The raw
TPM values were first log2-transformed by
adding a pseudocount of 1 (log2(TPM + 1)) to
stabilize variance and approximate normality.
Samples were assigned to three batches based
on their geographic origin: batch 1 (America, n
= 84), batch 2 (Germany, n = 38), and batch 3
(China, n = 20). The ComBat algorithm was per-
formed directly on the log-transformed matrix
(genes as rows, samples as columns) using
default parameters (parametric adjustment
enabled, no additional covariates). The result-
ing batch-corrected matrix was z-score stan-
dardized (mean = 0, standard deviation = 1 per
gene) prior to downstream analyses. The log2-
transformed matrix before correction and the
batch-corrected matrix after correction were
both saved for reproducibility (Supplementary
Files 1 and 2).
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Principal component analysis

Principal component analysis (PCA) was per-
formed on the standardized log2-transformed
data before and after batch correction to evalu-
ate the impact of batch effects and the effec-
tiveness of the correction. PCA was implement-
ed using scikit-learn, with the first two prin-
cipal components retained. Samples were col-
ored by geographic origin to visualize clustering
patterns.

Correlation and bioinformatics analysis

To identify genes co-expressed with COL3A1
and other aging-related extracellular matrix
proteins, and to elucidate the associated bio-
logical processes, we implemented the follow-
ing analytical workflow.

First, pairwise correlations were calculated
between the expression of COL3A1 and all
other genes (n = 20,475, excluding COL3A1
itself) using the batch-corrected log2-trans-
formed TPM matrix. Both the Pearson correla-
tion coefficient (assessing linear relationships)
and Spearman rank correlation coefficient (as-
sessing monotonic relationships) were comput-
ed using the pearsonr and spearmanr func-
tions from SciPy.

Linear regression and bioinformatics analysis
of aging-related extracellular matrix proteins

Linear regression analysis was performed
across all three datasets using the expression
levels of multiple aging-associated extracellu-
lar matrix proteins (including COL3A1 and
others) as dependent variables. Linear regres-
sion analysis was performed using the Python
function linregress to evaluate associations
between each selected protein and all other
genes. Manhattan plots and quantile-quantile
(Q-Q) plots were generated for each regression
analysis using the R package qgman, and
genomic inflation factors (A) were calculated to
assess potential inflation of test statistics.

Candidate genes significantly associated with
the aging-related proteins were then subject-
ed to Gene Ontology (GO) and pathway enrich-
ment analysis using the R package clusterPro-
filer. Enrichment analyses were performed with
default parameters, and results were adjust-
ed for multiple testing using the Benjamini-
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Hochberg false discovery rate (FDR) method
(FDR < 0.05).

Result
Quality control

A total of 215,170 isoforms and 63,677 genes
(gene IDs) were obtained after realignment and
abundance calculation. A TPM matrix contain-
ing 56,635 genes (gene names) was then gen-
erated using a local Perl script. Among these,
7,042 duplicated genes were identified; for
each duplicated entry, the former record was
removed and the latter retained. After removing
genes with more than 20% missing data across
all samples, the remaining missing values were
imputed using the KNN method. Ultimately,
20,476 genes remained for subsequent analy-
sis (Supplementary Table 1). Principal compo-
nent analysis (PCA) of the log2-transformed
data (log2(TPM + 1)) before batch correction
revealed distinct clustering of samples by geo-
graphic origin (America, Germany, and China),
with clear separation along the first two princi-
pal components (Figure 1A). This pattern indi-
cated substantial batch effects attributable to
sample collection site or technical differences.
Following pyComBat batch correction, the geo-
graphic clustering was substantially reduced,
and samples from different origins showed
improved overlap and more homogeneous dis-
tribution in the PCA space (Figure 1B).

Correlation analysis with COL3A1

Collagen is a major component of the extracel-
lular matrix, and collagen Il is one of the colla-
gen proteins present in the skin, with expres-
sion levels known to decrease with age. Pair-
wise correlations between COL3A1 expression
and all other genes (n = 20,475) were comput-
ed using the batch-corrected log2-transformed
TPM matrix. Strong positive correlations were
observed with several extracellular matrix-re-
lated genes. The top 11 genes ranked by Pear-
son correlation coefficient are summarized in
Table 1. All associations were highly significant
(P < 1 x 10%%), with Pearson r values ranging
from 0.815 to 0.951. Notably, collagen family
members such as COL1A2 (r = 0.951451, P =
1.61 x 1073), COL5A2 (r = 0.941399, P = 5.96
x 108), COL1A1 (r = 0.923049, P = 5.98 x
10%%), and COL5A1 (r = 0.876161, P = 3.26 x
104%) exhibited the strongest associations.

817

Spearman rank correlations showed consistent
trends, though slightly lower in magnitude for
some genes (Table 1). The complete correlation
results are provided in Supplementary Table 2.

Linear regression and bioinformatics analysis
of aging-related extracellular matrix proteins

Linear regression analyses were also per-
formed between the expression level of
COL3A1 and those of 20,765 other genes
across the three populations (Supplementary
Table 3). The expression levels of 12 protein-
coding genes and one long noncoding RNA (lin-
cRNA; gene name: RP11-572C15.5, gene ID:
ENSTO0000610103) were found to be signifi-
cantly associated with COL3A1 (Table 2). All
of these associations were positive (P value <
1E-4, slope > 0, R? > 0.5). After applying
Bonferroni’'s correction (P value < 2.44E-6),
five protein-coding genes, including FN1, re-
mained significantly associated with COL3A1.
Manhattan plots were generated for each pop-

ulation (Supplementary Figure 1), and moder-
ate inflation was observed in the Q-Q plots

(Supplementary Figure 2) with genomic infla-
tion factors of A_China = 1.8485, A\_America =
3.764, and A_Germany = 4.5721 for the
Chinese, American, and German populations,
respectively. Notably, collagen | and collagen V
genes showed extremely significant positive
correlation with COL3A1 across all three data-
bases (R? > 0.6). Among these genes, the ex-
pression levels (TPM) of collagen | and SPARC
were very similar to those of COL3A1 (Figure 2;
Table 3).

Linear regression analyses were also per-
formed to assess associations between fibro-
nectin and elastin expression levels and those
of other genes (Supplementary Tables 4 and
5). The results showed that six protein-coding
genes, excluding COL3A1, were positively cor-
related with fibronectin, and notably, five of
these six genes were collagen genes (Table 4).
After Bonferroni’s correction, only COL3A1 and
COL5A2 remained significantly associated with
fibronectin across all three populations. In
addition, 15 protein-coding genes were identi-
fied as being positively correlated with elastin.
After applying Bonferroni’s correction, five pro-
tein-coding genes remained significantly asso-
ciated with elastin. Among these, one gene,
FBNZ (fibrillin 1), showed strong and consistent

associations across all populations (P ..~ =
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Figure 1. Principal component analysis (PCA) of the log2-transformed data before batch correction (A) and principal component analysis (PCA) after pyComBat batch
correction (B).
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Table 1. Top 11 genes most positively correlated with COL3A1 in the batch-corrected TPM matrix

Gene Pearson_r Pearson_p Pearson_se Spearman_r Spearman_p
COL1A2 0.951451 1.61E-73 0.026014 0.948888 5.40E-72
COL5A2 0.941399 5.96E-68 0.028507 0.94542 4.74E-70
COL1A1 0.923049 5.98E-60 0.032512 0.915786 2.55E-57
SPARC 0.919273 1.50E-58 0.033267 0.915669 2.80E-57
COL5A1 0.876161 3.26E-46 0.040738 0.861143 5.70E-43
RP11-572C15.6 0.856194 5.53E-42 0.043665 0.853435 1.89E-41
CCDC80 0.855301 8.25E-42 0.04379 0.848199 1.82E-40
PPIC 0.824793 1.75E-36 0.047788 0.812495 1.28E-34
ITIH5 0.819891 1.01E-35 0.048387 0.786927 3.76E-31
KDELR3 0.816389 3.41E-35 0.048808 0.815192 5.13E-35
C1QTNF3 0.814777 5.91E-35 0.049 0.801074 5.23E-33

Table 2. Linear regression tests for genes related to collagen Il in three different populations

Gene Chinese America Germany

slope r? p_value slope r? p_value slope r? p_value
ADAMTS2 68.3375 0.5948 6.86E-05 110.4874 0.7676 1.04E-27 88.7610 0.8518 1.69E-16
C1QTNF3 471087 0.5815 9.27E-05 84.5749 0.6974 5.44E-23 33.1258 0.6671 4.02E-10
COL1A1 0.8288 0.6029 5.69E-05 0.5389 0.8162 6.67E-32 1.0625 0.9327 1.08E-22
COL1A2 0.8415 0.7632 4.89E-07 0.7426 0.9280 1.31E-48 1.1084 0.9476 1.22E-24
COL5A1 21.3674 0.6366 2.50E-05 19.5673 0.7545 9.87E-27 22.6287 0.9097 2.20E-20
COL5A2 35.5948 0.7754 3.03E-07 65.9976 0.9341 3.37E-50 31.2108 0.9126 1.23E-20
CTHRC1 10.3234 0.7046 3.71E-06 27.4461 0.5568 3.79E-16 17.7882 0.6467 1.19E-09

FN1 4.6950 0.7303 1.61E-06 8.8374

KDELR3 73.2338 0.6736 9.27E-06 119.0933
RP11-572C15.6 22.0445 0.5804 9.49E-05 29.4488
SERPINH1 8.5457 0.6426 2.15E-05 21.0313
SFRP2 72209 0.7697 3.80E-07 8.2718
SPARC 0.8000 0.7528 7.25E-07 0.6535

0.5685 1.25E-16 5.9737 0.6995 6.24E-11
0.6930 9.91E-23 60.3685 0.6631 4.99E-10
0.6925 1.06E-22 13.5544 0.8330 1.48E-15
0.5165 1.39E-14 18.1860 0.6248 3.58E-09
0.6411 6.18E-20 5.2468 0.5957 1.40E-08
0.8297 2.93E-33 1.1511 0.8970 2.37E-19

1.2E6,R2 , =074P,  =152E14,R2
sores = 068, P ="4.87E14, R2 =
merica _Germany _Germany
0.08) (Table 5).

ECM-receptor interaction is the major pathway
associated with COL3A1 and FN1

Because the expression levels of COL3A1 and
FN1 were significantly associated (Tables 2
and 3), Gene Ontology (GO) enrichment and
pathway analyses were performed using genes
associated with these two genes (P value <
1E-4), after removal of the lincRNA gene. As
expected, ECM-receptor interaction was identi-
fied as the most significant pathway associated
with these genes (p_adjust = 1.29E-10). Three
additional pathways reached genome-wide
significance: protein digestion and absorption
= 6.18E-9), focal adhesion (p =

(p_adjust _adjust
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1.6E-8), and amoebiasis (p_adjust = 1.6E-8)
(Figure 3A; Supplementary Table 6). Thirteen
Gene Ontology terms met the significance cri-
teria (p_adjust < BE-8, gene count > 3), of which
five were directly related to the extracellular
matrix (Figure 3B; Supplementary Table 7).

KEGG pathway and GO enrichment analyses
were also conducted for elastin-related genes.
No pathways reached genome-wide signifi-
cance; in association with these genes, only
moderately significant pathways (p_adjust < 0.05,
gene count > 2) were identified, including pro-
tein digestion and absorption (p_adjust =
0.0015), ECM-receptor interaction (p_adjust =
0.0015), and focal adhesion (P st = 0.0127)
(Supplementary Table 8). Similar results were
obtained for the GO enrichment analysis, 21
moderately significant GO terms with gene
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Figure 2. Expression levels of 12 protein-coding genes and one long noncoding RNA that are strongly associated with collagen Il across three different populations.
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Table 3. Expression levels (represented as TPM) of 14 significantly associated genes in three different
populations

Gene Chinese America Germany
Mean SD Mean SD Mean SD

COL3A1 445.5505 331.5389 1640.805 1228.273 163.1695 147.2035
ADAMTS2 5.9005 3.741607 17.84321 9.739771 2.158684 1.530641
C1QTNF3 11.508 5.366633 19.36571 12.1281 6.527895 3.629546
COL1A1 397.8595 310.6134 2547.631 2058.96 150.9292 133.7992
COL1A2 573.5195 344.207 2616.807 1593.246 173.7679 129.2751
COL5A1 20.4485 12.37967 96.19762 54.52518 9.468684 6.204475
COL5A2 13.618 8.201584 32.40667 17.98736 7.981053 4.505575
CTHRC1 34.823 26.95808 63.31643 33.39297 8.948684 6.654646
FN1 101.317 60.34712 283.069 104.796 39.49974 20.60953
KDELR3 6.822 3.715675 16.68083 8.5854 4.004737 1.9857
RP11-572C15.6 26.095 11.45757 65.85583 34.70752 15.16289 9.911675
SERPINH1 71.7625 31.0992 110.253 41.97254 14.83026 6.397889
SFRP2 79.2545 40.28158 261.1256 118.8946 31.58289 21.65358
SPARC 568.7905 359.56 2647.028 1712.028 187.2745 121.1159

Table 4. Linear regression tests for genes related to fibronectin in three different populations

Chinese America Germany

slope r? p_value slope r? p_value slope r? p_value
COL1A2 0.139226 0.630615 2.91E-05 0.051785 0.619855 6.64E-19 0.144798 0.824936 3.45E-15
COL3A1 0.155554 0.730327 1.61E-06 0.064332 0.568522 1.25E-16 0.117096 0.699492 6.24E-11
COL5A1 4.109978 0.71086 3.05E-06 1.368256 0.506803 3.16E-14 2.875141 0.74919 2.33E-12
COL5A2 6.378078 0.751384 7.64E-07 4.607321 0.625377 3.63E-19 4.048179 0.78322 1.66E-13
COLBA3 1.856516 0.595645 6.73E-05 1.765701 0.637982 8.84E-20 1.375148 0.837583 8.88E-16
NID1 13.9956 0.682342 7.23E-06 12.68837 0.504161 3.95E-14 17.13189 0.810853 1.4E-14
SH2B3 24.70566 0.668036 1.09E-05 48.63185 0.509385 2.55E-14 28.63564 0.581275 2.66E-08

Gene

Table 5. Linear regression tests for genes related to elastin in three different populations

Chinese America Germany

Gene ” > 2
slope r p_value slope r p_value slope r p_value

ADAMTS2 3.875105 0.715865 2.60E-06 3.710345 0.669513 2.06E-21 3.048917 0.808356 1.78E-14
C1QTNF3 2.741639 0.737178 1.27E-06 2.578451 0.501344 4.99E-14 1.103955 0.595899 1.39E-08
CD248 0.496073 0.651028 1.72E-05 0.609921 0.732286 3.5E-25 1.197961 0.550888 9.63E-08
COL5A1 1.093839 0.624414 3.39E-05 0.724803 0.800695 1.87E-30 0.786154 0.88306 2.34E-18
COL6A1 0.125534 0.606401 5.24E-05 0.206539 0.599153 5.94E-18 0.26113 0.77815 2.52E-13
COL6A2  0.10557 0.795619 1.28E-07 0.143913 0.596135 8.1E-18 0.103899 0.768565 5.42E-13
COL8A2 6.030715 0.581658 9.23E-05 13.02543 0.590645 1.41E-17 4.361812 0.75562 1.46E-12
FBN1 0.949153 0.738738 1.20E-06 0.682836 0.515417 1.52E-14 0.233343 0.797376 4.87E-14
FSTL1 0.51416 0.734822 1.38E-06 0.283146 0.59015 1.49E-17 0.130718 0.812881 1.15E-14
GALNT16 3.908387 0.701584 4.07E-06 3.084949 0.539936 1.77E-15 1.782757 0.61851 4.84E-09
HSD3B7 3.206404 0.839646 1.41E-08 4.676286 0.536396 2.44E-15 2.088651 0.519531 3.33E-07
ITIHS 1.98818 0.691006 5.61E-06 1.900723 0.569429 1.14E-16 1.277689 0.750796 2.08E-12
LRP1 0.691353 0.715069 2.66E-06 0.77777 0.525812 6.2E-15 0.445566 0.601433 1.08E-08
TCF7L1  2.804929 0.586954 8.20E-05 6.723257 0.550184 6.98E-16 12.30984 0.668577 3.71E-10
THY1 0.70467 0.682596 7.18E-06 0.780422 0.618496 7.7E-19 1.970119 0.661703 5.4E-10
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counts greater than two were observed, in-
cluding extracellular matrix structural constitu-
ent conferring tensile strength (p ., = 1.06E-
6), extracellular matrix structural constituent
(pfadjust = 3.2E-6), collagen-containing extra-
cellular matrix (pjdjust = 4.31E-6), et al.

(Supplementary Table 9).

Discussion

Protein-protein interactions can be detected
using various experimental methods, such as
GST pull-down assays, co-immunoprecipita-
tion, and yeast two-hybrid systems [30]. How-
ever, these approaches may fail to detect tran-
sient protein-protein interactions with low affin-
ity, indirect interactions that require intermedi-
ary proteins, or interactions affected by experi-
mental constraints. In the present study, we
directly analyzed gene expression levels in hu-
man skin tissues and assessed correlations
between proteins using linear regression analy-
sis. This strategy enables the identification of
potential protein-protein interactions, including
indirect associations, based on shared expres-
sion patterns of the corresponding genes.

Our results indicate that five proteins are sig-
nificantly associated with type Ill collagen and
two proteins are significantly associated with
fibronectin, including collagen I, collagen Ill, col-
lagen V, fibronectin, SFRP2, and SPARC. The
first four proteins are all extracellular matrix
proteins, while SFRP2 is involved in ECM orga-
nization (Figure 3B). The SPARC gene encodes
a cysteine-rich acidic matrix-associated protein
that has been implicated in numerous cellular
processes, including cell-ECM interactions and
ECM assembly [31]. The extracellular matrix is
a dynamic, three-dimensional network of mac-
romolecules that provides structural support
to cells and tissues and is composed primarily
of collagen, proteoglycans, elastin, fibronectin,
laminin, and other glycoproteins [32, 33]. ECM
proteins typically contain multiple indepen-
dently folded domains with highly conserved
sequences and arrangements. Some of these
domains bind to adhesion receptors, such as
integrins, which mediate cell-matrix adhesion
and signal transduction. In addition, ECM pro-
teins bind soluble growth factors and regulate
their distribution, activation, and presentation
to cells, thereby integrating complex multiva-
lent signals in a spatially organized and regu-
lated manner [34]. The extracellular matrix,

823

which accounts for more than 70% of the skin,
serves as the central hub for skin repair and
regeneration, and its synthesis and function
are crucial for wound healing and dermal regen-
eration [35].

Previous studies have shown that reducing
matrix metalloproteinase-2 (MMP-2) levels in
older individuals can soften carotid arteries
by slowing elastin degradation and increasing
the availability of molecules that promote vas-
cular relaxation, ultimately improving cardio-
vascular health [36]. In the present study, we
identified five proteins that were significantly
and positively correlated with elastin, including
C1QTNF3, COL6A2, FBN1, FSTL1,and HSD3B?7.
Among these genes, FBN1 encodes a prepro-
protein that is proteolytically processed to
generate two proteins: the extracellular matrix
component fibrillin-1 and the hormone as-
prosin. Fibrillin microfibrils provide structural
support to connective tissues throughout the
body. In tissues such as the lungs, blood ves-
sels, and skin, these microfibrils form a scaf-
fold that anchors elastin fibers, thereby confer-
ring strength and elasticity [37].

In summary, we conducted linear regression
analyses of skin transcriptome data and identi-
fied genes whose expression levels are strongly
correlated with widely used aging-related pro-
teins. It is important to note, however, that this
analytical approach does not provide direct evi-
dence of physical protein-protein interactions.
Therefore, further experimental validation will
be required to confirm these associations and
elucidate their functional significance.
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Supplementary Figure 1. Manhattan plots demonstrating the correlation results between other gene expression
levels and collagen Il in three different populations.
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