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Abstract

Plasma proteins serve as biomarkers of aging and various age-related
diseases. While a number of plasma proteins have been identified that
increase or decrease with age, the interpretation of each protein is
challenging. This is due to the nature of plasma, which is a mix-
ture of factors secreted by many different tissues and cells. Therefore,
the catalog of age-related proteins secreted by a single cell type in
a single tissue would be useful for understanding tissue-specific aging
patterns. In this study, the author addressed this challenge by integra-
tive data mining of the Human Protein Atlas (HPA) and the recently
published result of large-scale aging proteomics research. Finally, we
identified the 17 age-related proteins produced by a single tissue and
a single cell type: MBL2 and HP in the liver (hepatocytes), SFTPC
in the lung (type II alveolar cells), PRL and POMC in the pituitary
(anterior cells), GCG, CUZD1 and CPA2 in the pancreas (pancreatic
cells), MYBPC1 in skeletal muscle (myocytes), PTH in the parathy-
roid gland (glandular cells), LPO and AMY1A in the salivary gland
(glandular cells), INSL3 in the male testis (Leydig cells), KLK3 and
KLK4 in the male prostate (glandular cells), MPO and ACP5 in immune
cells. This list of proteins would be potentially useful for understanding
age-related changes in the plasma proteome and inter-tissue networks.
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1 Introduction

Plasma proteins serve as biomarkers of aging and various age-related diseases
[1–3]. Plasma contains various protein factors that are secreted by a variety
of tissues or cells, and these factors are the primary means of communication
between tissues throughout the body. During aging, the level of many plasma
factors changes dynamically [3], and these changes reflect the state of tissues
throughout the body. The plasma proteome can even predict chronological
age with high accuracy [3, 4]. Thus, the plasma proteome provides important
information about the aging status of multiple tissues throughout the body.

While a number of plasma proteins have been identified that increase or
decrease with age [3], the interpretation of each protein is challenging. This is
due to the nature of plasma, which is a mixture of factors secreted by many
different tissues and cells. Each tissue is composed of numerous cell types, each
of which secretes specific proteins into the plasma. This further complicates
the interpretation and tissue annotation of plasma protein markers.

In addition, recent aging research has focused on the dysfunctional commu-
nication between tissues that occurs with aging [5]. For a deep understanding
of the inter-tissue relationships in aging, it is necessary to understand the
aspects of aging in each tissue individually. Among the many proteins known
to change with age, identifying the proteins secreted by a single tissue and
single cell type should provide useful information for interpreting age-related
changes in the plasma proteome and for a systematic understanding of tissue
aging.

In this study, the author addressed this challenge by integrative data mining
of the Human Protein Atlas (HPA) and the recently published result of large-
scale aging proteomics research. As a result, we identified 17 plasma aging
biomarkers for a single tissue or single cell type. Because these are believed
to be derived from a single tissue or cell, they may reflect the aging status of
that particular tissue or cell. It is hoped that this study will provide candidate
protein markers that reflect the aging state of a specific tissue or cell population
and facilitate understanding of the individual aging system as a whole.

2 Method

The purpose of this study is to identify plasma aging biomarkers that are
specific to a particular tissue/cell type (Fig.1). Tissues contain many cell
types. Some of these cell types are common to multiple tissues, while oth-
ers are unique to a particular tissue. Therefore, if multiple tissues and cell
types secrete the same proteins into the plasma, the biological interpretation
of their aging changes becomes difficult. Therefore, the catalog of age-related
proteins secreted by a single cell type in a single tissue would be useful for
understanding tissue-specific aging patterns.

The author integrated the Human Protein Atlas and recently published
aging proteomics results to identify tissue- and cell-type-specific plasma aging
biomarkers.
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Fig. 1 The concept of the potential plasma biomarker of aging of single tissue and cell
type. In this figure, only Tissue B contains Cell type 2. If only Cell type 2 produces a protein
and it is observed in plasma, this aging change in plasma levels is a potential biomarker
reflecting the aging status of Cell type2 in Tissue B.

The results of the large-scale aging proteomic analysis by Lehallier et al.
were used as a list of age-related proteins [3]. This study has examined 2925
protein expressions in over 4000 human subjects and identified the 1,379 pro-
teins with a significant linear relationship with age (FDR Q value < 0.05).
This protein list was used for the age-related protein list in our study.

To identify the tissue and cell type specific expressed proteins, the
author used the protein expression dataset in human tissues using immuno-
histochemistry of tissue microarrays from Human Protein Atlas [6]. The
data set ”normal tissue.tsv.zip” was obtained from the download page
(https://www.proteinatlas.org/about/download). This data contains protein
expression information for 145 cell types in 64 human tissues. Data with
”Enhanced” reliability scores were extracted and used in subsequent analyses.

Based on this public dataset, a protein expression matrix was constructed
for each tissue and cell type. First, since the expression level is expressed in
categories, it was converted to a numerical value. Based on the rules proposed
in the previous study [7], the categories ”High”, ”Medium”, and ”Low” were
converted to 3, 2, and 1, and ”Ascending”, ”Descending”, and ”Not represen-
tative” to 1, respectively. ”Not detected” was converted to 0. If there were
multiple data for the same ensemble gene ID and tissue (or cell type), the
maximum value was taken as the expression level of that protein in that tissue
(or cell type). The elements of the matrices for which there were no corre-
sponding measurements were also assigned -1 as a missing value. Finally, we
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constructed the two consensus expression matrices of proteins × tissues and
proteins × cell types.

Cell type specific expressed protein and tissue specific expressed protein
were identified by the following procedures. Proteins with an expression level
of 3 in only one tissue and ≤ 0 in all other tissues were defined as proteins
specifically expressed in that tissue. Proteins that did not meet the above
conditions were annotated as ”not specific”. Following the same rule, labels
for cell type specificity were also annotated for each protein. As a result, each
protein had two annotations of tissue and cell type specificity.

Next, the re-annotation of age-related plasma proteins using this list of
proteins expressed specifically in a tissue or cell type was performed as follows.
The Entrez Gene IDs of each age-related protein were converted to Ensemble
Gene ID using the ID table obtained from Ensemble Biomart [8] for integra-
tion with information from the Human Protein Atlas. Tissue and cell type
specificity labels were annotated for each age-related protein. In the case that
an age-related protein corresponds to multiple ensemble gene IDs and multiple
annotations, ”not specific” was given priority.

Finally, age-related proteins with both cell type-specific and tissue-specific
annotations were extracted. A literature search was performed on these
proteins to identify age-related protein markers of a single tissue and cell type.

3 Result and Discussion

A total of 17 proteins were detected as potential age-related proteins with
both cell type and tissue specificity (Table 1). For example, MBL2 and HP are
detected in hepatocytes of the liver. Hepatocytes in the liver are considered
a major source of serum protein [9]. MBL2 is negatively associated with age
and the polymorphisms associated with low serum MBL2 have been reported
to be associated with several liver diseases [10–12]. HP correlates positively
with age and is known to be an inflammatory marker [13]. These proteins may
be biomarkers for measuring the biological age of hepatocytes in the liver.
Similarly, the following proteins may also serve as biomarkers of tissue aging.
SFTPC in the lung (type II alveolar cells), PRL and POMC in the pituitary
(anterior cells), GCG, CUZD1, and CPA2 in the pancreas (pancreatic cells),
MYBPC1 in skeletal muscle (myocytes), PTH in parathyroid (gland cells),
LPO and AMY1A in salivary gland (gland cells). These proteins may be useful
as biomarkers of aging in specific tissues.

On the other hand, it is difficult to determine whether some proteins asso-
ciated with male tissues are age-related plasma proteins produced in a single
tissue and cell type. One age-related plasma protein has been identified in the
testis: INSL3 in testis Leydig cells. This is already known as a Leydig cell
biomarker and can be used as a biomarker for various age-related diseases [14].
Actually, in females, INSL3 is produced by the theca interna cells of the antral
follicles [15], and is not strictly a testis-specific protein. This is because the
theca interna cell is not included in the dataset. As another male tissue, KLK3
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and KLK4 were identified in the prostate (glandular cells). These proteins
would not necessarily be prostate-specific as they have also been detected in
female blood [16, 17]. One of the limitations of this study is that some cell types
and tissues are not fully included in the HPA dataset, resulting in the detec-
tion of proteins produced in multiple tissues. Nevertheless, at least in males,
these proteins are a potential biomarker of aging of the testis or prostate.

Similarly, proteins specific to immune cells should be interpreted with cau-
tion. For example, in bone marrow, MPO has been identified in hematopoietic
cells. MPO is a gene expressed in neutrophils and its level in plasma is con-
sidered a potential neutrophil marker [18, 19]. Therefore, this protein may be
considered a specific plasma protein of neutrophils rather than hematopoietic
cells in the bone marrow. In any case, potentially useful as an aging biomarker
of immune function. Similarly, ACP5 identified in the lung (macrophage) is
also controversial. Immune cells such as macrophages are present in many tis-
sues throughout the body. These proteins may be useful as markers of aging
for specific immune cell subsets rather than specific tissues.

4 Conclusion

In this study, public data were re-analyzed to comprehensively search for
plasma proteins of aging biomarkers of single tissue and cell type. Finally,
we identified the age-related proteins produced by a single tissue and a sin-
gle cell type: MBL2 and HP in the liver (hepatocytes), SFTPC in the lung
(type II alveolar cells), PRL and POMC in the pituitary (anterior cells), GCG,
CUZD1 and CPA2 in the pancreas (pancreatic cells), MYBPC1 in skeletal
muscle (myocytes), PTH in the parathyroid gland (glandular cells), LPO and
AMY1A in the salivary gland (glandular cells), INSL3 in the male testis (Ley-
dig cells), KLK3 and KLK4 in the male prostate (glandular cells), MPO and
ACP5 in immune cells. This list of proteins would be potentially useful for
understanding age-related changes in the plasma proteome and inter-tissue
networks.
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