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Abstract: S100A6, also known as calcyclin, is a calcium-binding protein belonging to the S100 protein
family. It was first identified and purified more than 30 years ago. Initial structural studies, focused
mostly on the mode and affinity of Ca2+ binding and resolution of the resultant conformational
changes, were soon complemented by research on its expression, localization and identification of
binding partners. With time, the use of biophysical methods helped to resolve the structure and
versatility of S100A6 complexes with some of its ligands. Meanwhile, it became clear that S100A6
expression was altered in various pathological states and correlated with the stage/progression of
many diseases, including cancers, indicative of its important, and possibly causative, role in some of
these diseases. This, in turn, prompted researchers to look for the mechanism of S100A6 action and to
identify the intermediary signaling pathways and effectors. After all these years, our knowledge on
various aspects of S100A6 biology is robust but still incomplete. The list of S100A6 ligands is growing
all the time, as is our understanding of the physiological importance of these interactions. The
present review summarizes available data concerning S100A6 expression/localization, interaction
with intracellular and extracellular targets, involvement in Ca2+-dependent cellular processes and
association with various pathologies.

Keywords: S100A6 (calcyclin); expression; intracellular/extracellular role; marker; stem/progenitor
cells; body fluids; tumors; pathology

1. Introduction

The S100 protein family, of which S100A6 is a member, groups more than 20 low-
molecular-weight Ca2+-binding proteins [1]. Most of the genes encoding S100 proteins
form a cluster on human chromosome 1 and mice chromosome 3 [2,3]. These genes and
their protein products are designated with letter A and a number (S100A1–S100A16) that
reflects the position of a given gene in the cluster on the human chromosome. Single S100
genes located on other chromosomes are designated by other letters (e.g., S100B, S100Z,
S100G and S100P).

S100A6 was originally isolated from Ehrlich ascites tumor cells [4]. It is present in
numerous cell types but is particularly abundant in epithelial cells and fibroblasts [5].
S100A6 is localized mainly in the cytoplasm but is also present in the cell nucleus and
readily associates with the plasma membrane and nuclear envelope when the intracellular
Ca2+ concentration increases [6–8].

S100A6 is composed of 89 amino acids (mouse and rat), 90 amino acids (man and
rabbit) or 91–92 residues (chicken; two isoforms) [9]. Its sequence comprises two helix–
loop–helix EF-hand structures, separated by a linker region. Amino acids located in the
loop region coordinate Ca2+. The C-terminal EF-hand, comprising helices III and IV, has a
canonical Ca2+ binding loop containing 12 amino acids and binds Ca2+ with high affinity
(in a 10−6 M range), while the N-terminal loop, between helices I and II, has 14 amino acids
and its Ca2+- binding affinity is slightly lower (Figure 1) [10].

Int. J. Mol. Sci. 2023, 24, 1341. https://doi.org/10.3390/ijms24021341 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24021341
https://doi.org/10.3390/ijms24021341
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-9484-9555
https://doi.org/10.3390/ijms24021341
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24021341?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 1341 2 of 19

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 19 
 

 

(in a 10−6 M range), while the N-terminal loop, between helices I and II, has 14 amino ac-
ids and its Ca2+- binding affinity is slightly lower (Figure 1) [10]. 

 
Figure 1. Structure of S100A6 dimer with 4 Ca2+ (Protein Data Bank id:1K96) [10]. Each monomer is 
represented by different color (violet and yellow); green balls represent Ca2+; H indicates helix; N 
and C indicate N- and C-terminus, respectively. 

In the cell and in solution, S100A6 exists as a non-covalent homodimer held together 
by hydrophobic interactions involving helices I and IV of each monomer [10,11]. Of note, 
it may also form a covalent dimer through a disulfide bridge between cysteine residues at 
position 2, and a heterodimer with another S100 family member, S100B [12,13]. Binding 
of two Ca2+ via the EF-hand structures induces conformational changes, mainly in helices 
II and III, which result in exposition of a hydrophobic surface responsible for interaction 
with target proteins and transduction of Ca2+ signals [10,14]. S100A6 also binds Zn2+, but 
the resulting conformational changes are different from those observed after binding of 
Ca2+ [15,16]. 

S100A6 Is involved in many processes inside and outside the cell, but its primary 
function seems to be associated with cell proliferation/tumorigenesis, cell differentiation, 
cytoskeletal dynamics or cellular stress response. Present extracellularly in the matrix or 
different body fluids, S100A6 may serve as a diagnostic marker in some diseases. This 
review summarizes the current state of knowledge regarding various aspects of S100A6 
biology. 

2. Localization and Expression of S100A6 
S100A6 is a ubiquitous protein present in most human tissues and organs 

(https://www.proteinatlas.org/ (accessed on 5 September 2022)). The highest level of 
S100A6 expression is found in fibroblasts and epithelial cells [5], but it is also expressed 
in highly specialized cells such as certain neurons [17], glial cells [18], smooth or cardiac 
muscle cells [19,20] or various hematopoietic cells [21,22]. Interestingly, S100A6 has been 
detected in adult stem/progenitor cells of various lineages, e.g., in hematopoietic, neural 
and epidermal stem cells [23]. Single-cell RNA-seq experiments confirmed that S100A6 
expression strongly correlated with the expression of established adult stem cell markers 
and was, in the majority of cases, characteristic for the most quiescent stem cell subpop-
ulation. 

S100A6 is predominantly a cytoplasmic protein, but in the presence of Ca2+ it asso-
ciates with the plasma membrane and the nuclear envelope [6,7]. There are also several 
reports on the presence of S100A6 in cell nuclei, for example, in smooth muscle cells [19], 
lung carcinoma cells [24,25], skin tumor cells [26] and pancreatic ductal adenocarcinoma 
cells [8]. 

S100A6 expression can be up-regulated by multiple factors, such as epidermal 
growth factor (EGF) platelet-derived growth factor (PDGF), epidermal growth factor 
(EGF), serum [27], tumor necrosis factor (TNFα) [28], retinoic acid [29], estrogen [30], 
palmitate [31], glucose [32], vasopressin [33], gastrin [34] and various cytokines [35]. 

Figure 1. Structure of S100A6 dimer with 4 Ca2+ (Protein Data Bank id:1K96) [10]. Each monomer is
represented by different color (violet and yellow); green balls represent Ca2+; H indicates helix; N
and C indicate N- and C-terminus, respectively.

In the cell and in solution, S100A6 exists as a non-covalent homodimer held together
by hydrophobic interactions involving helices I and IV of each monomer [10,11]. Of note, it
may also form a covalent dimer through a disulfide bridge between cysteine residues at
position 2, and a heterodimer with another S100 family member, S100B [12,13]. Binding
of two Ca2+ via the EF-hand structures induces conformational changes, mainly in helices
II and III, which result in exposition of a hydrophobic surface responsible for interaction
with target proteins and transduction of Ca2+ signals [10,14]. S100A6 also binds Zn2+, but
the resulting conformational changes are different from those observed after binding of
Ca2+ [15,16].

S100A6 Is involved in many processes inside and outside the cell, but its primary
function seems to be associated with cell proliferation/tumorigenesis, cell differentiation,
cytoskeletal dynamics or cellular stress response. Present extracellularly in the matrix or dif-
ferent body fluids, S100A6 may serve as a diagnostic marker in some diseases. This review
summarizes the current state of knowledge regarding various aspects of S100A6 biology.

2. Localization and Expression of S100A6

S100A6 is a ubiquitous protein present in most human tissues and organs (https:
//www.proteinatlas.org/ (accessed on 5 September 2022)). The highest level of S100A6
expression is found in fibroblasts and epithelial cells [5], but it is also expressed in highly
specialized cells such as certain neurons [17], glial cells [18], smooth or cardiac muscle
cells [19,20] or various hematopoietic cells [21,22]. Interestingly, S100A6 has been detected
in adult stem/progenitor cells of various lineages, e.g., in hematopoietic, neural and epi-
dermal stem cells [23]. Single-cell RNA-seq experiments confirmed that S100A6 expression
strongly correlated with the expression of established adult stem cell markers and was, in
the majority of cases, characteristic for the most quiescent stem cell subpopulation.

S100A6 is predominantly a cytoplasmic protein, but in the presence of Ca2+ it associates
with the plasma membrane and the nuclear envelope [6,7]. There are also several reports
on the presence of S100A6 in cell nuclei, for example, in smooth muscle cells [19], lung
carcinoma cells [24,25], skin tumor cells [26] and pancreatic ductal adenocarcinoma cells [8].

S100A6 expression can be up-regulated by multiple factors, such as epidermal growth fac-
tor (EGF) platelet-derived growth factor (PDGF), epidermal growth factor (EGF), serum [27],
tumor necrosis factor (TNFα) [28], retinoic acid [29], estrogen [30], palmitate [31], glu-
cose [32], vasopressin [33], gastrin [34] and various cytokines [35]. Transcription of the
S100A6 gene is under the regulation of the following transcription factors: USF [36], NF-
κB [37], SP1 and p53 [38], p63 [39], β-catenin [40], c-myc [32], ChREBP [41], ZEB1 and
STAT3 [35]. Several recent studies revealed the role of microRNAs (miRNAs) in the reg-
ulation of S100A6 expression. MiR-193a and miR-493-5p were shown to inhibit S100A6
expression by binding directly to the 3′-UTR of S100A6 mRNA [42,43], while several other
miRNAs were shown to affect S100A6 level indirectly [44,45]. S100A6 expression is also
controlled by DNA methylation of the S100A6 gene [46,47].

https://www.proteinatlas.org/
https://www.proteinatlas.org/
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3. Intracellular S100A6 Ligands

Over the years, numerous protein ligands of S100A6 have been identified. Correspond-
ing to the distribution of S100A6 described above, the list includes cytoplasmic, membrane,
nuclear and extracellular proteins. It should be emphasized that in in vitro conditions
the binding occurs in the presence of Ca2+ and is abolished when Ca2+ is removed by
chelators. This indicates that, in the cell, the interaction between S100A6 and the ligand
can be triggered by an increase in intracellular Ca2+ concentration due to different stimuli.
Thus, S100A6 and other S100 protein family members, constitute an important link in the
transmission of the Ca2+ signal to effector proteins.

Data on S100A6 ligand binding have been obtained by various methods, and the
strength and functional significance of these interactions have not always been investi-
gated. Nonetheless, the apparent diversity of S100A6 ligands indicates that they might be
implicated in a wide scope of cellular processes. There are several processes/phenomena
in which the involvement of S100A6 seems to be particularly well documented. Worthy of
note, for example, is the number of cytoskeletal proteins, both structural and regulatory
ones that interact with S100A6. The list contains tropomyosin [48], caldesmon [49–53],
calponin [54,55], non-muscle myosin IIA [56], actin [57] and cofilin-1 [58]. S100A6 also
binds to components of the microtubule network such as α and β tubulin [59], kinesin
light chain (KLC) [60] and centrosomal proteins FOR20, FOP and OFD1 [61]. Recent
work has shown that S100A6 also interacts with tubulin polymerization-promoting protein
(TPPP) [62]. This list of proteins strongly implicates S100A6 in the functioning of both the
actin and the tubular cytoskeleton. In particular, through interacting directly with actin
and myosin, or with actin- and myosin-binding proteins, S100A6 may affect actin–myosin
interactions and myosin ATPase activity [48] or interfere with multiple activities of the
actin cytoskeleton [57,58]. Likewise, via interaction with tubulin, centrosomal proteins,
TPPP and KLC, it may regulate tubular network organization and/or tubular transport.

Interestingly, S100A6 also interacts with lamin B1 [63] and lamin A/C [40], the building
blocks of nuclear filaments, i.e., structures that maintain the structural stability of the nu-
cleus and play a role in chromatin organization [64]. Although the functional consequences
of this interaction have not been studied, it implicates S100A6 in the structural aspects
of the nucleus and, potentially, in chromatin dynamics. This assumption is reinforced by
a recent report identifying high mobility group protein 20A (HMG20A), a component of
the lysine-specific demethylase 1(LSD1)-REST co-repressor 1 (CoREST) complex, among
S100A6 ligands [65]. Another nuclear target of S100A6, importin α, implicates it in regu-
lation of nuclear transport. Namely, the interaction of S100A6 with the Arm domain of
importin α disrupts the binding between importin and the nuclear localization signal (NLS)
motif in cargo proteins and results in less efficient transport to the nucleus [66]. Last but
not least, S100A6 can interact with ribosomal S6 kinase 1 (RSK1) which, when phosphory-
lated and activated by ERK1/2, enters the nucleus via importin-dependent transport and
phosphorylates/activates numerous nuclear substrates, including transcription factors [67].
Although the consequences of the S100A6–RSK1 interaction have not been determined, it is
worth stressing that RSK1, like S100A6, is linked with cell proliferation, as it promotes the
G1 to S transition and DNA synthesis [67].

Other targets of S100A6 are annexins (Anx), Ca2+ and phospholipid binding pro-
teins involved in membrane-linked processes such as membrane aggregation, fusion or
permeability [68]. Among the 13 known annexins, S100A6 was found to interact with
Anx1, Anx2, Anx6 and Anx11 [69–72]. The binding involves a short helical N-terminal
segment, which is the most divergent part of the annexin molecule. Since annexins play
a role in the anchoring of actin filaments to the cell membrane, they can be considered
as cytoskeleton-linked S100A6 ligands. Taking into account the properties of annexins, it
is believed that interaction with S100A6 and other S100 proteins might be important for
endocytosis, secretion and other membrane-associated cellular processes.

Another interesting group of S100A6-interacting partners consists of proteins that are
part of the Hsp70/Hsp90 machinery and often possess chaperone or co-chaperone proper-
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ties. To this group belong Sgt1 [73,74], CacyBP/SIP [75], melusin [76], Hop (Hsp90/Hsp70-
organizing protein), KLC and Tom70 [60], CHIP (C-terminus of Hsc70-interacting pro-
tein) [77], the immunophilins FKBP38 [78], FKBP52 and CyP-40 [79], and PP5 phos-
phatase [80]. It is worth noting that two of those proteins, Tom70 and FKBP38, are localized
in the outer mitochondrial membrane. All these ligands implicate S100A6 in cellular
response to stressful conditions. Although the biological effect of these interactions is
not always clear, in most studied cases the binding of S100A6 results in dissociation of
the pre-existing complexes of the above-mentioned co-chaperones with Hsp90 or Hsp70,
allowing for complex remodeling upon the increase in intracellular Ca2+ concentration.
In the case of CacyBP/SIP, it was shown that S100A6 may compete for the binding with
ERK1/2 [81]. Additionally, S100A6 was found to inhibit CacyBP/SIP phosphorylation by
casein kinase II [82].

Yet another set of S100A6 ligands, shared with some other S100 proteins, includes
transcription factors of the p53 family, namely p53, p63 and p73 [83–85] and ubiquitin
ligase Mdm2 (mouse double minute 2) [86]. Similarly to other S100 proteins, S100A6 binds
to the tetramerization domains of p53, p63 and p73 in their monomeric, dimeric and also
(in the case of p63 and p73) tetrameric form [84,87]. Interestingly, it can also interact with
the N-terminal transactivation domain of these transcription factors [84]. This binding,
in turn, interferes with p53 interaction with Mdm2 [86] and p300 acetyltransferase [85].
The picture is further complicated by the fact that S100A6 can also interact with Mdm2, a
ubiquitin ligase degrading p53 [86]. Both positive and negative effects of S100A6 on p53
activity were reported, but the net physiological outcome of the numerous interactions is
difficult to estimate also due to functional redundancy in the S100 protein family.

Cell surface receptors constitute another interesting group of S100A6 ligands, espe-
cially because, as mentioned earlier, S100A6 can be released from the cell and exert its effect
extracellularly. The best-studied receptor ligand is RAGE (receptor for advanced glycation
end products), which belongs to the PRRs (pattern recognition receptors) and transduces
signals delivered by diverse ligands, including other S100 proteins, into pro-inflammatory
responses [88]. RAGE activity has been implicated in different pathologies including
diabetes, neurodegenerative diseases and cancers [88]. Binding of S100A6 to the RAGE
ectodomain induces its dimerization and facilitates signal transduction [89,90]. Integrin β1
is another receptor ligand of S100A6, and the binding leads to activation of GSK3β, focal
adhesion kinase (FAK) and p21-activated kinase (PAK)-dependent pathways [59]. Other
membrane proteins that interact with S100A6 include Na+/Ca2+ exchanger (NCX1) and
the TRPM4 transient receptor potential cation channel, both involved in ion transport [56].

S100A6 was also shown to bind to soluble extracellular proteins. The list comprises
cytokines such as IFN-β, IL-11, CNTF or erythropoietin [91–93]. Although an in vitro
viability assay showed no influence of S100A6 on IFN-β-induced toxicity, this does not
exclude the possibility that S100A6 and other S100 proteins can modulate cytokine signaling
in vivo [93]. Other extracellular targets of S100A6 include lysozyme, lumican, prolargin
(PRELP) and insulin-like growth factor binding protein 1 (IGFBP-1) [94,95]. Of note,
lysozyme has been recently shown to block S100A6 binding to RAGE [95]. Lysozyme,
together with FKBP38, FKBP52, Cyp-40, PP5, CHIP, RSK1 and GAPDH [96], belongs to a
group of S100A6 ligands endowed with enzymatic activity. However, except for PP5 [80],
there are no data on how S100A6 binding may affect their activity.

4. Structural Aspects of S100A6—Ligand Interactions

The minimal regions responsible for the interaction with S100A6 have been identified
for many ligands. Generally, as for other S100 proteins [97], these are short, about 15–20
amino acid long protein segments with no apparent sequence similarity but usually en-
riched in hydrophobic and basic amino acids. These segments adopt a helical structure of
amphipathic character upon binding to S100 proteins [98,99]. However, S100A6 was shown
to interact also with protein motifs with defined secondary structures, such as tetratricopep-
tide repeat (TPR) domains. TPR is a 34 amino acid sequence forming a helix–loop–helix
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structure. TPRs are found in numerous S100A6 ligands, namely, Hop, KLC, Tom70, Cyp-40,
FKBP38, FKBP52 and PP5 [60,77–80]. A structurally similar motif, called armadillo motif,
is present in importin α and mediates its interaction with S100A6 [66]. A slightly different
type of domain, which also has a helical structure, a so-called SGS domain, mediates the
interaction of Sgt1 and CacyBP/SIP with S100A6 [73,100].

The S100 proteins usually interact with their ligands with a 1:1 stoichiometry, which
means that two ligand molecules bind per S100A6 dimer, forming a heterotetramer.
Nonetheless, binding of one ligand molecule to the S100A6 dimer was postulated for
CacyBP/SIP, FOR20 and HMG20A [61,65,99]. Moreover, based on structural data, the possi-
bility of simultaneous binding of more than one ligand cannot be excluded [10]. Numerous
studies performed using biophysical methods established that, basically, the conformation
of S100 proteins does not change upon ligand binding [101]. It is thus interesting how, hav-
ing a rather rigid backbone, S100A6 and other S100 proteins can accommodate the binding
of so many structurally divergent proteins. The canonical structure of S100 protein–ligand
complexes assumes that the interacting domain of the ligand is positioned in a cleft formed,
in a Ca2+- bound state, by the linker region between the two EF-hands and by helices III and
IV of the C-terminal EF-hand [101]. In this configuration, each of the two ligand molecules
would interact with a separate S100A6 monomer. However, recent methodological and
analytical advances added some more complexity to this general scheme. Thus, in the case
of annexin binding, it is believed, by analogy with other S100 proteins, that one end of the
interacting segment of an annexin molecule contacts helix I of one S100A6 monomer while
the other end interacts with residues in the linker and helix IV of the second monomer,
bridging the two monomers together [101]. Yet another interaction mode was described for
the complex of S100A6 with a 30 amino acid long (residues 189–219) CacyBP/SIP fragment,
which is longer than most of the other binding domains studied and comprises two α
helices [99]. One of those helices was shown to be positioned in a groove between helix III
and IV of one S100A6 monomer, i.e., similar similarly to the canonical mode but without
interaction with the linker, while the other contacted helix I of the other subunit [99]. In the
complex of S100A6 mutant (C3S) with the V-domain of RAGE, the ligand interacts with
amino acid residues in both Ca2+ binding loops and in helix III of S100A6 [89]. However,
a different contact pattern and two types of complexes were proposed on the basis of the
crystal structure of the complex formed by S100A6 and a RAGE fragment comprising the
V, C1 and C2 domains [90]. A weak complex, in which each S100A6 monomer contacted
one of the V domains through the N-terminal EF-hand domain, could be observed. In
the second type of complex, each S100A6 monomer interacted with the C1 part of the
RAGE fragment and simultaneously with the C2 domain of the other, thus bringing the two
interacting molecules closer together [90]. This strong interaction could entail clustering of
RAGE molecules and facilitate signal transduction [90]. Interestingly, such binding mode,
which engages amino acid residues located both in the N-terminal and C-terminal part of
S100A6, would require a different conformation of the S100A6 dimer which, as mentioned
above, is considered to be stable; therefore, the existence of such a complex should be
further confirmed.

4.1. Intracellular S100A6—Involvement in Cell Proliferation and Differentiation

S100A6 mRNA was first identified in growth-stimulated quiescent cells [102] and
this finding was followed by many others, pointing to a tight correlation between high
S100A6 level and cell proliferation and motility [103]. In cancer cells, this correlation
extends to tumor growth and invasiveness. Data concerning S100A6 knockdown are
less numerous but equally convincing. For example, it has been shown that S100A6
deficiency profoundly inhibited proliferation of fibroblasts [104,105], osteoblasts [106] and
pancreatic carcinoma cells [107]. S100A6-deficient fibroblasts exhibited a prolonged G0/G1
phase of the cell cycle and demonstrated features of cellular senescence such as changes
in cell shape and morphology, substantiated by altered organization of tropomyosin-
containing [104] and actin filament networks [105]. S100A6 also exerts a profound impact
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on cell adhesion [108,109] and motile properties [63,105,110], although these may depend
on cell type. Moreover, S100A6 knockdown entailed the up-regulation of several proteins
recognized as negative regulators of cell division, while those involved in cell proliferation
were down-regulated [107].

How the presence of S100A6 translates into cell proliferation and pro-survival cues
is a matter of study (Figure 2). At least three reports show that overexpression of S100A6
results in an increase in β-catenin level or in its translocation to the nucleus [111–113].
β-catenin is a key mediator of the canonical Wnt signaling pathway, taking part in tran-
scriptional regulation/stimulation of many genes, including those involved in pro-survival
pathways and carcinogenesis [114]. Since β-catenin enhances S100A6 expression [40], the
resulting positive feedback loop may drive cell proliferation. Another possible mechanism
through which S100A6 level may influence cell proliferation involves activation of the
MAP kinase signaling pathway. S100A6 overexpression was shown to result in increased
phosphorylation (activation) of p38 and ERK1/2 kinases in colorectal cancer cell lines,
while S100A6 knockdown corresponded to lower phosphorylation [115]. Increased p38, but
not ERK1/2, phosphorylation was also detected after S100A6 overexpression in nasopha-
ryngeal carcinoma cells, while an adverse effect was observed after S100A6 silencing [116].
S100A6 was also found to participate in the activation of yet another signaling pathway,
namely the PI3K/AKT pathway [117]. Finally, as mentioned earlier, S100A6 directly in-
teracts with RSK1 [56]. Thus, experimental data link S100A6 with several pro-survival
signaling pathways, although we still do not know at which point the signal from S100A6
is integrated. In this regard, recent studies revealed that, in keratinocytes, S100A6 may
act by activating the epidermal growth factor receptor (EGFR), which transmits the signal
to MAPK and other kinases [118]. In addition, it was shown that S100A6, through its
interaction with integrin β1, activated the following downstream kinases: GSK3β, FAK
(focal adhesion kinase) and PAK (p21-activated kinase) [59]. FAK and PAK are involved in
the regulation of cytoskeletal dynamics, cell motility, cell proliferation and transformation,
and may act via phosphorylating MAP kinases [119]. It is also worth mentioning that
extracellular S100A6, acting through RAGE, activated JNK kinase [120]. Interestingly, as
revealed by microarray analysis, S100A6 not only promotes pro-survival signaling but can
also attenuate anti-proliferative pathways [121].
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Figure 2. Role of intracellular and extracellular S100A6 in Ca2+-cellular signaling. Increased intracel-
lular Ca2+ level induces a conformational change of S100A6 molecule, which enables it to interact
with various intracellular proteins or, following secretion, to bind to receptor proteins and acti-
vate signaling pathways and, ultimately, gene transcription that leads to cell survival/proliferation.
TF—transcription factor.

There are much less experimental data concerning the impact of S100A6 on cell differ-
entiation. It was shown, for example, that S100A6 overexpression delayed the appearance
of epidermal differentiation markers both in classic and organotypic cultures of HaCaT
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keratinocytes [39]. On the other hand, S100A6 knockdown had no, or only a modest, effect
on the pace of keratinocyte differentiation. Another study showed that S100A6 knockdown
favored osteogenic differentiation of mouse embryonic fibroblasts, as could be judged by
increased activity of alkaline phosphatase but was not sufficient to induce ectopic bone
formation [122]. However, when differentiation was stimulated by the addition of BMP9,
one of the most potent osteogenic factors, S100A6 knockdown cells, produced significantly
more bone mass compared to control cells. S100A6 overexpression could not counteract
BMP9-induced cell differentiation. These results suggest that S100A6 disturbs and/or
delays cell differentiation by providing pro-proliferative cues rather than inhibiting those
involved in differentiation.

4.2. Intracellular S100A6—Involvement in Cellular Stress Response

There are many reports showing that S100A6 level increases under stress conditions
such as ischemia [123], mechanical force [124], irradiation [24], oxidative stress [125], hy-
pertension [126] or kainic acid treatment [127]. All these conditions may lead to cell
apoptosis and inflammation followed, depending on the extent of tissue damage, by re-
generation [128]. Interestingly, literature data, although sometimes contradictory, indicate
that S100A6 may be involved in most of the processes constituting cellular response to
stress. For example, S100A6 has been shown to promote apoptosis in cells exposed to
oxidative stress [83] or Ca2+ ionophore [129], while its decreased level made cells more re-
sistant. In neuroblastoma cells, binding of extracellular S100A6 to RAGE induced apoptosis
via/through reactive oxygen species (ROS)-dependent activation of JNK and caspases 3 and
7 [120]. An active role in stimulating caspase 3 transcription has also been postulated [129].
The pro-apoptotic effect of S100A6 may also stem from the fact that it inhibits the interac-
tion between FKBP38 and Bcl-2; binding of FKBP38 to Bcl-2 exacerbates the anti-apoptotic
properties of Bcl-2 [78]. However, there are also reports documenting anti-apoptotic effects
of S100A6. For example, it was shown that S100A6 inhibits cardiac myocyte or renal
carcinoma cell apoptosis [28,130].

S100A6 is often detected at sites of inflammation [131], but there are contradictory
reports as to its role in this process [132,133]. On the other hand, numerous data indicate
that S100A6 may be involved in tissue/cell repair and regeneration after stress. First of all,
as mentioned above, it interacts with many components of the heat shock machinery. Struc-
tural studies have demonstrated that the interaction of co-chaperone proteins with S100A6
engages the same domain, namely the TPR domain, through which the co-chaperones
interact with Hsp90 [60,79,80]. Accordingly, it was shown using recombinant proteins
and cell lysates that S100A6 competes with Hsp70/Hsp90 for binding with co-chaperone
proteins, e.g., HOP, KLC and FKBP38 [60,78]. Thus, evidently, upon stressful conditions,
S100A6 can induce a rearrangement of the preexisting chaperone–co-chaperone complexes
but whether this contributes to more efficient protein refolding and/or disaggregation
is not known. Although S100A6 was reported to inhibit β-amyloid aggregation [134] or
favor β-amyloid plaque disaggregation [135], the effect was ascribed to direct interaction
with β-amyloid or to Zn2+ chelation, respectively, rather than to its interaction with the
components of the chaperone system. Other data link S100A6 with tissue regeneration due
to its pro-proliferative properties. For example, an increase in S100A6 level after injury
was interpreted as beneficial in the case of renal tubular cells or the spinal cord [136,137],
since it correlated with cell proliferation or neurogenesis. Likewise, an increased S100A6
level accompanied hair and hematopoietic stem cell regeneration [138,139]. In accordance
with this are the results showing that expression of S100A6 in various brain structures is
different in mice subjected to mild chronic stress when compared to control mice [140]. A
significant decrease in the protein level of S100A6 was observed in brainstem structures and
also in the olfactory bulb, cerebellum and stress-related structures such as the hippocampus
and the hypothalamus of stressed animals. An initial decrease in S100A6, followed by a
gradual increase up to control levels, was detected in the hippocampus of rats subjected
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to traumatic brain injury [141]. These observations suggest that S100A6 expression in the
brain is affected by stressful conditions to which the animals are exposed.

5. Extracellular S100A6—A Marker of Pathological States

S100A6, like some other S100 family members, can be secreted from cells most likely
by a microtubule-dependent mechanism [59], and can be found in cell culture media and
various physiological fluids. The presence of S100A6 has been reported for example in
the culture medium of decidual cells [142] or cerebellar granule neurons treated with
myelin-associated glycoprotein [143]. It has been also detected in extracellular matrix of
Wharton’s jelly [144], amnion fluid [145], pancreatic juice [107,146], urine [147,148] and
tears [149]. Recent results have shown that S100A6 is present in nasal lavage fluid [150], and
its level is elevated in the nasal swabs of COVID-19 patients [151]. The role of extracellular
S100A6 has not been extensively studied. However, it was proposed to regulate secretory
processes since, when added to the medium, it stimulated the secretion of lactogen II
by trophoblast cells [142] and the release of insulin from pancreatic cells [41,152] and of
histamine from mast cells [153]. In the case of mesenchymal stem cells of the Wharton’s jelly
extracellular S100A6 caused an increase in cell adhesion and, contrary to the intracellular
protein, inhibited their proliferation [144].

There are numerous reports linking changes in S100A6 level in body fluids with
various diseases. For example, serum levels of S100A6 are positively correlated with
the progress of four different types of cancer: gastric cancer, non-small cell lung cancer,
ovarian cancer and urinary bladder cancer [42,148,154–159]. Based on these data, it has been
proposed that the serum level of S100A6 can be used as a biomarker in detecting these types
of cancer and serve as an indicator of their progress. As for other diseases, an increase in the
serum level of S100A6 has been observed in acute coronary syndrome [160] and primary
biliary cholangitis [161]. Interestingly, the serum concentration of S100A6 was diminished
in the second trimester of pregnancy in women suffering from preeclampsia [162]. In the
systemic sclerosis of the lung, an increased concentration of S100A6 has been detected in
the bronchoalveolar lavage fluid [163,164]. S100A6 level in tears increases in various eye
pathologies [149,165,166]. A higher level of S100A6 has also been found in the amniotic
fluid following intra-amniotic infection [167], and in the vaginal fluid where it likely
exerts an anti-microbial function [168]. Interestingly, decreased levels of S100A6 have been
observed in the sputum of people living in a high background radiation area. This might
be correlated with their adaptive response to the environment, which is also reflected in
their low mortality from cancer [169].

An increased/diminished level of S100A6 present in body fluids is probably a sec-
ondary phenomenon that reflects changes in cellular S100A6 expression and thus may
serve as an excellent marker of various pathological states. However, extracellular S100A6
may also contribute to the severity of a disease by activating certain intracellular signaling
pathways through binding to cell receptors, as shown in Figure 2.

6. S100A6 in Various Pathologies

An increased level of S100A6 has been observed in different pathologies, including
cancers. Although it is not known whether enhanced S100A6 expression is the cause or
effect of pathological changes, it is rather certain that S100A6 has its share in the severity
and progress of many diseases, since its knockdown in cellular or animal disease models
usually alleviates the symptoms.

Among non-cancer pathologies, a high S100A6 level is typical for fibrosis-related
diseases, characterized by excessive deposition of extracellular matrix proteins by activated
fibroblasts [170]. As mentioned above, fibroblasts are particularly rich in S100A6 [5]. A
high S100A6 mRNA/protein level was found in liver cirrhosis biliaris [5,171,172], chronic
renal disease [173], pulmonary fibrosis [163] and myocardial infraction [174]. Recently,
S100A6 expression has been shown to be highly correlated with CCl4-induced liver fibrosis
in mice. Recombinant human S100A6 introduced to these mice enhanced the symptoms.
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Furthermore, S100A6 induced cell cycle transition from the S to G2 stage and significantly
elevated the level of ERK1/2 phosphorylation. In contrast to S100A6, the soluble receptor
for advanced glycation end products (sRAGE), a natural antagonist of the S100A6/RAGE
pathway, had a preventative effect on liver fibrosis in the same mouse model [175].

High/increased S100A6 level may also be an indication of astrogliosis, a pathological
change observed in neurodegenerative diseases such as Alzheimer disease [134,176,177] or
amyotrophic lateral sclerosis (ALS) [178–181]. Interestingly, S100A6 localizes to β-amyloid
plaques [134]. An increased level of S100A6 was also found in the hippocampus and
prefrontal cortex of patients with postoperative neurocognitive disorders (po-NCD) [182].
A recent study has identified differentially expressed S100A6 in the spinal cord after
injury [137]. In preeclamptic patients, the level of S100A6 in the umbilical cord was
found to be much higher than in healthy pregnant women. In addition, post-translational
modifications of S100A6 and its protein ligands are different in diseased women than
in healthy ones [183]. Significantly higher levels of mRNA and protein of S100A6 are
also characteristic for endometriosis, a benign growth of endometrial tissue outside the
uterus. S100A6 expression is enhanced in ectopic endometrial tissues compared to eutopic
ones [184]. S100A6 knockdown in ectopic endometrial stromal cells (ESCs) suppressed
p38/MAPK activity and inhibited cell viability, migration and invasion, suggesting that
S100A6 may contribute to the pathogenesis of endometriosis.

Enhanced S100A6 expression has been detected in most cancer tissues with a possible
exception of testis cancer [185] (https://www.proteinatlas.org/ (accessed on 5 September
2022)). Most importantly, in many studied cases, a positive correlation between S100A6
expression and the disease stage, tumor size and/or metastasis has been reported. This
applies, for example, to melanoma [186], adenoma and adenocarcinoma specimens [187]
and premalignant and malignant pancreatic ductal cells [8]. In stomach cancer, S100A6 over-
expression was associated with larger tumor size and deeper invasion [188]. In addition,
the level of S100A6 correlated with tumor metastasis in osteosarcoma [110] and prostate
cancer [46]. Regarding osteosarcoma, the latest study has shown that S100A6 overexpres-
sion increased the proliferation and reduced the osteogenic differentiation of osteosarcoma
cells [43]. S100A6 expression was also helpful in discriminating between various cancer
types, as in the case of cholangiocarcinoma and hepatocellular carcinoma [189–191]. Dif-
ferences in S100A6 level proved to also be useful for the discrimination between primary
liver tumors such as hepatocellular carcinoma and metastases derived from colorectal carci-
noma [192,193]. All these data, together with the fact that S100A6 is detected in cancer stem
cells [23], point to a potential role of S100A6 in the development of malignancy. In addition,
due to changes in S100A6 expression during cancer progression, the protein has been
recognized as a useful diagnostic and prognostic tool for defining cancer stage and patient
prognosis as, for example, in the case of pancreatic and lung adenocarcinoma [194,195].

7. Conclusions

S100 proteins, due to their ability to bind Ca2+, serve as “readers” of Ca2+-conveyed
intracellular and extracellular signals, which they subsequently translate into protein–
protein interactions. S100A6 shares many structural features with other members of the
S100 protein family but, at the same time, possesses a specific spectrum of ligands (listed
in Table 1) and, possibly, functions. Despite years that have passed since its discovery
the protein is still being intensively studied, as each novel ligand identified or a newly
demonstrated link to some pathology open new research perspectives. Most actual topics
of research include the mechanism through which S100A6 contributes to the activation of
various kinases engaged in pro-survival pathways, its role in stem cells and, invariably,
its role in various human pathologies, with a special emphasis on its potential use as a
disease marker in clinics. Thus, S100A6 is a protein with a long history and most likely an
interesting future still ahead.

https://www.proteinatlas.org/
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Table 1. Intracellular and extracellular S100A6 ligands.

Ligand Target Region Direct Effect Proposed Function Reference

Actin and
tropomyosin ND ND Regulation of actin filament

dynamics [48,57]

Caldesmon C-terminus
Decrease in caldesmon affinity

to actin and
heavy meromyosin (HMM)

Regulation of caldesmon
function in smooth muscle

contraction
[49–53]

Calponin ND Stabilization of calponin
Regulation of calponin

function in smooth muscle
contraction

[54,55]

Coffilin ND Decrease in actin
depolymerization

Regulation of actin
polymerization [58]

Non-muscle
myosin IIA ND ND Modulation of cell motility [56]

Tubulin α
and β ND ND Regulation of microtubule

organization [59]

Kinesin light
chain (KLC) TPR domain dissociation of the KLC-JIP1

complex
Modulation of KLC–cargo

interaction [60]

FOR20, FOP and
OFD1 N-terminus (aa 1–30) ND Modulation of cilia formation [61]

TPPP (tubulin
polymerization-

promoting
protein)

C-terminal region
(aa 110–160)

Inhibition of TPPP
dimerization

Modulation of microtubule
organization [62]

Lamin B1 and
A/C ND ND Regulation of chromatin

organization [40,63]

Importin α
Armadillo motif;

NLS-cargo-binding
domain

Inhibition of importin–NPM1
binding Inhibition of nuclear transport [66]

HMG20A C-terminus
(aa 311–347) ND Regulation of neuronal

differentiation [65]

RSK1 ND ND Regulation of cell survival and
proliferation [56]

Annexins: Anx1,
Anx2, Anx6 and

Anx11
N-terminus ND Modulation of membrane

dynamics [70–72,96]

Sgt1 SGS domain Inhibition of Sgt1-Hsp90
binding

Modulation of chaperone
complexes [74]

CacyBP/SIP SGS domain Inhibition of CacyBP/SIP
phosphorylation by CKII

Regulation of CacyBP/SIP
phosphatase activity and
ERK1/2-Elk-1 signaling

pathway

[81,82,100]

Hop and TOM70 TPR domain
Dissociation of Hop and

TOM70 complexes with Hsp90
or Hsp70

Modulation of chaperone
complexes [60]

Melusin C-terminus ND Regulation of cardioprotective
pathway [76]

CHIP TPR and U-box
domains

Moderate inhibition of CHIP
interaction with Hsp90 and

Hsp70; suppression of mutant
p53 degradation

Modulation of chaperone
complexes and p53

degradation
[77]
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Table 1. Cont.

Ligand Target Region Direct Effect Proposed Function Reference

Cyp-40 and
FKBP52 TPR domain Inhibition of Cyp-40 and

FKBP52 binding with Hsp90
Modulation of chaperone

complexes [79]

FKBP38 TPR domain

Dissociation of the
FKBP38-Hsp90 and

FKBP38-Bcl2 complexes;
suppression of Bcl2 stability

Modulation of chaperone
complexes [78]

PP5 TPR domain
Dissociation of the PP5-Hsp90
complex; stimulation of PP5

activity

Modulation of chaperone
complexes [80]

P53, p63 and p73

P53: C-terminal
tetramerization domain

(aa 293–393);
N-terminal

transactivation domain
(aa 1–57)

Inhibition of p53
tetramerization

Regulation of p53, p63 and p73
oligomerization and activity [83,84,87]

Mdm2 N-terminus (aa 2–125) ND Moderate inhibition of p53
ubiquitination [86]

RAGE V, C1 and C2 domains Induction of RAGE
dimerization/clustering

Modulation of signal
transduction through RAGE [89,90,120]

Integrin β1 Extracellular domain Increase in FAK and PAK
phosphorylation

Modulation of integrin-
dependent signaling [59]

NCX1 and
TRPM4 ND ND Modulation of ion transport [56]

Erythropoietin N- and C- terminus ND Regulation of erythropoietin
secretion and/or activity [92]

Cytokines, e.g.,
IFN-β, IL-11 and

CNTF
ND No effect on IFN-β-induced

cytotoxicity
Modulation of cytokine

activity/signaling [91,93]

Lysozyme N-terminus Inhibition of S100A6-RAGE
interaction

Modulation of
RAGE-dependent signaling [55,95]

Lumican, PRELP
and IGFBP-1 ND Competition of the

IGF-1–IGFBP-1 interaction
Remodeling of extracellular

matrix [94]

GAPDH ND ND Regulation of metabolic
processes [96]

TPR—tetratricopeptide; SGS—SGT1 specific, ND—not determined.
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36. Leśniak, W.; Jezierska, A.; Kuźnicki, J. Upstream stimulatory factor is involved in the regulation of the human calcyclin (S100A6)
gene. Biochim. Biophys. Acta 2000, 1517, 73–81. [CrossRef]

37. Joo, J.H.; Kim, J.W.; Lee, Y.; Yoon, S.Y.; Kim, J.H.; Paik, S.G.; Choe, I.S. Involvement of NF-kappaB in the regulation of S100A6
gene expression in human hepatoblastoma cell line HepG2. Biochem. Biophys. Res. Commun. 2003, 307, 274–280. [CrossRef]

38. Króliczak, W.; Pietrzak, M.; Puzianowska-Kuznicka, M. P53-dependent suppression of the human calcyclin gene (S100A6): The
role of Sp1 and of NFkappaB. Acta Biochim. Pol. 2008, 55, 559–570. [CrossRef]
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126. Kasacka, I.; Piotrowska, Ż.; Filipek, A.; Majewski, M. Influence of doxazosin on biosynthesis of S100A6 and atrial natriuretic
factor peptides in the heart of spontaneously hypertensive rats. Exp. Biol. Med. 2016, 241, 375–381. [CrossRef]

127. Yamada, J.; Jinno, S. Upregulation of calcium binding protein, S100A6, in activated astrocytes is linked to glutamate toxicity.
Neuroscience 2012, 226, 119–129. [CrossRef]

128. Fulda, S.; Gorman, A.M.; Hori, O.; Samali, A. Cellular stress responses: Cell survival and cell death. Int. J. Cell Biol. 2010, 2010,
214074. [CrossRef]

129. Joo, J.; Yoon, S.Y.; Kim, J.H.; Paik, S.G.; Min, S.R.; Lim, J.S.; Choe, I.S.; Choi, I.; Kim, J.W. S100A6 (calcyclin) enhances the sensitivity
to apoptosis via the upregulation of caspase-3 activity in Hep3B cells. J. Cell. Biochem. 2008, 103, 1183–1197. [CrossRef]

130. Lyu, X.; Li, H.Z.; Ma, X.; Li, X.T.; Gao, Y.; Ni, D.; Shen, D.L.; Gu, L.Y.; Wang, B.J.; Zhang, Y.; et al. Elevated S100A6 (Calcyclin)
enhances tumorigenesis and suppresses CXCL14-induced apoptosis in clear cell renal cell carcinoma. Oncotarget 2015, 6, 6656–6669.
[CrossRef]

131. Wirths, O.; Breyhan, H.; Marcello, A.; Cotel, M.C.; Bruck, W.; Bayer, T.A. Inflammatory changes are tightly associated with
neurodegeneration in the brain and spinal cord of the APP/PS1KI mouse model of Alzheimer’s disease. Neurobiol. Aging 2010,
31, 747–757. [CrossRef] [PubMed]

132. Tong, H.; Wang, L.; Zhang, K.; Shi, J.; Wu, Y.; Bao, Y.; Wang, C. S100A6 promotes inflammation and infiltration of mononu-
clear/macrophages via the p-P38 and p-JNK pathways in acute liver injury. Res. Sq. 2021. [CrossRef]

133. Zhang, X.F.; Ma, J.X.; Wang, Y.L.; Ma, X.L. Calcyclin (S100A6) Attenuates Inflammatory Response and Mediates Apoptosis of
Chondrocytes in Osteoarthritis via the PI3K/AKT Pathway. Orthop. Surg. 2021, 13, 1094–1101. [CrossRef] [PubMed]

134. Tian, Z.Y.; Wang, C.Y.; Wang, T.; Li, Y.C.; Wang, Z.Y. Glial S100A6 Degrades β-amyloid Aggregation through Targeting Competi-
tion with Zinc Ions. Aging Dis. 2019, 10, 756–769. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-07-5580
http://doi.org/10.1016/j.canlet.2005.02.015
http://doi.org/10.1007/s00109-013-1104-3
http://www.ncbi.nlm.nih.gov/pubmed/24281831
http://doi.org/10.1371/journal.pone.0121319
http://www.ncbi.nlm.nih.gov/pubmed/25799022
http://doi.org/10.1111/jog.12729
http://www.ncbi.nlm.nih.gov/pubmed/26044826
http://doi.org/10.1002/j.1460-2075.1987.tb04729.x
http://www.ncbi.nlm.nih.gov/pubmed/3034569
http://doi.org/10.3892/ijo.2013.2231
http://doi.org/10.1002/mc.22563
http://doi.org/10.3892/ol.2018.8018
http://doi.org/10.1002/jcp.28379
http://doi.org/10.1242/jcs.00373
http://doi.org/10.1074/jbc.M703951200
http://doi.org/10.1161/ATVBAHA.115.306415
http://www.ncbi.nlm.nih.gov/pubmed/27386938
http://doi.org/10.1159/000438591
http://www.ncbi.nlm.nih.gov/pubmed/26646427
http://doi.org/10.1152/ajprenal.1997.273.3.F380
http://www.ncbi.nlm.nih.gov/pubmed/9321910
http://doi.org/10.1165/ajrcmb.21.6.3312
http://www.ncbi.nlm.nih.gov/pubmed/10572072
http://doi.org/10.1016/j.bbamcr.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15878395
http://doi.org/10.1177/1535370215611972
http://doi.org/10.1016/j.neuroscience.2012.08.068
http://doi.org/10.1155/2010/214074
http://doi.org/10.1002/jcb.21496
http://doi.org/10.18632/oncotarget.3169
http://doi.org/10.1016/j.neurobiolaging.2008.06.011
http://www.ncbi.nlm.nih.gov/pubmed/18657882
http://doi.org/10.21203/rs.3.rs-1161048/v1
http://doi.org/10.1111/os.12990
http://www.ncbi.nlm.nih.gov/pubmed/33942537
http://doi.org/10.14336/AD.2018.0912
http://www.ncbi.nlm.nih.gov/pubmed/31440382


Int. J. Mol. Sci. 2023, 24, 1341 17 of 19

135. Hagmeyer, S.; Romão, M.A.; Cristóvão, J.S.; Vilella, A.; Zoli, M.; Gomes, C.M.; Grabrucker, A.M. Distribution and Relative
Abundance of S100 Proteins in the Brain of the APP23 Alzheimer’s Disease Model Mice. Front. Neurosci. 2019, 13, 640. [CrossRef]

136. Cheng, C.W.; Rifai, A.; Ka, S.M.; Shui, H.A.; Lin, Y.F.; Lee, W.H.; Chen, A. Calcium-binding proteins annexin A2 and S100A6 are
sensors of tubular injury and recovery in acute renal failure. Kidney Int. 2005, 68, 2694–2703. [CrossRef]

137. Ding, H.; Yu, J.; Chang, W.; Liu, F.; He, Z. Searching for differentially expressed proteins in spinal cord injury based on the
proteomics analysis. Life Sci. 2020, 242, 117235. [CrossRef]

138. Ito, M.; Kizawa, K. Expression of calcium-binding S100 proteins A4 and A6 in regions of the epithelial sac associated with the
onset of hair follicle regeneration. J. Investig. Dermatol. 2001, 116, 956–963. [CrossRef]

139. Grahn, T.H.M.; Niroula, A.; Végvári, Á.; Oburoglu, L.; Pertesi, M.; Warsi, S.; Safi, F.; Miharada, N.; Garcia, S.C.; Siva, K.; et al.
S100A6 is a critical regulator of hematopoietic stem cells. Leukemia 2020, 34, 3323–3337. [CrossRef]

140. Bartkowska, K.; Swiatek, I.; Aniszewska, A.; Jurewicz, E.; Turlejski, K.; Filipek, A.; Djavadian, R.L. Stress-Dependent Changes in
the CacyBP/SIP Interacting Protein S100A6 in the Mouse Brain. PLoS ONE 2017, 12, e0169760. [CrossRef]

141. Fang, B.; Liang, M.; Yang, G.; Ye, Y.; Xu, H.; He, X.; Huang, J.H. Expression of S100A6 in Rat Hippocampus after Traumatic Brain
Injury Due to Lateral Head Acceleration. Int. J. Mol. Sci. 2014, 15, 6378–6390. [CrossRef] [PubMed]

142. Thordarson, G.; Southard, J.N.; Talamantes, F. Purification and characterization of mouse decidual calcyclin: A novel stimulator
of mouse placental lactogen-II secretion. Endocrinology 1991, 129, 1257–1265. [CrossRef] [PubMed]

143. Jurewicz, E.; Góral, A.; Filipek, A. S100A6 is secreted from Wharton’s jelly mesenchymal stem cells and interacts with integrin β1.
Int. J. Biochem. Cell Biol. 2014, 55, 298–303. [CrossRef]

144. Stewart, V.D.; Cadieux, J.; Thulasiram, M.R.; Douglas, T.C.; Drewnik, D.A.; Selamat, S.; Lao, Y.; Spicer, V.; Hannila, S.S. Myelin-
associated glycoprotein alters the neuronal secretome and stimulates the release of TGFβ and proteins that affect neural plasticity.
FEBS Lett. 2022, 596, 2952–2973. [CrossRef]

145. Celis, J.E.; Gesser, B.; Rasmussen, H.H.; Madsen, P.; Leffers, H.; Dejgaard, K.; Honore, B.; Olsen, E.; Ratz, G.; Lauridsen, J.B.; et al.
Comprehensive two-dimensional gel protein databases offer a global approach to the analysis of human cells: The transformed
amnion cells (AMA) master database and its link to genome DNA sequence data. Electrophoresis 1990, 11, 989–1071. [CrossRef]
[PubMed]

146. Ohuchida, K.; Mizumoto, K.; Yu, J.; Yamaguchi, H.; Konomi, H.; Nagai, E.; Yamaguchi, K.; Tsuneyoshi, M.; Tanaka, M. S100A6 is
increased in a stepwise manner during pancreatic carcinogenesis: Clinical value of expression analysis in 98 pancreatic juice
samples. Cancer Epidemiol. Biomark. Prev. 2007, 16, 649–654. [CrossRef] [PubMed]

147. Turnier, J.L.; Fall, N.; Thornton, S.; Witte, D.; Bennett, M.R.; Appenzeller, S.; Klein-Gitelman, M.S.; Grom, A.A.; Brunner, H.I.
Urine S100 proteins as potential biomarkers of lupus nephritis activity. Arthritis Res. Ther. 2017, 19, 242. [CrossRef]

148. Dubois, J.; Rueger, J.; Haubold, B.; Far, R.K.; Sczakiel, G. Transcriptome analyses of urine RNA reveal tumor markers for human
bladder cancer: Validated amplicons for RT-qPCR-based detection. Oncotarget 2021, 12, 1011–1023. [CrossRef]

149. Recalde, J.I.; Duran, J.A.; Rodriguez-Agirretxe, I.; Soria, J.; Sanchez-Tena, M.A.; Pereiro, X.; Suarez, T.; Acera, A. Changes in tear
biomarker levels in keratoconus after corneal collagen crosslinking. Mol. Vis. 2019, 25, 12–21.

150. Assenhöj, M.; Ward, L.J.; Ghafouri, B.; Graff, P.; Ljunggren, S.A. Metal exposure from additive manufacturing and its effect on the
nasal lavage fluid proteome—A pilot study. PLoS ONE 2021, 16, e0256746. [CrossRef]

151. Biji, A.; Khatun, O.; Swaraj, S.; Narayan, R.; Rajmani, R.S.; Sardar, R.; Satish, D.; Mehta, S.; Bindhu, H.; Jeevan, M.; et al.
Identification of COVID-19 prognostic markers and therapeutic targets through meta-analysis and validation of Omics data from
nasopharyngeal samples. EBioMedicine 2021, 70, 103525. [CrossRef] [PubMed]

152. Okazaki, K.; Niki, I.; Iino, S.; Kobayashi, S.; Hidaka, H. A role of calcyclin, a Ca(2+)-binding protein, on the Ca(2+)-dependent
insulin release from the pancreatic beta cell. J. Biol. Chem. 1994, 269, 6149–6152. [CrossRef] [PubMed]

153. Fujii, T.; Kuzumaki, N.; Ogoma, Y.; Kondo, Y. Effects of calcium-binding proteins on histamine release from permeabilized rat
peritoneal mast cells. Biol. Pharm. Bull. 1994, 17, 581–585. [CrossRef] [PubMed]

154. Wei, B.R.; Hoover, S.B.; Ross, M.M.; Zhou, W.; Meani, F.; Edwards, J.B.; Spehalski, E.I.; Risinger, J.I.; Alvord, W.G.; Quiñones, O.A.;
et al. Serum S100A6 concentration predicts peritoneal tumor burden in mice with epithelial ovarian cancer and is associated with
advanced stage in patients. PLoS ONE 2009, 4, e7670. [CrossRef]

155. Zhang, J.; Zhang, K.; Jiang, X.; Zhang, J. S100A6 as a potential serum prognostic biomarker and therapeutic target in gastric
cancer. Dig. Dis. Sci. 2014, 59, 2136–2144. [CrossRef]

156. Nishi, M.; Matsumoto, K.; Kobayashi, M.; Yanagita, K.; Matsumoto, T.; Nagashio, R.; Ishii, D.; Fujita, T.; Sato, Y.; Iwamura, M.
Serum expression of S100A6 is a potential detection marker in patients with urothelial carcinoma in the urinary bladder. Biomed.
Res. 2014, 35, 351–356. [CrossRef]

157. Ismail, M.F.; El Boghdady, N.A.; Shabayek, M.I.; Awida, H.A.; Abozeed, H. Evaluation and screening of mRNA S100A genes as
serological biomarkers in different stages of bladder cancer in Egypt. Tumour Biol. 2016, 37, 4621–4631. [CrossRef]

158. Wang, T.; Liang, Y.; Thakur, A.; Zhang, S.; Yang, T.; Chen, T.; Gao, L.; Chen, M.; Ren, H. Diagnostic significance of S100A2 and
S100A6 levels in sera of patients with non-small cell lung cancer. Tumour Biol. 2016, 37, 2299–2304. [CrossRef]

159. Bai, Y.; Li, L.D.; Li, J.; Lu, X. Prognostic values of S100 family members in ovarian cancer patients. BMC Cancer 2018, 18, 1256.
[CrossRef]

http://doi.org/10.3389/fnins.2019.00640
http://doi.org/10.1111/j.1523-1755.2005.00740.x
http://doi.org/10.1016/j.lfs.2019.117235
http://doi.org/10.1046/j.0022-202x.2001.01369.x
http://doi.org/10.1038/s41375-020-0901-2
http://doi.org/10.1371/journal.pone.0169760
http://doi.org/10.3390/ijms15046378
http://www.ncbi.nlm.nih.gov/pubmed/24739809
http://doi.org/10.1210/endo-129-3-1257
http://www.ncbi.nlm.nih.gov/pubmed/1874170
http://doi.org/10.1016/j.biocel.2014.09.015
http://doi.org/10.1002/1873-3468.14496
http://doi.org/10.1002/elps.1150111202
http://www.ncbi.nlm.nih.gov/pubmed/2090460
http://doi.org/10.1158/1055-9965.EPI-06-0157
http://www.ncbi.nlm.nih.gov/pubmed/17416753
http://doi.org/10.1186/s13075-017-1444-4
http://doi.org/10.18632/oncotarget.27954
http://doi.org/10.1371/journal.pone.0256746
http://doi.org/10.1016/j.ebiom.2021.103525
http://www.ncbi.nlm.nih.gov/pubmed/34392148
http://doi.org/10.1016/S0021-9258(17)37581-6
http://www.ncbi.nlm.nih.gov/pubmed/8119959
http://doi.org/10.1248/bpb.17.581
http://www.ncbi.nlm.nih.gov/pubmed/7522730
http://doi.org/10.1371/journal.pone.0007670
http://doi.org/10.1007/s10620-014-3137-z
http://doi.org/10.2220/biomedres.35.351
http://doi.org/10.1007/s13277-015-4264-7
http://doi.org/10.1007/s13277-015-4057-z
http://doi.org/10.1186/s12885-018-5170-3


Int. J. Mol. Sci. 2023, 24, 1341 18 of 19

160. Cai, X.Y.; Lu, L.; Wang, Y.N.; Jin, C.; Zhang, R.Y.; Zhang, Q.; Chen, Q.J.; Shen, W.F. Association of increased S100B, S100A6 and
S100P in serum levels with acute coronary syndrome and also with the severity of myocardial infarction in cardiac tissue of rat
models with ischemia-reperfusion injury. Atherosclerosis 2011, 217, 536–542. [CrossRef]

161. Dong, X.H.; Dai, D.; Yang, Z.D.; Yu, X.O.; Li, H.; Kang, H. S100 calcium binding protein A6 and associated long noncoding
ribonucleic acids as biomarkers in the diagnosis and staging of primary biliary cholangitis. World J. Gastroenterol. 2021, 27,
1973–1992. [CrossRef]

162. Güzel, C.; van den Berg, C.B.; Duvekot, J.J.; Stingl, C.; van den Bosch, T.P.P.; van der Weiden, M.; Steegers, E.A.P.; Steegers-
Theunisse, R.P.M.; Luider, T.M. Quantification of Calcyclin and Heat Shock Protein 90 in Sera from Women with and without
Preeclampsia by Mass Spectrometry. Proteom. Clin. Appl. 2019, 13, e1800181. [CrossRef] [PubMed]

163. Landi, C.; Bargagli, E.; Bianchi, L.; Gagliardi, A.; Carleo, A.; Bennett, D.; Perari, M.G.; Armini, A.; Prasse, A.; Rottoli, P.; et al.
Towards a functional proteomics approach to the comprehension of idiopathic pulmonary fibrosis, sarcoidosis, systemic sclerosis
and pulmonary Langerhans cell histiocytosis. J. Proteom. 2013, 83, 60–75. [CrossRef] [PubMed]

164. Lee, Y.S.; Chen, P.W.; Tsai, P.J.; Su, S.H.; Liao, P.C. Proteomics analysis revealed changes in rat bronchoalveolar lavage fluid
proteins associated with oil mist exposure. Proteomics 2006, 6, 2236–2250. [CrossRef] [PubMed]

165. Benitez-Del-Castillo, J.M.; Soria, J.; Acera, A.; Muñoz, A.M.; Rodríguez, S.; Suárez, T. Quantification of a panel for dry-eye protein
biomarkers in tears: A comparative pilot study using standard ELISA and customized microarrays. Mol. Vis. 2021, 27, 243–261.
[PubMed]

166. Valencia, E.; García, M.; Fernández-Vega, B.; Pereiro, R.; Lobo, L.; González-Iglesias, H. Targeted Analysis of Tears Revealed
Specific Altered Metal Homeostasis in Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2022, 63, 10. [CrossRef]

167. Klein, L.L.; Freitag, B.C.; Gibbs, R.S.; Reddy, A.P.; Nagalla, S.R.; Gravett, M.G. Detection of intra-amniotic infection in a rabbit
model by proteomics-based amniotic fluid analysis. Am. J. Obstet. Gynecol. 2005, 193, 1302–1306. [CrossRef]

168. Patgaonkar, M.; Aranha, C.; Bhonde, G.; Reddy, K.V. Identification and characterization of anti-microbial peptides from rabbit
vaginal fluid. Vet. Immunol. Immunopathol. 2011, 139, 176–186. [CrossRef]

169. Zhang, S.P.; Wu, Z.Z.; Wu, Y.W.; Su, S.B.; Tong, J. Mechanism study of adaptive response in high background radiation area of
Yangjiang in China. Zhonghua Yu Fang Yi Xue Za Zhi 2010, 44, 815–819. (In Chinese)

170. Henderson, N.C.; Rieder, F.; Wynn, T.A. Fibrosis: From mechanisms to medicines. Nature 2020, 587, 555–566. [CrossRef]
171. Krenkel, O.; Hundertmark, J.; Ritz, T.P.; Weiskirchen, R.; Tacke, F. Single Cell RNA Sequencing Identifies Subsets of Hepatic

Stellate Cells and Myofibroblasts in Liver Fibrosis. Cells 2019, 8, 503. [CrossRef] [PubMed]
172. Landi, C.; Bargagli, E.; Carleo, A.; Refini, R.M.; Bennett, D.; Bianchi, L.; Cillis, G.; Prasse, A.; Bini, L.; Rottoli, P. Bronchoalveolar

lavage proteomic analysis in pulmonary fibrosis associated with systemic sclerosis: S100A6 and 14-3-3ε as potential biomarkers.
Rheumatology 2019, 58, 165–178. [PubMed]

173. Ju, W.; Eichinger, F.; Bitzer, M.; Oh, J.; McWeeney, S.; Berthier, C.C.; Shedden, K.; Cohen, C.D.; Henger, A.; Krick, S.; et al.
Renal gene and protein expression signatures for prediction of kidney disease progression. Am. J. Pathol. 2009, 174, 2073–2085.
[CrossRef]

174. Stanton, L.W.; Garrard, L.J.; Damm, D.; Garrick, B.L.; Lam, A.; Kapoun, A.M.; Zheng, Q.; Protter, A.A.; Schreiner, G.F.; White, R.T.
Altered patterns of gene expression in response to myocardial infarction. Circ. Res. 2000, 86, 939–945. [CrossRef] [PubMed]

175. Xia, P.; He, H.; Kristine, M.S.; Guan, W.; Gao, J.; Wang, Z.; Hu, J.; Han, L.; Li, J.; Han, W.; et al. Therapeutic effects of recombinant
human S100A6 and soluble receptor for advanced glycation end products(sRAGE) on CCl4-induced liver fibrosis in mice. Eur. J.
Pharmacol. 2018, 833, 86–93. [CrossRef] [PubMed]

176. Boom, A.; Pochet, R.; Authelet, M.; Pradier, L.; Borghgraef, P.; Van Leuven, F.; Heizmann, C.W.; Brion, J.P. Astrocytic calcium/zinc
binding protein S100A6 over expression in Alzheimer’s disease and in PS1/APP transgenic mice models. Biochim. Biophys. Acta
2004, 1742, 161–168. [CrossRef]

177. Astillero-Lopez, V.; Gonzalez-Rodriguez, M.; Villar-Conde, S.; Flores-Cuadrado, A.; Martinez-Marcos, A.; Ubeda-Banon, I.;
Saiz-Sanchez, D. Neurodegeneration and astrogliosis in the entorhinal cortex in Alzheimer’s disease: Stereological layer-specific
assessment and proteomic analysis. Alzheimers Dement. 2022, 18, 2468–2480. [CrossRef]

178. Hoyaux, D.; Alao, J.; Fuchs, J.; Kiss, R.; Keller, B.; Heizmann, C.W.; Pochet, R.; Frermann, D. S100A6, a calcium- and zinc-binding
protein, is overexpressed in SOD1 mutant mice, a model for amyotrophic lateral sclerosis. Biochim. Biophys. Acta 2000, 1498,
264–272. [CrossRef]

179. Hoyaux, D.; Boom, A.; Van Den Bosch, L.; Belot, N.; Martin, J.-J.; Heizmann, C.W.; Kiss, R.; Pochet, R. S100A6 Overexpression
within Astrocytes Associated with Impaired Axons from Both ALS Mouse Model and Human Patients. J. Neuropath. Exp. Neurol.
2002, 61, 736–744. [CrossRef]

180. Iridoy, M.O.; Zubiri, I.; Zelaya, M.V.; Martinez, L.; Ausín, K.; Lachen-Montes, M.; Santamaría, E.; Fernandez-Irigoyen, J.; Jericó, I.
Neuroanatomical Quantitative Proteomics Reveals Common Pathogenic Biological Routes between Amyotrophic Lateral Sclerosis
(ALS) and Frontotemporal Dementia (FTD). Int. J. Mol. Sci. 2019, 20, 4. [CrossRef]
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