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Abstract

Non-glycosylated liver-derived acute-phase amyloid Al and A2 proteins (SAA1 and SAA2,
104 amino acids), generated by two different genes in humans (SAA1/2) and other mam-
malian species, are considered the prime acute-phase reactants following inflammatory
conditions during host defense in cells, tissues, and the circulation. While human SAA3
has been identified as a pseudogene, Saa3 genes in other mammalian species are coding
for primarily extrahepatically expressed Saa3 proteins that also may act as suitable inflam-
matory markers. The discovery of SAA4 (112 amino acids, carrying an octapeptide insert)
in humans and mice has paved a new avenue for the exploration of different functions of
this so far unknown member of the SAA superfamily. SAA4 has originally been termed
a “constitutively” expressed SAA protein, apparently due to its nature not to act as an
inflammatory marker. The present overview aimed to cover possible functions—so far
identified—for human SA A4 (following its expression in various diseases on mRNA and
protein level) and to work out whether SAA4 might be considered—at least in part—an
acute-phase protein. Alternatively, we are raising the question whether SAA4 may solely
act as a bystander or even underdog within the whole SAA family, where SAA1 and SAA2
proteins (commonly termed acute-phase SAA) hold undoubtedly an eminent status during
inflammatory conditions, not only as host defense reactants but also as long-lasting markers
for chronic diseases and malignancies in humans.

Keywords: acute-phase reactant; atherosclerosis; cancer; inflammation; glycosylation; SAA
proteins; SAA4; SAA-4

1. Introduction

The whole serum amyloid A (SAA) family is remarkably conserved during evolution,
thereby providing evidence that its members may have important physiological func-
tions, primarily in host defense and maintenance of ongoing homeostasis. All individual
members of the SAA family are considered to be part of an “evolutionary old family of
proteins” generated by four different genes (SAA1-SAA4) coding for corresponding four
low-molecular-weight apolipoproteins (SAA1-4, 104-112 amino acids) expressed in almost
all vertebrates [1,2].

1.1. The Acute-Phase SAA Proteins Are Primarily of Hepatic (SAA1/SAA2) or Extrahepatic
(SAA3) Origin

Non-glycosylated mature SAA1 and SAA?2 proteins (that differ only in 7-8 out of
104 amino acids in humans [3]) represent the major acute-phase reactants (termed A-SAA)
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generated primarily via cytokine-mediated induction in the liver. However, an ongoing
series of publications has addressed extrahepatic A-SAA expression in humans and animals,
using both primary cells and extrahepatic cell lines [4]. Besides its role as a short-term
acute inflammatory marker for clinical practice, where A-SAA levels return to baseline a
few days after the onset [5,6], A-SAA may further act as a potent long-term inflammatory
indicator in the initiation and progression of chronic diseases such as reactive systemic
amyloidosis [7], arthritis [8], atherosclerosis [9], cancer [10], chronic metabolic diseases
such as obesity, diabetes, cardiovascular diseases [11] and other malignancies have been
studied for more than 40 years.

The fact that human SAA3 is a pseudogene has originally limited scientific interest in
the community to reveal its potential function on the DNA and/or protein level in other
mammalian species [12]. However, over the last decades, a series of fascinating findings
using cell culture experiments as well as different genetic mouse models have contributed
to underscore an eminent (pro/anti)atherogenic role of non-glycosylated SAA3 (primarily
expressed in extrahepatic tissues) in various diseases, including adipose inflammation,
atherosclerosis, hyperlipidemia, obesity, and others [13-16].

1.2. The Constitutively Expressed SAA Protein

Whitehead and colleagues [17] were first to publish a new member of the SAA su-
perfamily; data confirmed later on the DNA level by Watson and colleagues [18]. As
expression of this so far unknown mRNA in human liver tissue, with striking homology
to A-SAA mRNA, was hardly detected following classical induction of the acute-phase
response, it was designated “constitutive SAA” (C-SAA, later SAA4) [17]. Although both
A-SAA and C-SAA are members of the apolipoprotein moiety of primarily lipoproteins
of the high-density range (HDL) major differences between SAA1/2 and SAA4 proteins
are (i) the number of amino acid residues resulting in different molecular masses, pI bands
and secondary structure including hydrophilic, hydrophobic and amphipathic helical
elements and (ii) the absence/presence of an octapeptide insertion optional leading to
(non)glycosylated proteins in mammalian species [17,18].

The primary objective of this review was to show the genetic organization of murine
Saa4 and human SAA4 (but not human SAA2-SAA4, a so-called readthrough transcript
of both genes in close proximity). Next, we address candidate missense mutations in the
human SAA4 gene as well as striking protein homology between human and other mam-
malian SAA4 proteins. Finally, we try to figure out whether human SAA4 itself—although
still considered “constitutively expressed”—might oppose this prediction in clinical studies
not directly focusing on malignancies or even acting as a likely biomarker in various human
cancer types. Finally, we were interested in whether any convincing line of evidence exists
that human SAA4 might be associated with any inherited disease.

2. Ideogram and Location and Genomic Organization of SAA4/Saa4 on
Respective Chromosomes

The human SAA4 gene is localized on chromosome 11 within 11p15.1, while the
murine Saa4 gene is localized on chromosome 7 within 7qB3 (Figure 1a). Basically, the
human SAA4 RefSeq mRNA (NM_006512.4, NCBI) consists of one 5’'UTR untranslated
region (exon 1) and three coding exons (exon 2—4) and spans a genomic region of 5448 bp
on chromosome 11 from 18,231,355 base pairs (bp) to 18,236,802 bp; its coding orientation
is on the reverse strand.
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Figure 1. Comparison of (a) human SAA4 and (b) murine Saa4 gene organization: All graphical
and numerical information included in the figure is depicted and adapted from the UCSC genome
browser, human genome (hg38), and mouse genome (mm39) assembly. Ideograms are adapted from
Wikimedia Commons content on a data basis. In general, the exon/intron structures of both the
human SAA4 (NM_006512.49) and the murine Saa4 (NM_011316.4) genes show untranslated regions
(dark gray rectangles), translated regions (blue rectangles), and intronic regions (black lines).

The murine Saa4 RefSeq mRNA (NM_011316.4, NCBI) also consists of one 5UTR
exon (exon 1) and three coding exons (exon 2—4) and spans a genomic region of 4606 bp on
chromosome 7 from position chrl1: chr7:46,727,998-46,732,603; again, its coding orientation
is on the reversed strand (Figure 1b). A more detailed description of the murine Saa4 gene,
as well as its linkage to other members of the SAA gene family, has previously been
published by several groups [19-22].

3. Sequence Comparison of Selected Mammalian (SAA4/Saa4) Proteins
by the Clustal W Alignment

Following the whole recently reconstructed evolutionary tree of all known SAA clades,
a panel of different species, such as bacterial, brachiopod, bird, cephalochordate, fish, and
mammalian clades (including mammalian clades SAA1-SAA4), as well as marine echin-
oderm, mollusc, oyster, spider, tick, turtle and crocodile clades, has been published [23].
The mammalian SAA4 clade (containing ten species) served as the basis for the present
protein alignments. Seven representative organisms (all of them with identical lengths
of 130 amino acids) were chosen for sequence comparison, whereas others, such as Cavia
porcellus (guinea pig, 127 amino acids), Oryctolagus cuniculus (European rabbit, 135 amino
acids), and Pongo abelii (Sumatran orangutan, 110 amino acids) were excluded.

Figure 2 shows seven different pre-SA A4 protein sequences (130 amino acids). The
respective leader or signal peptides (18 amino acids) will be cleaved off from respective
pre-SA A4-proteins from all species, resulting in secretion and often direct association of
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mature C-SAA (SAA4) proteins (112 amino acids) with HDL subfraction 3 (HDL3). The
percentage homology between species is addressed in Table 1.

Figure 2 further shows the polypeptide insertion after position 69 (referring to amino
acid position of 70-77) within the mature SAA4 protein (112 amino acids). The potential
glycosylation site within this octapeptide starts at position 7 (arginine, N) with a NSS
(Arg-Ser-Ser) motif, present in humans, Pan troglodytes (common chimpanzee), Pan paniscus
(bonobo) and Gorilla (gorilla) but not in other mammalian species. However, an evolution-
ary paradox is the observation that in some A-SAA proteins, e.g., horse (perissodactyls),
dog and mink (carnivores), an octapeptide is similarly positioned (see above), whereas in
cow and sheep (artiodactyls), even a nonapeptide was found [2,21,25-27].

j» 18 aa signal peptide «
MRLFTGIVFCSLVNGVTSENWYSFFKEAVOGVGDLGKAYWNVLTSRHONSNRYFYAQGNY 60

MRLFTGIVFCSLVNGVTSESWRSFFKEALQGVGDMGRAYWDIMISNHQNSNRYLYARGNY 60
MRLFTGIVFCSLVNGVTSESWCSFFKEALQGVGDMGRAYWDIMISNHQNSNRYLYARGNY 60
MRLFTGIVFCSLVNGVTSESWHSFFKEALQGVGDMGRAYWDIMISNHQNSNRYLYARGNY 60
MRLFTGIVFCSLVNGVTSESWHSFFKEALQGVGDMGRAYWDIMISNHQNSNRYLYARGNY 60
MRLATVIVLCSLFLGVSGDGWYSFFREAVOGTWDLWRAYRDNLEANYQNADQYFYARGNY 6O
MRFVTVIVLCSLFLGVSGDGLFSFFKEAIQGTWDLYRAYRDNLRANYQNSDQYFYARGNF 60

TRl . WS TR 2 D TLEkR: DRI NkIER

DAAQRGPGGVWAAKLISSTRVYLQGFLPYYLFGNSNTVLEDSKSNEKAEEWGRSGKDPDR 120
DAAQRGPGGVWAAKLISRSRVYLQGLIPCYLFGNSSTVLEDSKSNEKAEEWGRSGKDPDR 120
DAAQRGPGGVWAAKLISRSRVYLQGLIPYYLFGNSISTVLEDSKSNEKAEEWGRSGKDPDR 128
DAAQRGPGGVWAAKLISRSRVYLQGLIPYYLFGNSSTVLEDSKSNEKAEEWGRSGKDPDR 120
DAAQRGPGGVWAAKLISRSRVYLQGLIPYYLFGNSISTVLEDSKSNEKAEEWGRSGKDPDS 120
EAQQRGSGGIWAAKIISTSRKYFQGLLNRYYFGIRNHGLETLQATQKAEEWGRSGKNPNH 120
EAQKRGSGGVWAAKIISTGRKYFQGLMNRYYFGIRPHGLESLOQSTQKAEEWGRRGEDPNH 120
sk Aok SeRcaeRieRcdeR A wIdkiill S ek . xx : 8 oo RuRERRE %Lk

FRPDGMPKNY 130
FRPDGLPKKY 130
FRPDGLPKKY 130
FRPDGLPKKY 130
FRPDGLPKKY 130
FRPEGLPEKF 130
FRPEGLPENY 130

Figure 2. ClustalW multiple sequence alignment of SAA4 proteins: All sequences are aligned in rows,
broken into 60-character blocks, with respective species names on the left. ClustalW alignment [24] of
SA A4 orthologs from the indicated mammalian species illustrates strong conservation within the N-
terminal 18 amino acids leader/signal peptide of pre-SAA4 (130 amino acids) of the following species
are displayed: Rhinopithecus (black-and-white snub-nosed monkey), Homo (human), Gorilla (gorilla),
Pan troglodytes (chimpanzee), Pan paniscus (bonobo), Mus (mouse), and Rattus (rat). Conserved
residues within mature SAA4 proteins (112 amino acids) address regions under strong evolutionary
homology, while variable positions are limited and largely conserved. (no symbol) = positions with
no conservation; (*) = positions with a single or fully conserved residue (identical); (-) = conservation
between groups of weakly similar properties (scoring > 0 and <0.5 in the accepted point mutations
(PAM 250 matrix); (:) = conservation between groups of strongly similar properties (scoring > 0.5 in
PAM 250 matrix). The rectangle starting after position 69 of the indicated mature SAA4 species marks
the octapeptide insertion.
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Table 1. Percent identity matrix of SAA4 proteins—created by Clustal2.1—between different mam-
malian species listed in Figure 2.

Rhino Homo Gorilla Pan_tro Pan_pan Mus Rattus
Rhinopithecus 100.00 84.62 85.38 85.38 84.62 56.92 54.62
Homo 84.62 100.00 98.46 98.46 97.69 57.69 56.15
Gorilla 85.38 98.46 100.00 99.23 98.46 57.69 56.15
Pan_troglodytes ~ 85.38 98.46 99.23 100.00 99.23 57.69 56.15
Pan_paniscus 84.62 97.69 98.46 99.23 100.00 57.69 56.15
Mus 56.92 57.69 57.69 57.69 57.69 100.00 83.08
Rattus 54.62 56.15 56.15 56.15 56.15 83.08 100.00

Previous studies revealed that commercially available recombinant human SAA1
(carrying an N-terminal Met) chemoattracts monocytes to increase cytoplasmic Ca?* levels
that activate non-pancreatic phospholipase A; to cleave the fatty acid moiety at the sn-2
position of phospholipids to be further metabolized to eicosanoids [28,29]. While the
highly conserved tetrapeptide G*-P*-G>-G°! in SAA1/2 and SAA4 (see Figure 2), being
homologous to G30-X3!-G32-G33 (the main lipid and Ca®* binding site on phospholipase A,
molecules), is not responsible for A-SAA-mediated eicosanoid biosynthesis of preactivated
monocytes [30] it might be worth revealing whether this tetrapeptide, also present in human
and monkey SA A4 proteins, might bind Ca?* ions to further promote phospholipase activity
for biosynthesis of prostaglandins and/or thromboxane.

Immunoelectrophoresis technique revealed that the N-terminal arginine of A-SAA
may easily be cleaved off by various enzymes, leading to the 103 amino acid truncated des-
Arg form of SAA1 and SAAZ2 [31,32]. MALDI-TOF mass spectrometry and m/z calculation
of the delipidated human HDL-associated apolipoprotein moiety revealed—in contrast to
N-terminal truncation of SAA1/2—truncations for SAA4 at the C-terminal domain, leading
to the loss of either two (Lys-Tyr, 110 amino acids) or three amino acids (Lys-Lys-Tyr,
109 amino acids) [33].

4. DNA Variants in SAA4 from gnomAD

To assess the spectrum of protein-altering variations in human SAA4, data were
extracted from the Genome Aggregation Database (gnomAD v4.1.0). In total, 217 distinct
variants, potentially affecting the amino acid sequence of SAA4, were found in the coding
and splice site regions of SAA4 in the data set of approximately 1.6 million alleles analyzed.
From these alterations (n = 217), the majority were “missense” variants (n = 192), followed
by “splice site” variants (n = 7), “frame shift” variants (n = 6), “stop gained” variants (n = 5),
“start lost” variants (n = 3), “stop lost” variants (n = 2), as well as “splice donor” variant
(n =1) and “in-frame deletion” variant (n = 1). The 6 “frameshift variants” consist of four
“deletions”, one “insertion”, and one “duplication”.

One of the naturally occurring 192 missense variants of human SAA4 is the common
missense polymorphism p.Cys89Tyr (rs2460827). Although the human reference sequence
lists Cys at this position, large population datasets such as gnomAD demonstrate that Tyr
represents the major allele (with approx. 1.54 million alleles analyzed, Gnomad v.4.1.0).

Table 2 further shows the total allele frequency of 1s2460827, ranging from 73.8% in
African/Americans to 100% in Amish people, with an overall frequency of approximately 96%.

https://doi.org/10.3390/ijms27093907
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Table 2. Overview of allele counts, numbers, and frequency of rs2460827 in different populations or

ethnic groups.
Genetic Number Allele
Ancestry Group Allele Count Allele Number of Homozygotes Frequency
Amish 912 912 456 1.000
Europe (Finnish) 63,161 64,040 31,148 0.9863
Europe (non-Finnish) 1,149,941 1,180,022 560,342 0.9745
Admixed American 57,952 59,996 27,998 0.9659
South Asian 87,811 91,070 42,365 0.9642
Ashkenazi Jewish 28,333 29,604 13,554 0.9571
Remaining 59,212 62,500 28,115 0.9474
Middle Eastern 5629 6062 2620 0.9286
East Asian 40,376 44,866 18,165 0.8999
African/African American 55,262 74,904 20,438 0.7378
XX 778,706 812,346 374,442 0.9586
XY 769,883 801,630 370,759 0.9604
Total 1,548,589 1,613,976 745,201 0.9595

5. Association of SAA4 with Lipoproteins

Mean serum SAA4 levels estimated by ELISA (using recombinant SAA4 and a mon-
oclonal anti-SAA4 antibody) were 115 mg/dL (ranging between 80 and 140 mg/dL) in
normal subjects [34,35] or 55 &= 13 ug/mL (mean plasma concentrations) using an immuno-
radiometric method and a polyclonal rabbit anti-human SAA4 antibody [36]. While minor
amounts of SAA4 were identified in both VLDL [37] and LDL plasma lipoproteins [38,39],
the majority was present in HDL subfractions (HDL; and HDL; [40,41] but not in pre-HDL
particles [42]; data finally confirming SAA4 as a real component of the whole apolipoprotein
moiety in humans and mice [43]. However, whether the presence of SAA4 within the HDL
proteome might act as a mediator or definitive marker for artery disease was originally
not clear [44]; however, ongoing studies revealed that, in contrast to SAA1 protein levels,
SAA2 and SAA4 were significantly decreased in coronary artery disease patients compared
to controls [45]. Both A-SAA and SAA4 were detected in human lesion material, and SAA4
was also found to be associated with LDL particles in hypertriglyceridemia [46].

6. N-Glycosylation of SAA4

Glycosylation of proteins occurs in the endoplasmic reticulum and the Golgi apparatus,
but also in the nucleus and cytoplasm [47] and may alter protein folding, transport, stability,
and assembly in health and disease [48]. This potential post-translational modification via
macromolecules called glycans may occur via O-linkage (attached to a hydroxyl group) or
N-linkage (attached to Asn residues) with a consensus sequence of N-X-T/S; X may be any
amino acid except Pro, and the position of X might be a determining factor for the extent of
N-glycosylation [49]. Several groups using different methodological approaches confirmed
the presence of a 14 kDa and 19 kDa (glycosylated) SAA4 protein [17,32,33,50]; the ratio be-
tween both (un)glycosylated forms is basically considered approx. 1:1 [17]). The first study
(using two different constructs called SAA4WT and SAA4N7Q) revealed that disruption of
glycans in SAA4N76Q did neither modulate secretion nor degradation of SAA4; however,
glycosylation of SAA4 may alter its distribution within different lipoprotein particles [51].
Indeed, glycosylation of small molecular mass apolipoproteins may be associated with
lipoprotein-mediated and/or initiated diseases [51]. Savinova and colleagues [52] reported
a decrease in glycosylated apo C-III (17% in VLDL; 30% in LDL, 25% in HDL), apo E (15% in
VLDL, 26% in LDL, 37% in HDL), and apo SAA4 (42% in HDL) in patients with metabolic
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syndrome. Yamada and colleagues revealed that SAA4 variants (position 71: Tyr/Tyr or
Tyr/Cys) or (position 84: Ser/Ser or Ser/Leu) might alter the extent of N-glycosylation but
not total plasma SAA4 levels [53]. In a case—control study investigating HDL-associated
apolipoproteins in patients with neuropathic pain, six SAA4 isoforms could be identified
(similar to that reported previously by Karlsson and colleagues [50]), while only two SAA4
isoproteins could be detected in control HDL [54].

A strong association between chronic periodontitis and coronary heart disease is
paralleled by alterations in both the lipid and protein moieties of the respective lipopro-
teins [55,56]. The redistribution of the apolipoprotein moiety in lipoprotein particles from
periodontitis patients reveals an altered balance between glycosylated and non-glycosylated
SA A4, but decreased expression of at least one glycosylated form [56]; findings that parallel
previous data obtained when blood was stimulated ex vivo with Porphyromonas gingi-
valis [57]. Observations that SAA4 could even serve as an optional marker (beyond its
presence in laboratory and clinical medicine) in dentistry are supported by its role during
in vivo osseointegration using either regular Titan implant surfaces or surfaces preabsorbed
with Ca2* ions [58,59].

7. Previous Data on Expression of SAA4 on mRNA and Protein Levels in
Cells, Cell Lines, and Tissues

7.1. Hepatic Expression of SAA4

A sequenced cDNA clone isolated from a human liver library was considered the basis
to predict an SAA isoform of 130 amino acids, where the leader peptide of 18 amino acids
has been cleaved off [17]. As human acute-phase liver contained only small amounts of this
new “SAA mRNA” (compared to A-SAA mRNA), and the fact that treatment of human
PLC/PRF/5 hepatoma cells with cytokine-containing monocyte-conditioned medium also
did not induce mRNA levels of this new “SAA mRNA” (compared with A-SAA mRNA),
led to the terminology of a constitutive character of this new SAA protein [17]. While
PCR analysis revealed only a single band present in the human liver [60], Northern blots
showed two bands (upper and slightly lower) in various human hepatoma cell lines
(Hep3B, different HepG2 cell clones, as well as PLC/PRF/5 and HuH7 cells), depending
on the absence/presence of dexamethasone or monocyte-conditioned medium [61,62].
Possible explanations for both bands were (i) the use of two different transcription start
or polyadenylation sites, (ii) alternative splicing of the primary transcript, or (iii) the
differential polyadenylation of the same transcript [61].

The study by Wunderlich and colleagues aimed at time-dependent expression of
hepatic genes (encoding proteins involved in coagulation/fibrinolysis, complement regu-
latory proteins, and others) with Plasmodium chabaudi or protective vaccination of Balb/c
mice prior to malaria infection. When mice recovered due to protective vaccination, four
genes encoding for acute-phase proteins such as serum amyloid P component, caeruloplasmin,
C-reactive protein, and Saa4, were found on day eleven after treatment [63].

7.2. Extrahepatic Expression of SAA4

The first experimental setting using PCR revealed SAA4 mRNA expression in cultured
myeloid 1¢,25-dihydroxyvitamin (D3)-treated THP-1 cells (a human leukemia monocytic
cell line) stimulated with lipopolysaccharide and dexamethasone [60] as well as in cultured
aortic smooth muscle cells in response to dexamethasone/IL-1 or IL-6 [64]. SAA4 mRNA
was also detected in cultured human aortic smooth muscle cells, but expression levels
remained at quiescent levels [65]. While A-SAA was found to be chemotactic for human
aortic smooth muscle cells, SAA4 did not affect cell migration [66]. In line with these
findings, Liang and colleagues further reported that, in particular, the N-terminal region of
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A-SAA may be responsible for binding and transferring cholesterol to both smooth muscle
and HepG2 cells, an observation that is not surprising and dependent on the different
primary and secondary structures of both SAA1 and SAA4 [67].

Expression of SAA4 mRNA was also confirmed in human monocytes (in the ab-
sence/presence of dexamethasone or lipopolysaccharide), non-adherent and polarized
monocytes, as well as cultured macrophages [62]. While in human coronary arterial en-
dothelial cells, cytokine- and/or dexamethasone-mediated mRNA expression was only
found for SAA1/2 but not SAA4, a similar intracellular localization, predominantly in the
perinuclear region and the nuclear space, was found for all three SAA proteins [68].

Northern blot experiments in MRCS5 (fetal lung fibroblasts) and ECV304 cells (umbilical
cord endothelial cells) revealed only a single band for SAA4 mRNA (co-migrating with
the upper band found in hepatoma cells, see above) that irrespective of different treatment
conditions remained unaltered even during time course experiments (up to 24 h) when cells
were treated with actinomycin D before and after cytokine (IL-1 and IL-6) treatment [61].

Following expression of SAA4 on mRNA level by RT-PCR in human bone tissue
(trabecular bone, cortical bone and bone marrow), as well as in non-differentiated and
differentiated (so-called primary osteoblasts) human mesenchymal stem cells treated with
cytokines (IL-1¢, IL-13, TNFo or IL-6), SAA4 mRNA was solely constitutively expressed,
although respective cytokine receptors were present in these biological specimens [69].
Similar findings were also obtained in rheumatoid synovial fibroblasts when treated with
IL-18 [70]. IL-6 trans-signaling promoted expression of A-SAA mRNA and subsequent
activation of the JAK2/STAT3 pathway (an inflammatory pathway completely abrogated
by CP690,550) in human rheumatoid arthritis fibroblast-like synoviocytes; nevertheless,
SAA4 mRNA remained constitutively expressed even when treated with IL-6, sIL-6R, or
IL-6/sIL-6R [71].

In terms of placental tissue, i.e., decidua and villous trophoblasts, constitutive expression
of different SAA mRNAs was decreased in the following order: SAAI >> SAA2 > SAA4 [72].
Low expression of SAA4 transcripts in early first trimester pregnancy weeks (7 to 9),
pronounced expression in weeks 10 and 12 [73], expression of SAA4 during natural cycle
frozen embryo transfer, as well as in pregnancies achieved by means of cryopreserved
embryos under unassisted conceptions [74] and finally constitutive SAA4 expression in
outgrowing extravillous trophoblasts [73], suggested a potential role of SAA4 during
trophoblast invasion, maybe to counteract the development of preeclampsia [74]. However,
expression of SAA1/2 as well as SAA4 mRNA was also confirmed by RT-PCR in granulosa
cells recovered from follicular aspirates of in vitro fertilization patients [75].

While A-SAA expression could also be confirmed by in situ hybridization and im-
munohistochemistry in a broad panel of normal human tissues, RT-PCR analyses of basal
SAA4 mRNA expression were only positive in spleen, large intestine, kidney, esophagus,
and breast [76]. Most importantly, breast-derived SAA4 sequence data used in this study
had a nucleotide homology of 99% with clone M81349 originally used by Whitehead and
colleagues [17]. This homology not only acts as definitive proof to confirm findings but
also for data obtained for colonic tumorigenesis, where RT-PCR analyses clearly revealed
similar expression of SAA1 and SAA4, respectively [77,78].

Relative expression of SAA4 mRNA in different cell types from surgical lung samples
from a cohort of chronic obstructive pulmonary disease patients (n = 40) was quite similar
as found for SAA2 mRNA in lung fibroblasts, while only basal expression was found in lung
epithelial cells and lung macrophages; unfortunately, observed gene expression was not
related to any tumor type, corticosteroid intake or degree of lung function [79]. In another
cohort of 40 chronic obstructive pulmonary disease patients (eleven in disease stage I,
24 in stage II, and five in stage III), expression of all three human SAA transcripts was
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individually increased in lung parenchyma compared to pulmonary arteries as well as in
blood leukocytes; most importantly, SAA4 mRNA expression in parenchyma and blood was
highest in stage Il [80]. Another study reported a similar increase in SAA1/2 (4.36/3.65-fold)
and SAA4 mRNA (3.9-fold) in lung bronchial chronic obstructive pulmonary disease tissue,
while expression of SAA4 (in contrast to SAA1/2 and C-reactive protein) in parenchymal
lung tissue was similar compared to controls [81].

While the acute-phase response (i.e., a dramatic expression of A-SAA) could be con-
firmed by immunoblot analysis in brain tissue from patients with Alzheimer’s disease but
not in patients with Lewy Body or Pick’s disease, SAA4 could not be verified previously
in any brain tissue samples [82]. Most importantly, expression of Saal mRNA levels in
murine brain following intracerebral inoculation with a strain of Sindbis virus (mimicking
inflammatory conditions) revealed remarkable differences between liver- and brain-derived
Saal expression [83].

High throughput RNA sequencing of differentially expressed genes in gingival tissue
from 10 chronic periodontitis-affected patients (compared with 10 healthy gingival tissue
specimens) revealed 62 genes downregulated while the top upregulated genes (out of 400)
included cytokines and immune related genes (colony stimulating factor 3; chemokine
(C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha; lipopolysaccha-
ride binding protein), proteases (matrix metallopeptidase 3 and 7; membrane metallo-
endopeptidase; membrane metallo-endopeptidase antisense RNA 1) and all three members
of the human SAA family (SAA1, SAA2, and SAA4) [84].

7.3. Expression of SAA4 in Cancer Cells

While the adverse role of A-SAA, its association and underlying mechanisms in the
pathogenesis of cancer have been extensively studied for decades for review see: [10,85-87];
scarcely any data are available for SAA4. Northern blot experiments confirmed the con-
stitutive character of human SAA4 mRNA in cell lines such as SW13 (an adrenal cortex
carcinoma), RT4/31 (a bladder papilloma), HCT-8 (an ileocecal carcinoma), KB (an oral epi-
dermal carcinoma), Hela Ohio (a cervical carcinoma), CaCo2 (a colon adenocarcinoma) and
U937 (a histocytic lymphoma) irrespective cellular treatment with monocyte-conditioned
medium, dexamethasone or both agonists [61].

Also, in human osteoblast-like cell lines of tumor origin (MG-63 and SAOS-2, both
of them expressing a panel of prominent cytokine receptors), SAA4, in contrast to SAA1/2
mRNA, remained constitutively expressed even after cytokine treatment with IL-1c, IL-1f3,
TNFa or IL-6 [69].

Basal expression of different SAA mRNAs in human BeWo choriocarcinoma cell line
decreased in the following order (SAA1 >> SAA2 > SAA4 [72]. Both RT-PCR and qRT-PCR
techniques performed in human trophoblast-like choriocarcinoma cell lines Jeg-3 and AC1-
MB59 (a hybrid of term trophoblast cells and AC-1 cells derived from Jeg-3) revealed the
presence of SAA4 mRNA, which, however, was not responsive to IL-1f3, IL-6 and TNF«x
but significantly downregulated by IL-1c [73].

Ren and coworkers [88] focused on the expression of SAA transcripts in uterine cervical
cancer (138 serum specimens and 31 tissue samples). RT-PCR expression of SAAT and
SAA4 in cervical carcinoma tissue (compared with non-neoplastic lesions) and qRT-PCR
underscored their potential as optional biomarkers.

TWIST, a prominent oncogene upregulated in a variety of human carcinomas, might
even act as a prognostic biomarker for prostate cancer. Indeed, identification of ten genes
supposed to act as prime targets for TWIST-overexpression in malignant prostate cancer
includes, among other also, SAA4 [89].
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8. SAA4: A Potential Tumor-, Bio- or Surrogate-Marker? Data from
Clinical Studies?

8.1. SAA4: A Potent Tumor Marker?

Plasma-derived extracellular vesicles are considered a potent source of proteins, which,
when subjected to proteomic analysis, might reveal candidate biomarker(s) to further unveil
mechanisms that could be of potential diagnostic and subsequent prognostic interest in both
initiation and/or progression of vascular injury and malignancies. Following expression
of proteins from large extracellular vesicles in diabetic mice, pro-«l chains of type III
collagen, hair patches, and thrombospondin-4 were upregulated, while ankyrin-1 and Saa4
were downregulated [90]. At least in small extracellular vesicles isolated from multiple
myeloma patients compared to patients suffering from monoclonal gammopathy, all three
human SAA isoforms (A-SAA and SAA4) were highly upregulated [91]. Identification
of extracellular vesicle-derived proteins revealed seven candidates (chromosome 20 open
reading frame 3, tetranectin, inter-alpha (globulin) inhibitor H4, serpin peptidase inhibitor
clade F, serpin peptidase inhibitor clade C, SAA4 and CD5 antigen-like); however, only
the latter one (with the highest AUC value of 0.943) has been suggested as a potential
extracellular vesicle biomarker for liquid biopsy in lung cancer [92]. Although expression
of SAA1 (7 out of 31 peaks) has been considered the prime indicator in plasma of non-small
cell lung cancer patients with poor outcome following epidermal growth factor-tyrosine
kinase inhibitor treatment, SAA4 (3 peaks each out of 31) identified by differently expressed
VeriStrat good and VeriStrat poor classified patients in a clinical trial, is ranking on a similar
level as found for SAA2 [93]. The Veristrat assay, a combination of proteomic approach
and MS, is basically considered and thus adapted for cancer treatment, including immune
checkpoint inhibitor therapy (using plasma or serum as biological specimens), revealing
beta-2 microglobulin, C-reactive protein, SAA1, SAA2, and SAA4, respectively, in non-small
cell lung cancer patients who are most likely real responders to therapy [94].

Bladder cancer, the most common urinary tract carcinoma, is known for its high
recurrence tumor rate, implying that early diagnosis and prediction of respective tumor
stage(s) from urine specimens is an outstanding challenge. Following depletion of abundant
urine proteins, iTRAQ labeling, LC-ESI MS/MS analysis as well as protein identification
and quantification by sequence database search, detection of six apolipoproteins (apo A-l,
apo A-Il, apo A-1V, apo B, apo E and apo M) was followed by three additional proteins
(apo A-1V, triosephosphate isomerase and SAA4) highly upregulated while pro-epidermal
growth factor was remarkable decreased in all bladder subgroups thus supporting the
notion that the binary combinational element of SAA and pro-epidermal growth factor may
act as useful biomarkers. These findings were supported by the fact that urine SAA4 levels
were gradually increasing within stages of bladder cancer, from non-invasive papillary
carcinoma, low grade with early stage (n = 30), high grade with early stage (n = 50), and high
grade with advanced stage (n = 25). Estimation of both biomarkers in urine revealed that
levels of SAA4 are also statistically increased in both renal and transitional cell carcinoma,
while pro-epidermal growth factor (measured in parallel) was not significantly decreased
in urine from kidney cancer patients [95].

In search for candidate biomarkers for hepatocellular carcinoma (with a better pre-
dictive efficacy than alpha-fetoprotein), gene set enrichment analysis, gene ontology and
receiver operating curves revealed that (i) SAA4 expression and immunohistochemical
staining was lower in patient (n = 375) versus control (n = 50) tissues, (ii) SAA4 expression in
stage I and II, G1+2 and T1+2 were higher compared to stage III and IV, G3+4 and T3+4 and
that (iii) a five year overall survival analysis within the low SAA4 expression group was
significantly worse compared to the high SAA4 expression group [96]. A pilot (but clinically
highly relevant) proteomic exploration for comparative analysis of intrahepatic cholangio-
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carcinoma and other adverse liver conditions revealed, after MS-based data and ELISA
validation, four proteins (leucin-rich alpha-2-glycoprotein, vascular cell adhesion protein 1,
SAA1, and SAA4) that underscore their capacity as biomarkers to distinguish intrahepatic
cholangiocarcinoma from primary sclerosing cholangitis and hepatocellular carcinoma [97].

Pronounced expression of SAA4 (besides SAAT) mRNA in OVCAR-3 (an ovarian
cancer cell line) might be considered a possible hint for SAA4 to act as a candidate cancer
marker [98]. Similarly, as mentioned above, SAA1 and SAA4, but not SAA2 mRNA, were
highly expressed in OVCAR-3 cells and in ovarian tumors, but not in adjacent tissues; a
possible hint that both SAA1 and SAA4 might be involved in proliferation, potentially
modulating the cell cycle [99]. However, to focus on suitable tumor biomarkers in epithelial
ovarian cancer, ovarian cyst fluids seem to act as the most promising biological specimen
for diagnosis and optional prediction of therapy. As protein levels of potential markers
are apparently higher than in circulation, a more specific differentiation between benign
or malignant tumors (including different stages of malignancy) might be possible. SAA4
is ranking significantly (p < 0.0001; ROC AUC values of >0.70) among 17 proteins (out of
1180 molecular mass protein peaks) to differentiate between malignant and benign cyst
fluid samples [100]; data further supported by findings in 68 ovarian cyst fluid samples with
mixed histology, where SAA4 protein concentrations increased from stage I/1I (benign) to
stage III/IV (malignant), although plasma SAA4 concentrations (estimated by iTRAQ-MS)
did not significantly differ between malignant and benign stages [100]. Using the label-free
quantification proteomics technique to identify novel biomarkers for endometrial cancer in
36 patients, subsequent validation by immunoblot analysis revealed upregulation of eight
proteins (apo A-I, hemoglobin subunit beta, apo (a), SAA4, apo E, carbonic anhydrase 1,
hemoglobin subunit delta and platelet factor 4 variant), while only the latter four proteins
might be considered useful biomarkers for clinical stages [101]. While plasma levels of
C-reactive protein were significantly increased in histologic chorioamnionitis patients
with preterm premature membrane rupture compared to non-histologic chorioamnionitis
patients, no difference was found for complement C4-A, transforming growth factor beta,
and SAA4 [102].

LC-MS/MS proteomic characterization of biomarkers associated with inflammation
in two studies in patients with advanced colorectal cancer (stage III and IV), followed
by validation in a second colorectal cancer study, revealed complement C5 as a suitable
biomarker for diagnosis; SAA4 mRNA was only present in colorectal cancer but not in
normal tissue, while SAA4 protein could act as a subtle marker of tumorigenesis [103].

An excellent overview of nanosized membrane-enclosed sacs (i.e., small extracellular
vesicles) has covered an optional quantitative proteomic perspective for clinical cancer
research [104]. Proteins associated with small extracellular vesicles were found to be
associated with inflammation, lipoprotein metabolism, and cell adhesion, and some of
these proteins, such as von Willebrand factor, apo A-1V, inter-alpha-trypsin inhibitor heavy
chain H4, antithrombin (coded by serpincl) and SAA4, respectively, have been identified as
potential biomarkers in a panel of different types of cancer [104].

8.2. SAA4: A Potent Bio- or Surrogate-Marker?

To identify treatment strategies for idiopathic pulmonary arterial hypertension (a rare
disease with poor prognosis and a limited responsiveness to therapy), a plasma proteomic
approach revealed serum amyloid P and SAA4 as potential clinically relevant parameters
to differentiate between children with a poor or good outcome to therapy [105].

Another approach to identify novel cerebrospinal fluid biomarkers in neurodegen-
eration, Heywood and colleagues revealed (out of 19 proteins significantly increased in
both Lewy Body dementia and Alzheimer’s disease—compared to controls) four potential
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biomarkers, such as GM2-activator protein, malate dehydrogenase, prosaposin, and SAA4,
respectively [106]. Within a standard clinical assessment and neuroimaging overlook in
45 patients with Alzheimer’s disease (compared with 45 age- and sex-matched controls),
48 target peptides out of 14 proteins identified by parallel-reaction monitoring revealed a
panel of eight proteins (apo A-1V, carboxypeptidase B2, coagulation factor X, complement
ClIs, immunoglobulin heavy constant mu, platelet factor 4, pro-platelet basic protein, and
SAA4) and demographic characteristic for these markers with an AUC of 0.923 [107].

A previous report addressed the question of whether SAA4 might act as an indicator of
hepatic protein synthesis and/or even as an indicator of nutrition [108]. Plasma proteomic
analyses from post-surgical gastrointestinal cancer patients receiving either standard or im-
munomodulatory enteral nutrition identified different key pathways favoring different out-
come for patients; while the latter diet group revealed lower complications and improved
clinical aspects (paralleled by a broad spectrum of proteins related to innate/adaptive
immunity such as complement proteins C3, C5, and C9, proteins involved in cell repair,
lipid metabolism and others), the further diet group revealed higher complications leading
to pro-inflammatory and hypercoagulable states like sepsis and thrombosis paralleled by
increased levels of acute-phase reactants haptoglobin, fibrinogen and SAA4) [109].

Rhegmatogenous retinal detachment associated with choroidal detachment, a sub-
type of Rhegmatogenous retinal detachment, is characterized by uveal inflammation, low
intraocular pressure, and disruption of the blood-brain barrier. Following proteomic analy-
ses, out of 237 differentially expressed proteins, 63 were found to be upregulated; following
ELISA validation, the top five upregulated proteins and/or potential biomarkers were apo
C-II, inter-alpha-trypsin heavy chain H1, inter-alpha-trypsin heavy chain H2, vitronectin,
and SAA4 [110]. Most importantly, SAA4 may also be considered a fluctuating marker in
Rhegmatogenous retinal detachment associated with choroidal detachment, as it shows
dynamic changes in the inflammatory response at different stages, when comparing months
one and six [110]. A parallel study concentrated on the efficacy of hormonal intervention
treatment of retinal detachment. Out of 295 differentially expressed proteins (classified
within a panel of regulatory pathways) in the vitreous humor of Rhegmatogenous retinal
detachment associated with choroidal detachment collectives, vitronectin and apo D were
found to positively correlate with postoperative best-corrected visual acuity, while apo D,
ubiquitin-conjugated enzyme E2 variant and SAA4 may act as potential biomarkers for this
disease [111]. Using the LC-MS/MS technique to reveal common marker(s) for choroidal
vasculopathies, SAA4 was present among the ten most upregulated proteins present in the
aqueous humor in both age-related macular degeneration (n = 10) and polypoidal vascu-
lopathy (n = 10) compared to controls (subjects with cataracts n = 10). Both validations of
SAAA4 revealed significantly higher levels in both vasculopathy groups, as supported by
respective ROC curves for SAA4 reaching AUC levels of 0.92 and 0.95 [112].

A comprehensive analysis of Plasmodium falciparum-mediated changes in the human
proteome (severe malaria patients (n = 37); non-severe malaria patients (n = 67); healthy
controls (n = 146)) performed in three different endemic regions in India revealed a 1.4-fold
change (controls vs. non-severe) and 1.8-fold change (controls vs. severe) for SAA4 protein
(Uniprot accession number 35542) [113]. Another study attributed to the spectrum of
alternative medicine (concentrating on malignant tumors classified according to Uighur
medicine) revealed SAA4 to rank at position eight on a list of differentially expressed
proteins when comparing the ratio of abnormal Savda type tumor vs. non-abnormal Savda
type tumor (including other syndromes) [114].

A quite comprehensive approach to characterize disease biomarkers in acute graft-
versus-host disease (grade II) revealed four differentially expressed protein spots; while

7

coagulation factor XIII # chain and plasminogen were found less abundant in patients
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plasma, fibrinogen 3 chain fragment and SAA4 (in particular on two different time intervals)
were found to be predominantly expressed [115]. Using a multiplex protein assay based on
UHPLC-selected reaction monitoring to quantify acute-phase proteins from dry blot spots
has been successfully established for «-1-acid glycoprotein, a-1 antitrypsin, C-reactive
protein, A-SAA, and SAA4, respectively [116].

Rheumatoid arthritis, a chronic autoimmune disease (characterized by synovitis, influx
of monocytes and polymorphonucleocytes into synovial fluid), is commonly known to
promote inflammation-mediated alterations in physicochemical and metabolic properties of
circulating lipoproteins. Both A-SAA and C-SAA were present in synovial fluids, and levels
of SAA4 in synovial fluids ranged between 17 and 214 pg/mL as measured by ELISA [117];
mean serum SAA4 concentrations in arthritis patients were 106 + 49 ug/mL, findings
in good accordance with previous reports [34,36]. Inhibition of IL-6Ra by monoclonal
antibody tocilizumab for 12 weeks resulted in a decrease in C-reactive protein (approx.
80%) as well as complement C4 protein and SAA4 (approx. 30%), besides changes in
other markers [118]. In a pre-screening approach by LC-MS/MS, SAA4 was significantly
upregulated in rheumatoid arthritis (compared to controls) with a higher area under the
curve than C-reactive protein and also positively correlated with levels of rheumatoid
factor [119]. A parallel study using LC-MS/MS analyses and ELISA validation revealed
five proteins (out of 38 selected) that were statistically differentially expressed between
rheumatoid arthritis patients and controls: gelsolin, plasminogen, retinol binding protein,
and vitamin binding protein were downregulated, while SAA4 was upregulated [120].
Analysis of serum proteins from rheumatoid arthritis patients, starting with 435 identified
proteins, revealed five highly expressed candidates (angiotensinogen, complement C3, the
protease inhibitor kallistatin, vitamin D-binding protein, and SAA4, respectively) compared
to controls. Further verification by multiple reaction monitoring method revealed the
latter two proteins with an AUC > 0.8 (0.85 and 0.83) and a classification accuracy of
81.4% and 86.0% in patients and healthy controls [121]. An ongoing study from the
same group focused on an extended and more specific panel of serum biomarkers for
diagnosis of rheumatoid arthritis by addressing process network analysis for differently
expressed proteins between patients (n = 251) and controls (n = 230) leading to seven
candidate biomarkers; only four proteins (angiotensinogen, retinol binding protein, vitamin
binding protein and SAA4) revealed AUC levels > 0.8 and most importantly showed a high
classification accuracy irrespective of the patients status, i.e., rheumatoid factor-negative
or -positive [122]. An excellent cross-sectional study including two different cohorts
(n =25 each) of early (<2 years) versus established (>20 years) rtheumatoid arthritis revealed
a bulk of 20 proteins commonly expressed; out of them, only six candidate biomarkers (C-C
motif chemokine 18, Cathepsin L1, sortilin, beta-galactoside alpha-2,6-sialyltransferase
1, tumor necrosis factor receptor superfamily member 10A, and SAA4) could effectively
differentiate between patients and healthy controls. Following a six-month treatment of
rheumatoid arthritis patients to get an idea of changes within the cardiometabolic and
cardiovascular proteome, a six-month treatment of patients with methotrexate (<2 years)
or tofacitinib (>20 years) revealed only two proteins, C-C motif chemokine 18 and SAA4,
as a proper response to therapy [123]. Whether hard data will finally be published on the
optional capacity of SAA4 to act as a definitive diagnostic marker for rheumatoid arthritis,
combined with anti-cyclic citrullinated protein antibody, remains to be seen [124].

Within a pharmaco-proteomic approach (performed in 128 prepubertal children), the
basic question was to reveal optional protein biomarkers related to either anabolic and/or
lipolytic processes in relation to changes in different body compartments (such as bone mass
or longitudinal growth) after a one-year treatment period with growth hormones. Anal-
yses were performed by SELDI-TOF-MS and dual-energy X-ray absorptiometry. Among
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proteins, representing real nutrition markers, transthyretin (previously called pre-albumin),
apo C-I, apo A-II, and SA A4, respectively, ranked first [125-127].

In another clinical study comparing the serum proteome from 35 amnestic patients (suf-
fering from mild cognitive impairment) and 35 cognitively healthy controls, five proteins
(complement factor B, carboxypeptidase N subunit 2, galectin-3 binding protein, serum
amyloid P-component, and SA A4, respectively) were significantly decreased in the patient
group; only the latter one had a direct link to dementia while the role of SAA4 still seems
to remain an enigma in this disease [128]. Following serum protein alterations in patients
with major depressive disorders, the combination of four proteins, namely antithrombin-III,
complement Clq subcomponent subunit B, serum amyloid P-component and SAA4, was
considered a unique biomarker collective; it apparently can differentiate between (i) depres-
sion and remission states of patients as well as (ii) remission states of residual impairment
and complete remission [129]. Whether expression levels of blood plasma markers (apo
C-1II, apo D, SAMP, Saal, and Saa4) found in depressed mice under reported chronic
social stress conditions may represent any predisposition to psychoemotional disorders in
humans remains an open question [130].

Using LC-ESI-QToF-MS/MS analysis, five inflammatory/regulatory as well as vascu-
lar integrity proteins were found to be deregulated in two migraine groups (MM group:
patients with menstrual-related migraine without taking hormonal contraceptives; PM
group: patients having suffered from menstrual-related migraine before menopause) com-
pared to a headache group; while prothrombin, serum amyloid P and Igk chain C region
were upregulated, apo A-I and SAA4 were downregulated [131].

Combining a panel of longitudinal proteomic datasets from three different clinical
trials (S3WP-T2D, Ramp and IMPOCT) and confirmation of statistically significant findings
in two additional cohorts (IMI-DIRECT and IMI-RHAPSODY) with type II diabetes (either
untreated or treated with metformin) revealed that out of 23 proteins, eleven were associ-
ated with metformin exposure, while 12 other proteins (including SAA4) were replicated
using the discovery Olink platform [132].

Another study included 30 patients to reveal proper proteins related to coronary heart
disease (including acute myocardial infarction and stable coronary artery disease); out
of 907 quantifiable proteins, albumin and sex hormone-binding globulin, as well as four
apolipoproteins (apo C-II, apo C-1II, apo C-IV and SAA4) related to lipid metabolism
by modulating the functional capacity of HDL particles were found [133]. Lipid and
lipoprotein metabolism undergo major changes in patients suffering from sepsis. Sharma
and colleagues [134] focused on the proteome in these patients secondary to acquired
pneumonia during their stay in the hospital. Besides acute inflammation and changes in
homeostasis and blood coagulation, impaired levels of proteins primarily associated with
the HDL particle, such as paraoxonase 1 and four apolipoproteins, including apo L-I, apo
C-1, apo A-1V, and SAA4, were found; validation in hospital-acquired patients revealed
a decrease in lipoprotein-associated cholesterol as well as major apolipoproteins present
in HDL and LDL particles [134]. Sarkar and colleagues published an excellent overview
of biomarkers in type I diabetes that may affect circulating proteins involved in immune
response, complement activation, and lipid metabolism. Following strict inclusion criteria,
identification of 266 unique proteins with 11.6% identified across three or more studies
out of 13 revealed a major subset of 17 proteins, including SAA4 [135]. Non-alcoholic
fatty acid liver disease patients with advanced fibrosis (n = 26, stage F3-F4) have a high
prevalence for type II diabetes, a high cardiovascular coronary artery disease index, a low
number of HDL particles and in parallel decreased number of five HDL-associated proteins
including lecithin-cholesterol acyl-transferase and four apolipoproteins (apo C-I, apo C-1V,
apo M, and SA A4, respectively) when compared to non-alcoholic fatty acid liver disease
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patients (n = 114; stage F0-F2) [136]. Although four adult hypertrophic cardiomyopathy
markers (talin 1, complement C3a, thrombospondin and aldolase fructose-biphosphate)
and three more recent markers (profilin 1, lipoprotein(a) and glycogen phosphorylase
B) have been implemented for disease diagnosis; this seven-biomarker diagnostic panel
for childhood onset hypertrophic cardiomyopathy has been upgraded by a panel of four
additional proteins (immunoglobulin heavy constant epsilon (p < 0.001), complement 5B
(p <0.001), apo L1 (p < 0.041) and SAA4) (p < 0.015)) reported to be significantly impaired
in a cohort of children suffering from high sudden cardiac death risk when compared
to children with either low or intermediate sudden cardiac death risk [137]. In a well-
designed clinical case—control study in pediatric patients (n = 33) with hemophagocytic
lymphohistiocytosis and three disease control groups (sepsis, n = 43; pediatric intensive
care group non infected, n = 39; Ebstein-Barr virus, n = 21) proteomic comparison within
all groups revealed that hemophagocytic lymphohistiocytosis is characterized by subtle
changes in several pathways and cascades leading to eight differentially expressed proteins
including albumin, apo A-l, extracellular matrix protein 1, fibrinogen beta chain, fibrinogen
gamma chain, plastin-2, vascular cell adhesion protein 1, and SAA4, respectively [138].

9. SAA4: General Findings Related to SAA4’s Function

Following incubation of serum with adult parasitic worms (Schistosoma mansoni for
only one hour) to reveal their impact on the human proteome, 2D-DIGE and immunoblot
analyses revealed eleven (out of 20) proteins to be associated with the complement system,
while the remaining fraction, among others, contained human «2-macroglobulin, actin
cytoplasmic 2, and SAA4, respectively [139].

Although increased serum levels of SAA2 and SAA4 have been measured in patients
with Guillain-Barré syndrome (including demyelination (n = 21) and axonal subtypes
(n =19)), values more likely seem to represent acute-inflammatory stages but not necessarily
potential biomarkers to mirror the severity of myelination injury [140].

Observations that SAA4 plasma levels (including (non)glycosylated SAA4 forms,
14 and 19 kDa) were higher in venous thrombosis patients compared to controls (48.1 pug/mL
versus 38.4 nug/mL) and that recombinant SAA4 (i) enhances clotting in plasma and
(ii) increases activation of prothrombin suggest a likely role of SAA4 to play within
procoagulant activity [141].

Although only reported as a single case study: dried blood spot proteomic analysis
(samples taken before, during and after the race) from a 40-year-old athlete, participat-
ing in the “Race Across America” (10.1 days, 4941 km) revealed the largest increase in
protein complement component 7, complement C4-B, and SAA4 in the following order:
359% > 231% > 210% [142].

Besides expression of vascular adhesion molecule-1 and production of nitric oxide,
HDL acts as an eminent player during reverse cholesterol transport from peripheral tissues
after esterification back to the liver; six proteins (alpha-1B-glycoprotein, angiotensinogen,
plasma serine protease inhibitor, thyroxine-binding globulin, vitronectin and SAA4) were
found to be more abundantly present (ratio > 2-fold) in HDL particles with the highest
capacity to promote cellular cholesterol efflux [143]. Whether this capacity will be mediated
via direct interaction of SAA4 with scavenger receptor class B, type I or even in an ATP-
binding cassette transporter-(in)dependent manner, as reported for A-SAA proteins and/or
their extent of lipidation, remains to be further investigated [144,145].

Whether observations that clusterin and SAA4 may serve as biomarker targets for
chronic alcohol intake in humans remains to be further investigated [146].
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10. Optional Studies to Clarify the Function of SAA4 in Future Studies

As A-SAA is still considered the prime acute-phase reactant within the SAA (su-
per)family, a valid question arises on potential functions of SAA4 besides its more or less
involvement in inflammation or its contribution to cancer metabolism as a potent or even
independent disease marker.

A promising approach undoubtedly includes the identification of so-called senescence-
associated genes that, in context with inflammatory cytokines and growth factors, may
promote malignant invasion, proliferation, and progression of various types of cancer.
Coppola and colleagues [147] concentrated on a senescence-associated gene signature
with a major focus on progression and prognosis in human glioma. Out of 14 senescent
genes (identified in 47 patients with glioma of older age), the highest senescence score
in gliosarcoma revealed six genes (correlating with age) and two genes (correlating with
prognosis), both including SAA4 and addressing its role in metastasis, inflammation, and
angiogenesis. In line with data mentioned above, qRT-PCR and chemokine protein arrays
addressed SAA4 (besides E-cadherin, fibrinogen, IL-8, and IL-32) as a major player involved
in the regenerative capacity of hepatocytes during chronic liver diseases, where so-called
“growth-arrested” cells may shift into a senescent stage in an in vitro model of cells to
generate a liver-derived senescence-associated secretory phenotype [148]. Although a huge
prospective observational cohort study of musculoskeletal health in 5994 men (>65 years),
focusing on peptides/proteins, including SAA4, being associated with mortality in dis-
covery and replication phases; this finding might definitively support a candidate role of
SA A4 during senescence, a topic that is worth further investigation [149].

A major task to reveal physiological function of human SAA4 and to compare proper
activities of (non)glycosylated SAA4 proteins includes a well-designed expression system
for both proteins, detailed knowledge on exact glycan residues and finally a suitable
strategy to reach an optional cleavage efficiency (depending on the respective tag) to
generate non-glycosylated SAA4 (14 kDa); first attempts to identify glycan structures on
HDL particles have already been reported [45]. Expression of SAA4 in Escherichia coli has
been previously published, but in contrast to SAA1, SAA4 did not induce lysis of bacterial
cells [150]. Although expression of Hisg-tagged SAA4 protein (confirmed by immunoblot
analysis using a panel of sequence-specific SAA4 antibodies as well as anti-Hisg epitope
antibodies) after a silent mutation in secondary rbs-like sequences did work, it resulted
in moderate cleavage efficiency of the tagged SAA4 [151]. As expression in Escherichia coli
does not glycosylate proteins, some of us previously succeeded in expressing the SAA4
protein in yeast (Herz, Windpassinger and Malle, unpublished data); however, Pichia
pastoris is known to glycosylate in a different manner than the human system [152], so
humanized glycosylation in Pichia pastoris might represent a favorable approach to solve
these problems [152-154].

Whether the expression of SAA4 in hepatoma cell lines (including cell lines other than
HepG2) may be considered a suitable approach for the generation and isolation of SAA4,
the question still remains whether expression levels will merit this procedure [51]. An
important but major question still remains whether bacterial contamination, as reported
for recombinant SAA proteins (mimicking potential interactions in vitro via candidate
surface receptors, Toll-like receptor 2/4), will affect the biological activities of the expressed
SAA4 protein [155,156].

An elegant approach that deserves further studies refers to differences between
Saa*/* and Saa—/~ mice regarding (un)balanced inflammation in both strains in response
to sterile inflammation, as well as different expression of Saal/2, Saa3, and Saa4 in wild-
type mice, addressing subtle differences in macrophages expressing all four murine Saa
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proteins in response to either bacterial- (Pseudomonas aeruginosa) or lipopolysaccharide-
mediated infection [157].

Rats also express A-SAA-related genes with striking homology to human/murine
SAA1/SAA2; however, the respective sequence coding for an approximately 50 amino
acid region in the N-terminal portion of the predicted A-SAA protein is lacking [158]. As
rats neither express HDL-associated A-SAA proteins nor have been found to suffer from
reactive systemic amyloid A amyloidosis (characterized by deposition of the 76 amino acid
N-terminal degradation product from A-SAA in various organs after cleavage) [159], so
far, SAA4 is the only functional Saa4 protein in rats [160]. Most importantly, transcription
factors (in particular members of the C/EBP family) responsible for SAA expression in
general [161] may be of outstanding importance to mediate expression of rat SAA4, as
C/EBP« knockout in mice led to the complete absence of Saa4 mRNA [160,162]. So, the
question comes up: What is the function of rat Saa4 under physiological conditions? Will
it compensate for the lack of A-Saa proteins normally generated during the acute-phase
response, or will it solely mimic or underscore the role of SAA4 observed in human diseases,
including malignancies? Both knocking out rat Saa4 and expressing intact either human or
murine SAA1/2 genes might be considered an exciting approach.

Amyloidosis has also been found to be associated with a mutated SAA4 protein [163],
although recombinant SAA4 has originally been reported not to show positive Congo
red staining and fibrillar structures [164]. This observation might be worth investigating
further, as two different mutations (W22G and C71Y) in human SAA4 have been previously
reported in patient amyloid deposits (addressing pathogenic mutations of hereditary
amyloidosis) [165].

To obtain a more detailed and proper information on the optional function of SAA4,
which is not necessarily conclusive to be obtained from rodents; pigs sharing striking ho-
mology with humans, not only on the genetic level but also regarding biological similarities
(including organ size and function and optional xenotransplantation), might be considered
a more meaningful animal system to reveal SAA4's function. Although remarkable dif-
ferences exist between the human and the pig SAA gene cluster, hepatic transcription of
SAA4 in pigs is minimally increased in response to bacterial infection with Staphylococcus
aureus, but markedly upregulated in the presence of Actinobacillus pleuropneumoniae [166].
In a well-designed mechanistic study, Sallustio and colleagues [167] focused on endothelial
dysfunction, considered a hallmark of sterile-induced acute kidney injury [167]. Authors
convincingly demonstrated that human renal progenitor cells were found to effectively
revert lipopolysaccharide-induced endothelial to mesenchymal transition, three proteins
(granulocyte C-X-C motif chemokine ligand 6, BPI fold-containing family A member 2,
and SAA4) played a major role during this process; data that finally support the notion
that SAA4 may be considered an inducible SAA protein in response to lipopolysaccharide
and may further be considered an antiseptic protein to counteract lipopolysaccharide-
mediated effects [167].

Julian and colleagues [168] were the first to use discovery-based proteomic methods to
identify optional biomarkers to compare acute mountain sickness-susceptible and -resistant
subjects after exposure to hypobaric hypoxia (9 h, 4875 m, barometric pressure, 425 mm
Hg). Serum amyloid P component, insulin-like growth factor-binding protein complex
acid labile chain, complement component 7, mannose binding protein C, von Willebrand
factor, apo C-I and SAA4 (even listed twice within two gene ontology categories) were
identified in the latter group [168]; a study that apparently paved the way for archaic
ancestry estimation of genes (including SAA4) in the highlander (approx. 1200 to 4500 m
above sea level) population for mountain sickness in Papua New Guinea [169] and maybe
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might also be adapted to other mountainous areas worldwide or even during space shuttle
flights, to get further information on extending the role of SAA4.

An interesting approach, i.e., intraplantar injection of snake venom from Bothrops ery-
thromelas (5.0 pg) in mice, showed a maximum increase in paw volume after 1 h and parallel
increases in epidermal thickness. Analysis of plasma samples (taken 30 min after injection)
and subsequent proteome alterations by LC-MS/MS revealed six potential biomarkers:
three (factor XII, fibulin, and vitamin K-dependent protein Z) downregulated and three
others (adiponectin, apo A-I, and SAA4) upregulated. This approach represents not only
short-time plasma protein alterations of apo A-I (commonly but not always considered a
negative acute-phase reactant [170]) and SAA4 (apparently acting as a positive acute-phase
reactant) but might also refer to snake-bite-dependent protein-generated dynamics as an
example within a series of other poisonous venoms that, when antagonized in time, will
save human life [171].

11. Concluding Remarks

The primary objective of this overview was to summarize data on human SAA4 being
published in a panel of clinical studies related to (non)inflammatory conditions and/or
different malignancies. Indeed, SAA4 might be considered a young sprout within the SAA
family in the mammalian system, and it will be a long and winding road to achieve the
same scientific credit as obtained over decades for SAA1/2, considered prime acute-phase
reactants in the mammalian inflammatory system. At least a further series of clinical
data, as well as molecular biology experiments and hard biochemical data, may represent
the basis for further potential functions of mammalian SAA4 proteins. At least the fact
that SAA4 has been confirmed as a potent clinical (bio)marker in cancer research may be
considered promising [104].

To conclude, the findings reviewed above will no longer justify that SAA4 may be
considered “C-SAA” or “constitutively expressed SAA protein” and do support the notion
that SAA4 may be considered an “underdog within the whole SAA family”. While this
seems to represent the good side of the coin, we, however, are aware of the current state
of evidence as well as official data from the OMIM database (https://www.omim.org,
accessed on 16 March 2026), indicating that there is no convincing evidence associating
SAA4 with any inherited disease in humans.
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