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Fic. 4. Ratios (XIC peak area)/(ml of
WS) of the 25 proteins listed in Table |
normalized to highest value deter-
mined for each protein in the 61 sam-
ples plotted as a function of postcon-
ceptional age. SPRR3 data refer to both
isoforms. PCA, postconceptional age.

temporal range considered, and therefore they are different
from those reported in Fig. 4. Fig. 5 clearly shows different
trends of decrease, some almost linear (i.e. TB,), others with
exponential-like shapes, but with different slopes (i.e. stefin B
and the not identified protein with a Mav of 10,651 = 2 Da),
others characterized by a sharp decrease following a constant
apex period (i.e. short isoform of S100A9 and SPRR3), and
others, such as S100A7 (D,,), by a biphasic trend. Interest-
ingly, Fig. 5 shows that the decrease of concentration of each
protein showed similar shapes in the different subjects, but it
was often phase shifted.

Because of high interindividual variability temporal changes
of the different proteins varied markedly in the 8 subjects.
Table IV shows the postconceptional age ranges correspond-
ing to the maximum concentration observed for each protein.
When the level measured at the lowest postconceptional age
was the highest, it was assumed that maximum concentration
occurred before 195 days of postconceptional age. In order to
find a parameter that could give for each protein a rough
estimate of the concentration trend over time in the popula-
tion investigated, we calculated the ratio between the mean
concentration values shown in Fig. 3. The results reported in
Table IV suggest in some cases time-coordinate functions,

such as for stefin A and B whose decrease was similar, in
other hierarchical functions, such as for S100A7, whose in-
crease followed that of many other proteins.

Fig. 6 shows the correlation coefficients (Pearson r) com-
puted among all the proteins of Table |. Because of the size of
our sample (n = 61), r values greater than 0.400 indicate a
level of significance better than p < 0.001. Fig. 6 shows
several clusters of high significant correlations, including the
majority of S100 proteins, stefins, SPRR3, and some uniden-
tified proteins. For its particular biphasic trend, S100A7
showed less significant correlations with the other proteins.
Antileukoproteinase, lysozyme, and histone H1c showed low
significant correlations. The unidentified protein with Mav
24,652 = 5 Da showed a significant correlation only with
lysozyme. Interestingly, although T, correlation with many
proteins of the list was highly significant, the same was not
observed for TB,. Interestingly, the two peptides showed not
very high significant correlation each other. The highest cor-
relation values (higher than 0.93) were observed between the
two S100A9 isoforms and their phosphorylated counterparts,
between S100A8 and S100A9 short type, as well as between
SPRR3, stefin A, stefin B and the unidentified protein with
Mav 10,651 * 2 Da.
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Extensive quantitative analysis of the proteins reported in
Table Il was not carried out, principally because of their low
frequency. They were usually detectable in the samples in the
range of 194-240 days of postconceptional age, disappear-
ing in the total ion current profile at higher postconceptional
age. This observation suggests that numerous other different
proteins are probably present in fetal mouth during a temporal
period preceding the one investigated in this study, with a
maximum of expression occurring before 6 to-7 months of
postconceptional age.

Comparison of the Salivary Protein Patterns of At-Term New-
borns with Adults—As shown in Fig. 4, concentration of all the
proteins detected in this study decreases in the range 195-280
days of postconceptional age reaching a value up to two orders
of magnitude lower than the maximum measured. For all the
proteins reported in Tables | and Il the mean values measured in
the range 270-280 days of postconceptional age (considered
as the normal delivery time) corresponded perfectly to the mean
values measured in whole saliva of at term newborns (n = 4).
The mean values measured following 350 days of postconcep-
tional age were very similar to those measured in adult whole
saliva (n = 20). Often the protein was not detectable at all in
adult whole saliva, even by XIC search, at the sensitivity level of
our HPLC-MS apparatus. Statistical analysis of all the data
collected did not disclose gender related differences.

DISCUSSION

The top-down proteomic approach used in this study gave
relevant qualitative and quantitative information on the sali-
vary proteome of human preterm newborns. In contrast to
bottom-up proteomic strategies, knowledge of the mass of
the intact protein obtained by MS measurements allows to
discriminate between different isoforms. Clearly, the top-
down strategy used in this study appears the most direct
approach to detect the differences, e.g. between the isoforms
of S100A7 and S100A9 proteins.

PCA (days)

It should be mentioned that the proteins characterized in
this study are likely to exert their function throughout a subtle
interplay between monomeric and homo- and hetero-oligo-
meric not-covalent assemblies, which are unstable under the
acidic conditions used during HPLC-ESI-MS analysis. More-
over, the acidic treatment generates a small precipitate, which
in adult whole saliva is mainly constituted by mucins. In the
preterm whole saliva, the precipitate can enclose other pro-
teins relevant for the fetal development, which will be the aim
of future studies.

Saliva is a body fluid of a very complex composition with
fundamental roles in the protection of the mouth and its
annexes during life. Although the precise molecular interplay
between the different salivary adult components is far from
being elucidated, the exploitation of this function is partly
granted by specific peptides and proteins secreted by salivary
glands that could play relevant roles in the protection of the
enamel surface, in the assumption of food and beverage and
in the modulation of the oral flora (1). This protection is not
necessary during fetal life because fetus nutrients are sup-
plied directly by the placental system of the mother and
therefore protected against the threats of external environ-
ment. Until now the fetal mouth has been believed to be a
passive organ reaching the physiological-anatomical matura-
tion mostly following delivery. However, our group recently re-
ported high levels of T, and T3, in preterm newborn saliva (8).
We were able to show that these peptides in fetuses mainly
originate from salivary gland secretion, in contrast to adult saliva
where low quantities originate from the gingival crevicular fluid
(9). Thus, salivary glands may have a specific function during the
intrauterine life. This view is further supported by this study,
where we could show that several other proteins were present
in whole saliva of preterm newborns. Salivary concentration of
these proteins decreased as a function of postconceptional
age, reaching values observed in at term newborns at about 270
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Table I. The significance at the conven- S100A7 (D,) 1
tional levels for r values greater than 27

0.400 is better than p < 0.001 (1 = 61).  ST00A7 (Ey) 12

The range of r values corresponding to  antileukoproteinase 13

the different colors is reported on the  S100A9 short 14

I’Ight side of the figure. SPRR3 data refer S100A9 short (phOS) 15

to both isoforms. S100A9 long 16

S100A9 long (phos.) 17

n.i. 13274 18

n.i. 13456 19

Lysozyme 20

n.i. 14990 21

n.i. 15079 22

SPRR3 23

histone H1c 24

n.i. 24652 25

days of postconceptional age and the values observed in adult
whole saliva later in development.

The decrease of concentration as a function of preterm
newborn age can be partly linked to an increased salivary
flow-rate, which could not be measured for ethical reasons.
However, because the shape of decrease for many proteins
detected in this study was different, the variations are prob-
ably not linked to a dilution process but rather suggest a
coordinate and hierarchical actions of these proteins. The
interindividual variability shown in Fig. 5 most likely is not
linked to feeding habits because of similar nutritional pro-
gram, standardized for all the subjects.

Among the proteins characterized, many are members of
the S100 protein family, which is the largest subgroup within
the superfamily of EF-hand calcium-binding proteins, exclu-
sively expressed in vertebrate (22, 23). A specific feature of
this protein family is that some members are secreted from
cells upon stimulation exerting cytokine- and chemokine-like
extracellular activities via the receptor for advanced glycation
endproducts. Functional diversification of this family of pro-
teins is achieved by specific cell- and tissue-expression pat-
terns, structural variations, different metal-ion binding prop-
erties, as well as by their ability to form homo- and hetero- and
even oligomeric assemblies (24). In this study significant

thymosin B,

. r>0.85

. 0.85>r>0.70

0.70>r>0.55
0.55>r>0.40

0.40>r

k.
N L

1234567 8 91011121314151617 181920212223 24

amounts of S100A7, A8, A9, A11, and A12 were detected in
whole saliva of preterm newborns. Interestingly, the most
abundant S100A7 isoform detected was the D,,, with minor
quantities of the E,, isoform. Some of the mass values not
identified could pertain to other S100, such as the protein with
a Mav 10,651 = 2 Da, which might correspond to S100B or
S100A5. Minute amounts of a protein with a mass of 11,712 =
2 Da, which might correspond to S100A16, eluting in the
proximity of S100A7, were found in few samples.

The presence of high amounts of two isoforms of SPRR3 in
preterm whole saliva is intriguing, and it may be in some way
related to the S100 family. The molecular mechanisms under-
lying the formation of the epithelial barrier start from the
desmosomal cadherins, that are linked to the keratin cytoskel-
eton via several plaque proteins, such as desmoplakin and
y-catenin. However, oral keratinocytes express additional dif-
ferentiation markers, including filaggrinin and tricohyalin,
which associate with the cytoskeleton during terminal differ-
entiation. Moreover, other proteins such as loricrin, involucrin,
and small proline-rich proteins, comprising SPRR3, are cross-
linked into the epithelial envelope by transglutaminases (25).
The presence of SPRR3 in preterm whole saliva could be thus
linked to the inability of immature keratinocytes to cross-link
the protein to the cytoskeleton for a lack of epithelial trans-
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glutaminase. However, in this study no other proteins of the
cytoskeleton were detected in whole saliva of preterm new-
borns and none of the protein masses waiting for character-
ization seems to correspond to other proteins of the cytoskel-
eton. Free SPRR3 is only detected in highly differentiated
keratinocytes of well-differentiated squamous cell carcino-
mas, indicating that the protein is induced in skin tumors only
when keratinocytes undergo extensive squamous differentia-
tion (26). Furthermore, various authors have suggested that
the proteins of the SPRR3 family (SPR family, pancornulins)
play a relevant “active” role in the formation of cornified
epithelia (27). The correlation between SPRR3, and the pro-
teins of S100 family is interesting, considering that several of
these proteins are related (have an EF-hand structural motif)
and their genes localized in a cluster on human chromosome
1921, which encodes for this protein (SPRR3) as well as for
S100A7, A8, A9, A10, A11, and loricrin (19, 28, 29). Because
of the presence of different transglutaminase reactive resi-
dues, S100A10 and S100A11 are incorporated into the cor-
nified envelope of keratinocytes (30, 31). The colocalization of
genes expressed during maturation of epidermal cells to-
gether with genes encoding calcium-binding proteins is par-
ticularly intriguing, because calcium levels tightly control the
differentiation of epithelial cells, the expression of genes en-
coding epidermal structural proteins, as well as transglutami-
nase activity. Because of this close functional cooperation,
the cluster 1921, including these loci, has been proposed to
be a specific gene complex and has been named “epidermal
differentiation complex” (32).

The detection of stefin A and stefin B in whole saliva of
preterm newborns can be related to some recent hypothe-
sized properties of these proteins. Stefins A and B (or cyst-
atins A and B) are indeed the better known members of type
1 cystatin family (cysteine proteinase inhibitors), generically
called stefins (33). Stefins were commonly considered potent
intracellular inhibitors of papain and cathepsins L, S, and H,
but they have also been detected in significant amounts in
different body fluids (33, 34) and recent studies outlined a very
complex set of functions and interplays for them (35). Stefin A
is predominantly present in blood and epithelial cells, partic-
ularly in high amounts in immune follicular dendritic cells,
where it has been speculated that it plays a role in the pre-
vention of apoptosis of B-lymphocytes by inhibition of ca-
thepsin B (36, 37). A recent proteomic study postulated rele-
vant functions of stefin A in mouse neonatal skin during
development and in immune response (38), role probably
related to the significant presence of stefin A found in this
study in preterm whole saliva. Some authors have established
the participation of this protein in the structural organization of
cornified cell envelope too (39).

Stefin B is more widely distributed inside the cytoplasm of
most human cells and increased levels have been described
in a variety of malignant tumors (40). Its gene expression is
increased in human monocytes following stimulation by li-

popolysaccharides (41) and it plays important and composite,
although not defined, roles in neural stem cells and in differ-
entiated neurons and astrocytes (42). Moreover, it is an intra-
cellular modulator of rat bone reabsorption (43). However, a
possible correlation between stefin A and B with other pro-
teins such as SPRR3 and S100 proteins are presently not
known.

Antileukoproteinase could also be involved in the develop-
ment of mucosal epithelia. This protein is an inhibitor of gran-
ulocytic serine proteases, modulating granulocyte-endothe-
lium interaction (44) and it seems involved in the formation of
cartilage, because of its accumulation in normal but not in
arthritic cartilage (45).

TB, and TB,, are new entries in the repertoire of adult
salivary proteins and peptides (9, 46). Beta thymosins are
ubiquitous peptides with intra- and extracellular functions (47,
48), although the secretion pathway of these peptides is not
fully understood (49). TB, was shown to modify the rate of
attachment and spreading of endothelial cells on matrix com-
ponents inducing matrix metalloproteinases (50) and to stim-
ulate the migration of human umbilical vein endothelial cells
(51). Although TB, is a potent enhancer of angiogenesis, TB1o
inhibits it and changes of the two peptides concentration ratio
can exert either positive or negative control (52, 53). As dem-
onstrated by Reti and coworkers (54), TB, plays an important
role in suppressing the production of interleukin-8 following
stimulation by tumor-necrosis factor « and it acts on the
whole as antimicrobial, anti-inflammatory and anti-apo-
ptotic peptide on gingival fibroblasts. The properties of T4
are less known when compared with TB,. The results of this
study confirm that the two peptides are present in signifi-
cant amounts in preterm whole saliva, and at variance in
adult saliva, they derive mainly from salivary gland secretion
(8). TB, andTpB,, could play a role in angiogenesis, which
has also reported for some S100 proteins, mainly S100A4
(for recent review see (55)). The different biological role of
these peptides may be at the basis of the low correlations
observed among the levels of thymosins B and the other
proteins (Fig. 6).

The presence of large amounts of histone H1c in preterm
whole saliva is puzzling. Indeed, in the hypothesis of its re-
lease from cell shedding, other histones should have been
present in saliva. Similar consideration can be made for ly-
sozyme, because its defensive role against pathogens does
not fit with its decrease observed as a function of postcon-
ceptional age. The detection of «- and +-globins was re-
stricted to samples of all the subjects in the approximate
range of 194-240 days of postconceptional age. Their detec-
tion most probably is because of their release from the pre-
term mucosal epithelium.

Many of the proteins identified in this study are considered
to be tumor markers in the adult. This observation led us to
suppose that during fetal development the interplay between
these proteins might contribute to the molecular events re-
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sponsible for cell growth and death. On the contrary, the
abnormal regulation of their expression in the adult might be
at the basis of anomalous cellular growth and might be con-
nected to the development of different tumors with embryonal
etiology. Moreover, the recognition of tumor stem cells in
many solid cancers has reinvigorated the hypothesis of a
pluripotent stem cell as the cell of origin for cancer (56).
Because these tumor stem cells have direct access to em-
bryologic programs, including the capacity to produce pro-
teins and peptides normally secreted only during intrauterine
life (57), we can speculate that at least a part of the fetal
proteins described in this study, following disappearing in the
postnatal life, could reappear in cancer cells. Preliminary data
from our group on TB4 expression in salivary glands’ tumors
and in colon cancer (58) evidenced T4 reactivity in tumor
cells undergoing epithelial-mesenchymal transition, a highly
conserved cellular program typical of several stages of em-
bryonic development as well as of cancer invasion and me-
tastasis (59). This finding seems to further support our
hypothesis.

In conclusion, by analyzing a noninvasive specimen collec-
tion of saliva, this study suggests that the development of
preterm newborns, and fetuses, requires the presence of
distinct proteins of variable amounts at defined stages. Some
of them have been characterized in this study, but others are
waiting for a definitive identification. Further studies will be
conducted to investigate their functions and interplay and to
establish if they derive from gland secretion (as shown for
TB,), from the fetal oral epithelium or other sources.
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