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Abstract

Background/Objectives It is known that failure to gain sufficient bone during skeletal
growth and maturation phases predisposes to the development of senile osteoporosis
as age-related bone loss ensues. There is limited knowledge about factors that are nec-
essary for the pubertal growth spurt and achievement of peak bone mass. Diminution
or disappearance of Juvenile Protective Factors (JPFs) after a given maturational stage
could contribute to the onset of age-related declines in a variety of physiological func-
tions, including bone physiology. Methods With available pediatric platelet-poor plasma
(PPP) and mesenchymal/skeletal stem cells (MSCs), we tested whether proteomics and
RINA-seq methodology have potential for the discovery of novel regulators of pubertal
skeletal growth. Results Our data demonstrate that pediatric PPP rejuvenates age-related
compromised MSC functions; that Mass Spectrometry (MS)-based proteomics identified
known and novel circulating tissue growth/trophic factors in human PPP of pubertal, as
compared with pre-pubertal, and post-pubertal subjects; and that the unbiased RNA-Seq
approach revealed new genes and networks of genes that are dramatically elevated or
diminished in pubertal MSCs. Conclusions The findings support the hypothesis that the
characterization of pro-osteogenic JPFs could lead to the identification of novel therapeutic
approaches to promote bone health in the elderly and of potential treatment regimens for
senile osteoporosis.
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1. Introduction

Skeletal adversities in early life have consequences throughout the lifespan. In some
studies of adults, height and bone mineral density have been shown to compromise
of individuals with a history of delayed puberty [1,2]. Before puberty, boys and girls
acquire bone mass at similar rates; after puberty, young men tend to acquire greater
bone mass than women, partially due to the pubertal growth spurt lasting for 4 years
in boys rather than 3 years in girls [2]. A longitudinal study showed that late maturing
females had compromised bone mineral content accrual compared with their early and
average maturing peers [3]. Evidence shows that children’s failure to gain sufficient bone
during skeletal growth and maturation predisposes them to the development of senile
osteoporosis [2—4].
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The skeletal growth spurt at puberty is defined as the rate of height increase or rate of
skeletal bone mineral accrual that peaks for girls at approximately 12 years of age, and for
boys at 14 years [5]. It is accompanied by increases in circulating estrogen and testosterone.
Growth hormone (GH) is considered the main regulator of pubertal growth by increasing
serum insulin-like growth factor-I (IGF-I) [6]. The timing of the pubertal growth spurt is
associated with the maximum increase in IGF-I [7], and the serum IGF-1/IGFBP3 ratio was
shown as the best marker for increased bone formation during puberty [8].

We and others showed that there is an age-related decline in osteoblast potential in
adult human mesenchymal stem/stromal stem cells (hMSCs) [9,10]. Little is known about
the effects of puberty on human MSCs. Previous findings showed that both estrogen and
vitamin D receptors in MSCs from children [11] raised the question of the interactions of
both hormones on the osteoblast differentiation of MSCs. Using what can be described
as an in vitro model of puberty, we reported that there was synergy for estradiol and
D3 (D) in stimulating osteoblastogenesis in MSCs from prepubertal girls [12]. It is unknown
whether other circulating factors contribute to the pubertal growth spurt. In this pilot
report, we tested whether proteome and transcriptome analyses could reveal novel factors
and mechanisms by which puberty stimulates skeletal growth in humans. Because of the
skeletal growth spurt at puberty, we began a program to investigate blood and MSCs from
pre-pubertal and pubertal subjects. With IRB approval, we obtained discarded platelet-
poor plasma (PPP) and excess discarded iliac marrow from children undergoing repair
of alveolar clefting [11,12]. In the case of this surgical procedure, intraoperative blood is
used to prepare platelet-rich plasma for engraftment with fresh iliac crest marrow. Excess
discarded PPP was used to assay known hormones and factors associated with puberty.
Excess discarded marrow was used to isolate MSCs for experimentation.

2. Materials and Methods
2.1. Human Subjects

Adult bone marrow tissues were obtained with IRB approval as femoral tissue dis-
carded during primary hip arthroplasty for osteoarthritis, as we described [10]. Specimens
were identified by age in years and sex; only males (M) were used in this pilot study.
Criteria for exclusion are rheumatoid arthritis, cancer, and other comorbid conditions that
may influence skeletal metabolism and patients who were taking medications that may
influence skeletal metabolism. With IRB approval, bone marrow samples were obtained
as fresh discarded excess iliac crest marrow used for the repair of alveolar cleft in patients
with non-syndromic cleft lip /palate as we described [11,12]. Blood was used to prepare
platelet-rich plasma (PRP) for use in the graft. Platelet-poor plasma (PPP) is a waste byprod-
uct of the preparation of PRP from the blood; we thought we could use it to characterize
the endocrine status of the subjects. Standard exclusion criteria included pre-existing
conditions or medications that may influence bone remodeling, matrix mineralization, and
hormonal regulation.

2.2. Human Bone Marrow-Derived Mesenchymal Stem Cells (hMSCs)

Adult human bone marrow-derived MSCs obtained from low-density marrow
mononuclear cells were expanded in 2-D monolayer culture with phenol red-free x-MEM
medium, 10% Fetal Bovine Serum-Heat Inactivated (FBS-HI), 100 U/mL penicillin, and
100 pg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). Osteoblast differentiation, pro-
liferation, cell cycle gene expression, and Senescence-Associated-3-galactosidase positive
(SA-B-Gal™) cells in hMSCs were assessed as we described [10].

The pediatric hMSCs were isolated from fresh excess iliac crest marrow as we de-
scribed [11] and cultured with phenol red-free a-MEM with 10% heat-inactivated fetal
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bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin, at 37°C humidified
atmosphere of 5% CO, in the air. The non-adherent cells were washed away at 48 h, and
the adherent hMSCs were expanded in monolayer culture with biweekly media changes.
All samples were used at passage 2 to avoid potential differences in gene expression seen
with prolonged culture and increasing cell passage.

2.3. Measurement of Testosterone Levels in PPP

The total testosterone levels in PPP were assessed by Liquid Chromatography-Tandem
Mass Spectrometry (LC/MS) in the Brigham Research Assay Core Brigham and Women’s
Hospital (Boston, MA, USA). In brief, total testosterone in human PPP was extracted by
solid phase extraction, eluted by High Performance Liquid Chromatography (HPLC), and
determined by Mass Spectrometry (MS) in an electrospray ionization source; deuterated
stable isotope dilution was utilized as an internal standard for the calibration of the assay.

2.4. Mass Spectrometry (MS)-Based Quantitative Proteomics of Human PPP Samples

PPPs were collected from pre-pubertal, pubertal, and post-pubertal subjects. MS-
based proteomics and bioinformatic analysis of MS-proteomics were performed with an
iTRAQ/TMT-based method on an Orbitrap Fusion-based NanoLC-MS/MS platform of
Mass Spectrometer at Creative Proteomics, Inc. (Shirley, NY, USA). For plasma samples,
steps were performed to deplete the interference of highly abundant proteins (albumin,
immunoglobulins) to identify and quantify more proteins, especially the low-abundant
proteins. For bioinformatic analysis, cluster analysis was used to classify a set of obser-
vations into two or more mutually exclusive unknown groups, based on combinations of
the interval variables. In this feasibility experiment of MS-proteomics with one sample
per group, a 2-fold cutoff was used to generate the heatmap. The p-value < 0.05 and fold
change < or >2 were used to define the differentially expressed proteins (DEPs) in the
proposed MS-proteomics analysis. The protein expression matrix was clustered by hierar-
chical clustering (Pearson distance, complete linkage clustering); cluster membership was
visualized by a heat map using the “heatmap.2” function from the “gplots” R-package. The
protein—protein interaction analysis of the potential JPFs generated plenty of hypotheses
for future experiments.

2.5. RNA-Seq Analysis

The total RNA isolated from three pediatric MSCs of pubertal (13M), pre-pubertal
(10M), and post-pubertal (24M) subjects with Trizol reagent (Invitrogen) were analyzed
with RNA-Seq analysis. The unbiased RNA-Seq analysis was performed with Low-input
Eukaryotic Smart-seq?2 at Broad Institute (Cambridge, MA, USA) as described [13,14]. The
Smart-seq2 supports full-length transcript sequencing from low input, which improves
detection and coverage by enabling full-length transcriptional profiling through optimized
reverse transcription, template switching, and pre-amplification to increase both yield and
length of cDNA inserts generated from low amounts of input RNA based on modified
versions of the described techniques. RNA-Seq data were initially analyzed with the
RNA-Seq pipeline of Basepair Tech, Inc. (New York, NY, USA).

2.6. Statistical Analysis

Allin vitro cellular experiments were performed at least in triplicate. The Kolmogorov—
Smirnov tool was used to test whether data sets were distributed normally. Group data are
presented as mean + SEM. Unless otherwise indicated, quantitative data were analyzed
with non-parametric tools, either the Mann-Whitney test for group comparisons or the
Spearman correlation test. If data allowed, parametric tools were used, either a t-test for
two groups or one-way ANOVA for multiple group comparisons with the Tukey significant
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difference test or Pearson correlation test for post hoc analyses. Multivariable regressions
were performed with GraphPad Instat Version 3.06 (GraphPad Software, La Jolla, CA,
USA) to determine the significant contribution variable(s). The value of p < 0.05 was
considered significant.

3. Results
3.1. Effects of Platelet-Poor Plasma (PPP) on hMSCs from Elders

Testosterone levels are essential in defining the pubertal stages of boys. Liquid
Chromatography—Mass Spectrometry (LC/MS) data showed that testosterone (T = 123 ng/dL)
in PPP from a pubertal (13-year-old, 13M) male subject was markedly different from pre-
pubertal (10M) (T = 22) and post-pubertal (24M) (T = 250) male subjects (Figure 1). In this
pilot study, we used these PPP examples as representatives of different pubertal stages.

300
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200 |

100

Total Testosterone (ng/mL)

10M 13M 24M

Figure 1. Total testosterone levels in PPP from pre-pubertal (10-year-old male, 10M), pubertal (13M),
and post-pubertal (24M) subjects.

Because of the reported age-related decline in the potential of hMSCs to differentiate
into osteoblasts [9,10], we tested whether PPP from different pubertal stage subjects had
in vitro regenerative effects on hMSCs from elders. The effects of 1% PPP on cell prolifera-
tion, markers of cellular aging, and osteoblast differentiation were quantified (Figure 2).
Three days after treatment, the 1% PPP from all males aged 10, 13, and 24 years signif-
icantly stimulated the proliferation of hMSCs obtained from an 83-year-old male (83M)
(Figure 2A,B). One day of treatment showed striking declines in expression of p21, p53,
and p16 in hMSCs from a 58-year-old male (58M); PPP obtained from a 10-year-old male
subject (10M) was the most effective at inhibition of cell cycle inhibitory genes in hMSCs
(58M) (Figure 2C). There was significant stimulation of osteoblast differentiation of MSCs
from an 83-year-old male at day 7 in osteogenic medium following 3 days’ pre-treatment
with PPP from younger subjects (Figure 2D). Another marker of cellular aging, senescence-
associated (-galactosidase positive cells (SA-B-gal*) was significantly reduced by PPP
in hMSCs from a 58-year-old male (Figure 2E). These findings indicate rejuvenating and
pro-osteoblastogenic activities in pediatric PPP.
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Figure 2. Effects of PPP on hMSCs from old subjects. (A) Photomicrographs of toluidine blue-O-
stained hMSCs (83-year-old male, 83M) in the Control, plus 1% PPP from 10, 13, or 24-y-o males
(10M, 13M or 24M) at 3 days (Magnification 180x). (B) After 3 days, PPP stimulated proliferation of
hMSCs obtained from 83M (** p = 0.0016, PPP from 10M, n = 6, vs. control, n = 9; * p = 0.031, PPP
from 13M, n = 6, vs. controls; ** p = 0.0031, PPP from 24M, n = 6, vs. controls). (C) RT-PCR showed
that 24 h treatments with 1% PPP downregulated p21, p53, and p16 in hMSCs (58M). (D) Effects of
PPP on osteoblast differentiation in hMSCs (83M). After confluence, hMSCs (83M) were pre-treated
for 3 days with 1% PPP in growth medium (x-MEM, 10% FBS) in a 24-well plate and changed
to osteogenic medium (x-MEM, 1% FBS, 10 nM dexamethasone, 5 mM (3-glycerophosphate, and
50 pg/mL ascorbate-2-phosphate) for 7 d. Pre-treatments with PPP significantly increased osteoblast
differentiation in hMSCs (83M) as shown by Alkaline Phosphatase (ALP) enzyme activity (** p < 0.01,
PPP of 10M vs. controls; *** p < 0.001, PPP of 13M vs. controls; *** p < 0.001, PPP of 24M vs. controls;
n =4, ANOVA). (E) Effects of PPP on SA-3-Gal* cells in hMSCs from an older male (58M). After
7 days, PPP reduced SA-B-Gal* cells. (* p < 0.05, PPP of 10M, n = 18, vs. controls, n = 16; *** p < 0.001,
PPP of 13M n = 18, vs. controls; *** p < 0.001, PPP of 24M, n = 18, vs. controls; ANOVA).

3.2. Mass Spectrometry-Based (MS)-Proteomic Analyses of PPP

Biologic network analysis was accomplished with MS-based proteomics for specimens
of PPP from males aged 10, 13, and 24 years (Figure 3). It is validating that IGF-I, a protein
known as abundant in PRP, is present in these PPP samples (Table 1). Of 287 detectable
serum proteins, 27 (9%) were higher and 112 (39%) lower in the 13M than in the 10M, with
no difference in 148 proteins (52%). There were 30 proteins either two-fold > or < in 13M
than their levels in 10M or 24M (Figure 3B, hierarchical cluster analysis of the 30 DEPs with a
two-fold-change cutoff). Some proteins of potential importance in the skeletal growth spurt
were found to be elevated in the pubertal specimen (13M) and lower in the samples from
the pre-pubertal (10M) and post-pubertal (24M) subjects, such as IGF-1/IGFBP, UNC13C,
HRP, Protein 5100, Kit, and CLEC3B/tetranectin (Figure 3C). The fold-change in CLEC3B in
13M vs. 10M or 24M was 1.4- and 1.2-folds, respectively. The UNC13C level in the PPP of
13M was >2-fold compared with its levels in 10M or 24M (1.9- and 35.5-folds, respectively
(Figure 3C). More details of examples of proteins distinctly different in PPP obtained from a
pubertal male subject (13M) are shown in Table 1.
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Figure 3. MS-Proteomic analysis of PPP obtained from pre-pubertal (10-year-old male, 10M), pubertal
(13M), and post-pubertal (24M) subjects. (A) Workflow for MS-Proteomics. (B) Hierarchical cluster
analysis of MS data (30 DEPs were shown with a 2-fold-difference cutoff). (C) MS-proteomic data
showed some proteins that were relatively higher in PPP from a 13-year-old male subject (13M).

Table 1. Examples of protein levels in PPP obtained from prepubertal (10M), pubertal (13M), and
post-pubertal (24M) male subjects.

Protein Intensity

Protein Description 10M 13M 24M

IGFBP6 IGF-binding Protein-6 27.6 16.5 28.1
Cathelicidin antimicrobial

CAMP peptide/LL-37 58.2 34.6 106.8
IGFBP1 IGF-binding Protein-1 60.4 37.1 38.3
KIT Mast/stem cell growth factor 507 63.9 576

receptor Kit

IGF-1 Insulin-like growth factor I 87.6 87.3 81.3
S100A9 5100 calcium binding protein A9 83.7 1124 92.9
ANPEP Membrane alanyl aminopeptidase 95.4 123.4 78.2
UNC13C Protein unc-13 homolog C 89.7 169.0 4.8

CLEC3B C-type lectin domain family 3, 1576 2176 1801

member B
HRP Haptoglobin-related protein 213.2 583.4 350.1

3.3. Quantitative Differences in Gene Expression in hMSCs Obtained from Pre-Pubertal, Pubertal,
and Post-Pubertal Subjects

Next-generation RNA sequencing (RNA-Seq) analysis with Low Input Eukaryotic
Smart-seq2 protocols was used to compare genes expressed in hMSCs from 10-, 13-, and
24-year-old males, shown respectively to represent pre-pubertal, pubertal, and post-pubertal
status (Figure 4). There were 126 genes expressed predominantly in hMSCs obtained from a
pubertal subject (13M), compared with pre-pubertal (10M) or post-pubertal subject (24M)
(Table 2). The Heatmap and Volcano plot show the differential expression data in pubertal
MSCs (Figure 4A,B, 13M vs. 10M and 24M). The expression count was analyzed by STAR
and differential expression by DESeq with RNA-seq pipeline (Basepair Tech, Inc., New
York, NY, USA). Many genes were not recognized as osteotropic, but the data indicate
interesting bone-related hits for the pubertal specimen: Endothelin 1, Natriuretic Peptide
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B, SPARC/osteonectin, TGF«, TGFERI, FGF2, Col IV, ICAM1, Fibronectin, etc. (Table 3) and
genes at low expression in the pubertal specimen, e.g., CCL8, MMP13, WSIP], etc. (Table 4).
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Figure 4. RNA-Seq analysis of hMSCs obtained from pre-pubertal (10-year-old male, 10M), pubertal
(13M), and post-pubertal (24M) subjects. (A) Heatmap shows the differential expression data of the
389 genes with >2-fold changes (up: crimson, 126 and down: blue, 263) in 13M vs. 10M and 24M.
(B) Volcano plot of differential expression of 13M vs. 10M and 24M (housekeeping gene GAPDH
is shown as a red dot; blue dots show significant differences). Expression count was analyzed by
STAR and differential expression by DESeq with RNA-seq pipeline (Basepair, Inc., New York, NY,
USA). (C) Clustering (principal coordinate analysis with DESeq2) showed the differences among
these hMSCs.

Table 2. Number of differentially expressed genes in hMSCs obtained from a pubertal male subject
(13M) vs. pre-pubertal (10M) and/or post-pubertal (24M) subjects.

Up Down
13M vs. 10M and 24M 126 263
13M vs. 10M 211 182
13M vs. 24M 439 266

Table 3. Examples of genes expressed at greater levels in hMSCs obtained from a pubertal male
subject (13M) TPM: Transcripts Per Million.

Symbol Description TPM
10M 13M 24M
TGFA Transforming growth factor o 1.39 4.36 0.37
IDO1 Indoleamine 2,3-dioxygenase 1 0.41 4.97 1.44
SYNM Synemin 2.57 10.21 224
NLRP2 NLR family pyrin domain containing 2 1.28 10.66 3.60
CCL3 C-C Motif Chemokine Ligand 3 4.37 13.95 1.77
EDN1 Endothelinl 2.02 19.92 2.96
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Table 3. Cont.
Symbol Description TPM

10M 13M 24M

IL1B Interleukin-13 4.02 20.93 5.14
S100B 5100 calcium-binding protein B 2.84 26.96 2.82
COL4A2 Collagen Type IV «2 Chain 12.62 29.43 10.95
NPPB Natriuretic Peptide B 9.93 35.39 0.29
CD274 Programmed death-ligand 1/PDL1 16.44 37.71 491
CXCL5 C-X-C motif chemokine 5 7.95 40.80 15.10
FGF2 Fibroblast growth factor 2 39.80 66.67 16.61
ICAM1 Intercellular Adhesion Molecule 1 75.11 14298  40.89
COL4A1 Collagen Type IV a1 Chain 37.67  150.05  59.49
SNHG5 Small Nucleolar RNA Host Gene 5 36.48  158.32  37.95
CNN1 Calponin 1 6749 25832  67.60

TGFBI Transforming growth factor beta induced  7080.74 8862.89 4876.15

Table 4. Examples of genes expressed at lower levels in hMSCs obtained from a pubertal male subject
(13M) TPM: Transcripts Per Million.

Symbol Description PM
10M 13M 24M
ITGA6 Integrin alpha 6 (ITGA6; CD49f) 1.70 0.71 4.18
CCLS8 CC chemokine ligand 8/MCP-2 6.52 0.74 5.74
SFRP4 Secreted frizzled-related protein 4 4.86 1.29 5.23

PDGFRA Platelet-derived growth factor receptor o 4.69 1.39 58.79
TGFBR3  Transforming Growth Factor Beta Receptor 3~ 4.33 2.10 11.99

MMP13 Matrix metalloproteinase 13 4730  5.95 20.53
LEPR Leptin receptor 6.99 6.22 38.10
WISP1 WNT1-induced Secreted Protein-1 17.12 7.34 62.96
SPOCK1 SPARC (osteonectin) 15.79 8.17 43.46
VCAM1 Vascular Cell Adhesion Molecule 1 7141 4052  228.56

4. Discussion

Osteoporosis is a major cause of morbidity and mortality through its association with
age-related fractures. Evidence shows that failure to gain sufficient bone during skeletal
growth and maturation phases predisposes to the development of senile osteoporosis [2—4].
There are critical gaps in our knowledge about the mechanisms mediating the pubertal
skeletal growth spurt and their relationships with detrimental skeletal changes that occur
with aging. Our underlying hypothesis is that diminution or disappearance of Juvenile
Protective Factors after a given developmental stage could contribute to the onset of age-
related declines in a variety of physiological functions, including maintenance of bone mass.
We further test the hypothesis with studies that suggest that precious, surgically discarded
clinical specimens may be useful for proteomic and gene expression analysis. There are
literature reports comparing osteoblast rejuvenation with plasma from young adults, cord
blood, amnionic stem cells, and young animals. One study showed that exposure to
a youthful circulation through heterochronic parabiosis did not reverse the diminished
osteochondrogenic activity of aged skeletal stem cells or improve bone mass or skeletal
healing parameters in aged mice [15]. Other studies using heterochronic parabiosis models
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showed that circulating juvenile factors did rejuvenate aged systems [16,17], including
bone and mesenchymal stem cells [18,19].

This report appears to be the first to test the feasibility of examining plasma and MSCs
from children for novel pubertal JPFs as an approach to discover new therapeutics for
age-related bone loss. Our data substantiate the use of available PPP to test the hypothesis
that puberty entails the production of circulating factors that stimulate skeletal growth.
First, pediatric PPP rejuvenated age-related MSC functions in vitro. Second, proteomic
analyses of PPP identified IGF-I, an osteotropic protein known to be abundant in PRP; other
known osteotropic factors were detected. Third, proteomic and gene expression analyses
identified factors not previously known to support bone growth.

Data from proteomic analysis of pediatric samples showed expected and unexpected
proteins. Growth hormone (GH) is considered the primary regulator of pubertal growth
by increasing serum insulin-like growth factor-I (IGF-I) [5]; the serum IGF-1/IGFBP ratio
was shown to be the best marker for increased bone formation during puberty [8]. Our
proteomic study determined that IGF-1/IGFBP1 and IGF-1/IGFBP6, which have potential
importance in the skeletal growth spurt, were elevated in the pubertal specimen and lower
in the samples from the pre-pubertal and post-pubertal subjects. These findings show
expected results from studies with PRP. Our proteomic study revealed previously unex-
pected plasma proteins associated with puberty, such as CLEC3B/tetranectin and UNC-13
homolog C (UNC13C a.k.a MUNC13-3). CLEC3B/tetranectin was elevated in the pubertal
stage; this is consistent with a report that stated that CLEC3B/tetranectin was associated
with bone mineralization in mouse experiments [20]. Furthermore, a transitory increase
in plasma CLEC3B/tetranectin was observed in early puberty, reaching its climax about
the age of 11 to 12 in girls and 14 to 15 in boys [21]. Other animal studies showed that
CLEC3B/tetranectin has a role in the positive regulation at the early stage of the fracture—
healing process, which was reflected in the delayed fracture healing in CLEC3B-deficient
mice [22]. Another animal study suggested that tetranectin is a candidate biomarker reflect-
ing bone metabolic turnover [23]. Protein UNC-13 homolog C (UNC13C, a.k.a MUNC13-3)
plays a role in the rapid communication between neurons [24,25]. Munc13-3 is almost
exclusively expressed in the cerebellum and regulates cerebellar synaptic transmission
and motor learning in mice [26]. Our data showed that the UNC13C/MUNC13-3 level is
highest in PPP from the pubertal stage. The roles of UNC13C/MUNC13-3 in bone growth
during puberty and adult bone homeostasis are unknown and need further study. These
are examples of opportunities guided by proteomic studies.

Data from RNA-Seq analysis showed expected and unexpected gene expression. Mes-
enchymal stem cells (MSCs) undergo self-renewal and differentiation, contributing to
speedy skeletal growth in early life; inducible premature MSC senescence during early
puberty in mice leads to impaired osteoblastogenesis as well as bone loss in later adult
life [4]. We used RNA-Seq analysis to compare genes expressed in hMSCs shown to repre-
sent pre-pubertal, pubertal, and post-pubertal status. These pilot RNA-Seq data suggest
interesting bone-related hits, e.g., genes elevated in the pubertal subject: Endothelin 1,
Natriuretic Peptide B, SPARC/osteonectin, TGFo, TGFBI, FGF2, Col 1V, etc. (Table 3) and
genes reduced in the pubertal subject, e.g., CCL8, MMP13, and WSIP1. 4). Endothelin-1
(EDN1) has a vital role in bone remodeling [27]. Endothelin-1 induces osteogenesis of bone
marrow-derived mesenchymal stem cells [28,29]. Our pilot RNA-Seq data showed that
EDN1/Endothelin-1 and its type B receptor, EDNRB, were expressed predominantly in
hMSCs obtained from a pubertal specimen (Table 3), implying that EDN1/EDNRB may
have a role in the pubertal growth spurt, but need further study. SPARC/osteonectin
is one of the most abundant non-collagenous proteins expressed in mineralized tissues
and plays a critical role in regulating bone remodeling and maintaining bone mass and
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quality [30]. Further studies are needed to determine whether SPARC/osteonectin is just a
bone-forming biomarker or plays a role in the pubertal growth spurt.

Platelet-poor plasma has a low number of platelets, which are the source of numerous
growth factors, but it was found suitable for proteomic analysis. PRP concentrate has been
used for a number of applications, but there is an inconsistency in the clinical outcomes.
Clinical benefits of PRP are attributed to regenerative effects of growth factors released from
platelets, the most abundant being PDGF-AB, TGF-31, and IGF-1 [31]. There is, nevertheless,
a striking lack of reproducibility in studies correlating growth factor content or bioactivity
with platelet count, age, or sex of the donor [31-35]. There is a growing literature on the
potential of banking umbilical cord blood and its derived MSCs for clinical uses [36]. While
the efficacy of adult blood plasma is attributed to its reduction in Reactive Oxygen Species
(ROS) [37-39], it has been shown that umbilical cord blood plasma’s effects go beyond ROS
reduction to promote cellular repair and rejuvenation pathways [40]. Investigation of the
detailed mechanisms of beneficial actions of pubertal PRP is likewise warranted.

There are limitations to this research. Additional markers of osteoblast differentiation
are frequently used for in vitro experiments, e.g., quantitative mineralization assays and
osteogenic marker expression. As a pilot study to test the feasibility of using available
surgically discarded tissues (PPP and marrow-derived MSCs) for research on factors that
mediate the pubertal growth spurt, it was not possible to assess the variability of proteomic
and gene expression results in multiple samples from each peri-pubertal period. When
these approaches become less expensive, larger R&D studies will become more feasible.
This study design requires great cooperation between researchers and reconstructive sur-
geons willing to provide them with surgical waste materials. More information about the
novel proteins and genes identified herein and their potential as preventive/therapeutic
agents for skeletal aging and osteoporotic fracture prevention would be available from
specific functional analyses in other model systems and from clustering or pathway enrich-
ment analyses to support biological interpretation. We used specimens from only male
subjects because of sex differences in timing and magnitude of the skeletal growth spurt at
puberty [2]. Future comparison of tissues from males and females will be necessary.

5. Conclusions

Platelet-poor plasma from children had rejuvenating effects on hMSCs from elders,
including an increase in osteoblast differentiation potential. This suggests that there may
be circulating factors that contribute to the pubertal skeletal growth spurt. Some candidate
proteins, both known and unknown to have osteotropic actions, were determined to be
increased in pubertal plasma. These findings support the hypothesis that this research
approach can identify novel factors that mediate the pubertal growth spurt. Initial RNA-Seq
studies with RNA from prepubertal, pubertal, and post-pubertal MSCs revealed potentially
significant bone-related hits. Although additional biological and reproducibility studies
are needed to test the hypothesis that trophic factors or genes elevated in the blood or
hMSCs, respectively, from subjects during the pubertal growth spurt are pro-osteogenic
JPFs and have the potential to prevent or reverse age-associated declines in stem cell
function, our exploratory research suggests that analysis of plasma and RNA from MSC in
the peripubertal periods may represent a new approach to identify potential rejuvenating
factors that could develop as therapeutic agents for age-related skeletal disorders.
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