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Abstract
Background  Human induced pluripotent stem cells represent a scalable source of youthful tissue progenitors 
and secretomes for regenerative therapies. The aim of our study was to investigate the potential of conditioned 
medium (CM) from hiPSC-mesenchymal progenitors (hiPSC-MPs) to stimulate osteogenic differentiation of human 
bone marrow-derived mesenchymal stromal cells (MSCs). We also investigated whether prolonged cultivation or 
osteogenic pre-differentiation of hiPSC-MPs could enhance the stimulatory activity of CM.

Methods  MSCs were isolated from 13 donors (age 20–90 years). CM derived from hiPSC-MPs was added to the MSC 
cultures and the effects on proliferation and osteogenic differentiation were examined after 14 days and 6 weeks. The 
stimulatory activity of hiPSC-MP-CM was compared with the activity of MSC-derived CM and with the activity of CM 
prepared from hiPSC-MPs pre-cultured in growth or osteogenic medium for 14 days. Comparative proteomic analysis 
of CM was performed to gain insight into the molecular components responsible for the stimulatory activity.

Results  Primary bone marrow-derived MSC exhibited variability, with a tendency towards lower proliferation and 
tri-lineage differentiation in older donors. hiPSC-MP-CM increased the proliferation and alkaline phosphatase activity 
of MSC from several adult/aged donors after 14 days of continuous supplementation under osteogenic conditions. 
However, CM supplementation failed to improve the mineralization of MSC pellets after 6 weeks under osteogenic 
conditions. hiPSC-MP-CM showed greater enhancement of proliferation and ALP activity than CM derived from 
bone marrow-derived MSCs. Moreover, 14-day cultivation but not osteogenic pre-differentiation of hiPSC-MPs 
strongly enhanced CM stimulatory activity. Quantitative proteomic analysis of d14-CM revealed a distinct profile of 
components that formed a highly interconnected associations network with two clusters, one functionally associated 
with binding and organization of actin/cytoskeletal components and the other with structural constituents of the 
extracellular matrix, collagen, and growth factor binding. Several hub proteins were identified that were reported to 
have functions in cell-extracellular matrix interaction, osteogenic differentiation and development.
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Background
Mesenchymal stromal cells (MSCs) exhibit excellent 
osteogenic differentiation potential and have been exten-
sively studied for cell therapies, bone tissue engineering 
and regenerative therapies [1]. Despite numerous in vitro 
studies demonstrating the differentiation of MSCs and 
the formation of new bone-like matrix, in vivo studies 
have shown that the survival and engraftment of MSCs 
after transplantation into experimental bone defects is 
low, indicating the regenerative effects of MSC secretome 
[2–4].

The MSC secretome, often obtained from MSC cul-
tures as conditioned medium (CM), contains a complex 
mixture of secreted soluble signals and extracellular 
vesicles (EVs) that have been shown to promote stem 
and progenitor cell migration, proliferation and differ-
entiation [5, 6]. For therapeutic applications, CM offers 
important advantages over viable cell therapies, including 
the possibility of product sterilization and less stringent 
handling and storage requirements [7]. Unfractionated 
CM from primary human MSCs has already been shown 
to stimulate osteogenic differentiation and improve 

regeneration of bone defects in rodent models. In par-
ticular, human bone marrow-derived MSC-CM has been 
shown to promote healing of critical-sized calvarial bone 
defects in rats to a greater extent than the transplanted 
viable MSCs [8]. In a mouse model of distraction osteo-
genesis, local administration of bone marrow-derived 
MSC-CM accelerated the formation of new callus and 
bone healing through the recruitment of bone marrow-
derived MSCs, endothelial cells and/or endothelial pro-
genitor cells and the formation of a neo-angiogenic 
network [9]. Similarly, CM showed a therapeutic effect 
in a bisphosphonate-induced osteonecrosis-like model in 
rats [10]. The soluble CM components involved in these 
bone regenerative effects included vascular endothe-
lial growth factor (VEGF), insulin-like growth factor-1 
(IGF-1), transforming growth factor-β1 (TGF-β1) and 
monocyte chemoattractant protein-1 (MCP-1) [11–13]. 
In addition, the vesicular fraction of CM was shown to 
enhance fracture healing in a mouse model [14], and 
might present several advantages for clinical translation 
(as reviewed in [1]). EVs secreted by rat or human MSCs 
from bone marrow, adipose tissue, gum tissue, umbilical 

Conclusions  Our data show that hiPSC-MP-CM enhances early osteogenic differentiation of human bone marrow-
derived MSCs and that prolonged cultivation of hiPSC-MPs enhances CM-stimulatory activity. Proteomic analysis 
of the upregulated protein components provides the basis for further optimization of hiPSC-MP-CM for bone 
regenerative therapies.
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cord and human induced pluripotent stem cells (hiPSCs) 
have been shown to enhance osteogenic differentiation in 
vitro [15–22] and promote bone healing in rodent mod-
els [15, 18–23]. Molecular signals attributed to MSC-EVs 
include Wnt-3a [16], miR-196a [21], HIF-1α/VEGF [23], 
PI3K/Akt [20] and BMP-2/Smad1/RUNX2 signaling 
pathways [22].

In previous studies, primary MSCs from young donors 
and young adult animal models were frequently used to 
prepare and test the effects of CM on osteogenic differ-
entiation. However, advanced patient age is one of the 
main risk factors for delayed or failed bone healing [24, 
25]. With advanced age, changes in the systemic environ-
ment [26, 27] and bone tissue [28] can negatively impact 
the number and regenerative potential of MSCs [29]. In 
addition, the aging of MSCs, the inherent variability of 
MSCs derived from different donors, and the limited cell 
quantities and/or regenerative potential pose significant 
challenges for the clinical implementation of treatments 
using CM from primary human MSCs.

In contrast, human induced pluripotent stem cells 
(hiPSCs) represent a virtually unlimited source of youth-
ful, embryonic-like mesenchymal tissue progenitors 
(hiPSC-MPs), that have a high proliferation and differen-
tiation potential [30, 31]. Therefore, hiPSC-MPs can be 
standardized and upscaled for CM production. The origi-
nal aim of our study was to investigate whether hiPSC-
MP-derived CM can enhance osteogenic differentiation 
of human bone marrow-derived MSCs isolated from 
donors of different ages. In previous studies on the effect 
of CM on osteogenic differentiation and bone forma-
tion, CM was mostly prepared from subconfluent MSC 
cultures [8–10, 32]. We aimed to determine whether pro-
longed cultivation or pre-differentiation of hiPSC-MS 
under osteogenic conditions could enhance the stimula-
tory activity of CM. Finally, we performed quantitative 
proteomic analysis to identify molecular signaling com-
ponents associated with the enhanced stimulatory activ-
ity of d14-CM from prolonged hiPSC-MPs cultures.

Methods
Materials
Ascorbic acid-2-phosphate, ß-glycerophosphate, calf 
thymus DNA standard, dexamethasone, Dulbecco’s 
Modified Eagle’s Medium - high glucose (DMEM-hg), 
Dulbecco’s phosphate buffered saline (DPBS), gelatin, 
fetal bovine serum (FBS), 3-isobutyl-1-methylxanthine 
(IBMX), L-glutamine solution (L-glut), L-proline, phos-
phate buffered saline (PBS), penicillin-streptomycin 
(pen-strep), p-nitrophenol standard, trypsin-EDTA (10 
x solution), tissue culture water, transforming growth 
factor-beta 3 human (TGF-β3) and TRI Reagent® 
were purchased from Sigma-Aldrich (St.Louis, USA). 
DNase I, GlutaMAX, HyClone™ fetal bovine serum 

(HyClone-FBS), insulin-transferrin-selenium-ethanol-
amine supplement mixture (ITS-X), KnockOut™ DMEM 
(KO-DMEM), β-mercaptoethanol, nonessential amino-
acids and sodium pyruvate were purchased from Thermo 
Fisher Scientific (Waltham, USA). Basic fibroblast growth 
factor (bFGF) was purchased from PreproTech (Rocky 
Hill, USA) or Thermo Fisher Scientific.

Isolation and cultivation of human bone marrow-derived 
MSCs
Human bone marrow MSCs were isolated from the fem-
oral bone marrow of 11 patients (6 women, 5 men, aged 
43 to 90 years) undergoing hip replacement surgery at 
the Lorenz Bohler Unfallkrankenhaus, Vienna, Austria, 
with informed consent and full ethical approval (Ethics 
Committee for the AUVA Hospitals No. 1/2005, Febru-
ary 9th 2006). In addition, mononuclear cells from the 
bone marrow of two young adult donors (20-year-old 
woman and 22-year-old man) were acquired from Lonza 
(Basel, Switzerland). An overview of the characteristics of 
the donors is shown in Fig. 1. For the isolation of MSCs, 
remnants of the femoral tissue were transferred to a Petri 
dish, minced and washed with DMEM-hg supplemented 
with 1% pen-strep to obtain the bone marrow. The har-
vested bone marrow was centrifuged at 300 x g for 5 min. 
Commercial bone marrow-derived mononuclear cells 
were thawed by dilution in pre-warmed DMEM-hg sup-
plemented with 10% FBS and 1% pen-strep, and centri-
fuged at 300 x g for 5 min. The resulting cell pellets from 
both sources were resuspended and cultured in MSC 
growth medium consisting of DMEM-hg supplemented 
with 10% FBS, 1% pen-strep, 2 mM L-glutamine and 1 
ng/ml bFGF to establish primary cultures. The cultures 
were incubated at 37 °C and 5% CO2 with media changes 
twice a week. After reaching confluence, the plastic-
adherent cells (i.e. MSCs) were trypsinized and subcul-
tured at a seeding density of 5000 cells/cm2. The potential 
for proliferation in vitro was assessed over 6 consecutive 
passages. At the end of each passage, cells were counted 
and cumulative cell growth was determined as previously 
reported [33], taking into account the cells used for the 
characterization analyses. Average specific proliferation 
rate was determined for passages 1–6 for the analysis of 
correlation with donor age.

Characterization of human bone marrow-derived MSCs
The profile of surface antigen expression was determined 
in passage 5 cells. Briefly, the cells were trypsinized, 
washed and resuspended in a blocking buffer (PBS with 
1% FBS). Aliquots of 100,000 cells were incubated for 
30  min on ice in the dark with fluorescence-conjugated 
primary antibodies against CD44 (Cat. No. 555478), 
CD73 (Cat. No. 550257), CD90 (Cat. No. 555596), 
CD146 (Cat. No. 561013), CD31 (Cat. No. 555446) and 
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the isotype controls IgG-PE (Cat. No. 555749) and IgG-
FITC (Cat. No. 555786), all from BD Biosciences (San 
Jose, USA). In addition, antibodies against CD105 (Cat. 
No. ab53321, Abcam, Cambridge, United Kingdom), 
CD14 and CD45 (Cat. Nos. 21279143 and 21270453, 
ImmunoTools, Friesoythe, Germany), CD34 (Cat. No. 
IM1870, Beckman Coulter, Brea, USA) and HLA-DR 
(Cat. No. 12-9952-4, eBioscience, San Diego, USA) were 
used. After staining, cells were washed, resuspended 
in blocking buffer and immediately analyzed using the 
Cytoflex flow cytometer and CytExpert software (Beck-
man Coulter). Positive expression of surface markers was 
determined using a combination of fluorescence minus 
one and isotype controls. For the negative controls, the 
gates were set to 1%.

Tri-lineage differentiation potential was determined in 
monolayer and pellet cultures, as previously reported [30, 
34], using cells from passages 3 to 5. For osteogenic dif-
ferentiation, cells were seeded in 24-well plates at a den-
sity of 5000 cells/cm2 and cultured in osteogenic medium 
consisting of DMEM-hg supplemented with 10% FBS, 
1% pen-strep, 2 mM L-glutamine, and an osteogenic 
supplements 10 nM dexamethasone, 50 µM ascorbic 

acid-2-phosphate and 10 mM ß-glycerophosphate. 
For adipogenic differentiation, the cells were seeded in 
24-well plates at a density of 7400 cells/cm2 (a higher 
seeding density provided an additional adipogenic stimu-
lus) and cultured in an adipogenic medium, consisting of 
DMEM-hg supplemented with 10% FBS, 1% pen-strep, 2 
mM L-glutamine and adipogenic supplements 0.5 mM 
IBMX, 60 µM indomethacin, 0.5 µM hydrocortisone and 
1 µM dexamethasone. Control cultures for osteogenic 
and adipogenic differentiation were seeded in 24-well 
plates at a density of 5000 cells/cm2 and cultured in MSC 
growth medium without bFGF. The cells were inspected 
regularly and harvested after 25–28 days of culture 
before the monolayers detached due to cell overgrowth. 
Osteogenic and adipogenic differentiation was assessed 
according to standard procedures for Alizarin Red stain-
ing of calcium deposits and Oil Red O staining of lipid 
accumulations. The differentiation potential was quali-
tatively assessed as high (+++), positive (++), low (+) and 
negative (-). For correlation analysis, high differentiation 
potential was assigned value 3, positive potential value 2, 
low potential value 1 and negative potential value 0. For 

Fig. 1  Characterization of bone marrow MSCs. A) Cummulative proliferation of MSCs during 6 passages in vitro. B-C) Tri-lineage differentiation potential 
and proportion of senescence-associated beta-galactosidase positive cells. Individual MSC responses are summarized in the table (B). Donor responses 
were evaluated qualitatively as high (+++), positive (++), low (+) and negative (-). Representative images of three-lineage differentiation and positive 
beta-galactosidase staining are shown for donors F20 and M90 (C). Insets represent cultures in control media. Images for all donors are presented in Fig. 
S1A. D) Expression levels of surface antigens associated with MSCs. Individual flow cytometry charts for all donors are presented in Fig. S1B
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combined differentiation rank, the three differentiation 
ranks were summed-up.

For chondrogenic differentiation, 250,000 cells were 
transferred to microcentrifuge tubes and centrifuged at 
300 x g for 5  min. The resulting cell pellets were either 
cultured in chondrogenic medium consisting of DMEM-
hg supplemented with 1% pen-strep, 1% ITS-X, 100 µg/
ml sodium pyruvate, 40  µg/ml L-proline, 100  nm dexa-
methasone, 50  µg/ml ascorbic acid-2-phosphate and 
10 ng/ml TGF-β3, or in MSC growth medium without 
bFGF as a control. After 4 weeks of culture, the pellets 
were harvested and processed for histologic analysis as 
described in the following section.

Senescence was determined in cells of passage 5. The 
cells were seeded in three replicates in 12-well plates at a 
density of 5000 cells/cm2. After 2–3 days, when the cul-
tures had reached 30–50% confluence, senescence was 
determined using senescence β-galactosidase staining 
kit (Cell Signaling Technology, Danvers, USA), according 
to the manufacturer’s instructions. The stained cultures 
were imaged using an inverted microscope (Primovert) 
mounted with a digital camera (AxioCam ICc5, Zeiss, 
Oberkochen, Germany). Six non-overlapping fields were 
imaged for each well, and the number of senescent cells 
and the total number of cells were counted indepen-
dently by two investigators. Senescence was expressed as 
the percentage of beta-galactosidase-positive cells out of 
the total number of cells.

Preparation of conditioned media from hiPSC-MPs and 
bone marrow-derived MSCs
hiPSC-MPs were derived in our previous study (line 
1013 A) and showed a strong growth and trilineage differ-
entiation potential, an expression profile of surface anti-
gens similar to that of bone marrow-derived MSCs, and 
a normal karyotype [30]. The cells were thawed, seeded 
in tissue culture flasks pre-coated with 0.1% gelatin in 
tissue culture water and cultured in a medium consist-
ing of KO-DMEM supplemented with 10% Hyclone-FBS, 
1% pen-strep, 2 mM GlutaMAX, 0.1 mM non-essential 
amino acids, 0.1 mM β-mercaptoethanol and 1 ng/ml 
bFGF (Thermo Fisher Scientific). For CM preparation, 
hiPSC-MPs of passages 7–9 were seeded at a density 
of 10,000 cells/cm2 and cultured up to 80% confluent. 
Cultures were washed twice with PBS and incubated in 
DMEM-hg with 1% pen-strep for 48 h. CM from differ-
ent flasks was then collected, pooled, filtered and stored 
in aliquots at -80 °C. After CM collection, the cells in the 
different flasks were counted to determine comparable 
cell numbers. Control medium (CTRL) was prepared 
according to the same protocol in the absence of cells. 
Two large pools of hiPSC-MP-CM and CTRL medium 
were merged and used in all experiments except for eval-
uating the effects of prolonged hiPSC-MP cultivation and 

predifferentiation, in which separate CTRL and CM were 
prepared from subconfluent hiPSC-MP cultures. CM was 
also prepared from bone marrow-derived MSCs from 
three donors (M22, F71, F85) using the same condition-
ing protocol as described for hiPSC-MPs.

To investigate the effects of prolonged cultivation and 
pre-differentiation, CM was prepared from hiPSC-MPs 
cultured in either growth medium (d14-CM) or osteo-
genic medium (d14OST-CM) for 14 days. Osteogenic 
and growth medium were composed as described above 
for MSC characterization studies, except that the dexa-
methasone concentration in the osteogenic medium 
was increased to 1 µM, as previously reported for osteo-
genic differentiation of hiPSC-MPs [30], and the growth 
medium did not contain bFGF. Proliferation (DNA 
content) and alkaline phosphatase (ALP) activity were 
assessed at the beginning of conditioning in parallel 
hiPSC-MP cultures seeded in 24-well plates to confirm 
early osteogenic differentiation (see following sections). 
Osteogenic differentiation was further verified by stain-
ing for ALP activity (Leukocyte Alkaline Phosphatase 
Kit, Sigma-Aldrich) according to the manufacturer’s 
instructions.

Effect of conditioned media on adult/aged bone marrow-
derived MSC osteogenesis
Different types of CM and treatments have been used to 
investigate the effects of CM on osteogenic differentia-
tion of bone marrow-derived MSCs (see below).

Duration of hiPSC-MP-conditioned medium supplementation 
to enhance osteogenic differentiation
The effect of hiPSC-MP-CM on early osteogenic dif-
ferentiation was tested with passage 1 MSCs in mono-
layer cultures. MSCs were seeded in 96-well plates at a 
density of 8000 cells/cm2 in DMEM-hg containing 10% 
FBS, 0.1% pen-strep and 2 mM L-glutamine to ensure 
uniform seeding. After 24  h, the medium was replaced 
with CTRL and CM media freshly supplemented with 
10% FBS, 0.1% pen-strep and 2 mM L-glutamine. In addi-
tion, the CTRL + O and CM + O groups were formed by 
adding osteogenic supplements: 10 nM dexametha-
sone, 50 µM ascorbic acid-2-phosphate and 10 mM 
ß-glycerophosphate.

To assess the duration of CM supplementation, cul-
tures were either maintained in CM media and controls 
for 14 days, with complete media changes every 2–3 days 
(tested with MSCs from all 13 donors). Alternatively, 
short-term CM supplementation was tested (using MSCs 
from donors F71 and M89), in which MSC cultures were 
incubated in CTRL, CM, CTRL + O and CM + O media 
for three days, and then switched to regular control and 
osteogenic media (without CM or CTRL) for the remain-
ing 14 days of culture. In parallel groups, the three-day 
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supplementation was repeated in the second week (days 
7–10). Cultures were harvested after 7 and 14 days to 
determine proliferation (DNA content) and ALP activity.

For gene expression analysis, MSCs (donors M22, F71, 
M73, F87, M89 and M90) were seeded in 24-well plates 
at a density of 5000 cells/cm2, cultured in CTRL, CM, 
CTRL + O and CM + O media for 14 days, harvested in 
TRI Reagent® and stored at -80 °C until analysis.

Due to frequent overgrowth and detachment of mono-
layer cultures between the second and third week of 
culture in preliminary experiments, the effects on late 
markers of osteogenesis were tested in pellet cultures, 
as previously reported [30, 34], using passage 3 MSCs. 
Pellets were prepared from ~ 450,000 MSCs (donors 
F71 and M89) as described above for chondrogenic dif-
ferentiation and incubated in CTRL, CTRL + O CM and 
CM + O media for 6 weeks, with complete media changes 
every 2–3 days. At the end of the culture, the pellets 
were harvested and processed for histological analysis as 
described in the following section.

Effect of hiPSC-MP-conditioned medium dose
For the dose-response experiments, CM and CTRL 
media were successively concentrated using VivaSpin 20 
ultrafiltration devices with 30  kDa and 3  kDa MWCO 
(Sartorius, Göttingen, Germany) to obtain a 20-fold 
concentrated CM fraction. Dilution series of the con-
centrated CM and CTRL media (1:1, 1:2, 1:4 and 1:8 
dilutions) were prepared using fresh KO-DMEM supple-
mented with 10% FBS, 0.1% pen-strep and 2 mM L-glu-
tamine. In parallel, CM and CTRL dilution series were 
prepared supplemented with osteogenic supplements. 
CM and CTRL dilution series with/without osteogenic 
supplements were tested in 96-well plates with mono-
layer cultures of MSCs (donors F71, F85 and M89). Cul-
tures were continuously supplemented for 14 days as 
described above for CM and harvested at week 1 and 2 to 
determine proliferation (DNA content) and ALP activity.

Effects of cell source and hiPSC-MP prolonged cultivation/
osteogenic differentiation on conditioned medium 
stimulatory activity
The effects of hiPSC-MP-CM were compared with the 
effects of CM derived from MSCs from three donors 
(M22, F71 and M85) using responding MSCs from two 
donors (F71 and F85).

To assess the effects of prolonged cultivation or pre-
differentiation of hiPSC-MPs on CM functionality, 
CTRL, CM, d14-CM and d14OST-CM media with or 
without osteogenic supplements were tested with MSCs 
from donor F85. MSCs of passage 1 were seeded in 
monolayer cultures and continuously supplemented with 
different CM types for 14 days as described above, after 

which proliferation (DNA content) and ALP activity were 
determined.

DNA content determination
Proliferation of bone marrow-derived MSC in response 
to different CM and control media was analysed using 
the Molecular Probes™ CyQUANT™ Cell Proliferation 
Assay (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Briefly, cultures were harvested in 
96-well plates, washed once with PBS and cell monolay-
ers were stored at -80  °C until analysis. The plates were 
thawed to room temperature, then 200 µl of freshly pre-
pared fluorescent reagent was added to the wells and 
incubated for 5  min in the dark. The fluorescence was 
measured at 485/520 nm. The DNA concentration of the 
samples was determined using a standard curve prepared 
in parallel with the DNA standard provided with the 
assay kit.

To assess the proliferation of hiPSC-MPs after 14 days 
of culture in 24-well plates in growth and osteogenic 
medium (before the start of conditioning), DNA content 
was determined as previously described [35]. Briefly, cul-
tures were harvested in the well plates, washed once with 
PBS and digested overnight at 60 °C in a buffer containing 
150 mM NaCl, 55 mM Na citrate * 2H2O, 20 mM EDTA * 
2 H2O, 0.2 M NaH2PO4 * 1 H2O, 10 mM EDTA * 2 H2O, 6 
U/mL papain, and 10 mM cysteine in ddH2O (with a pH 
of 6.0). The digested samples were collected, centrifuged 
at 300 × g for 5 min, and the DNA content of the super-
natant was determined using Hoechst 33,342 dye in assay 
buffer (2  M NaCl, 50 mM NaH2PO4, pH 7.4). Samples 
were incubated for 5 min at 37 °C in the dark with slow 
shaking, and fluorescence was measured at 355/460 nm. 
The DNA concentration of the samples was determined 
using a standard curve generated with calf thymus DNA 
solutions of known concentrations.

Alkaline phosphatase activity determination
To determine ALP activity, cell monolayers were washed 
in 96-well plates and stored as described above for DNA 
content. After thawing to room temperature, ALP activ-
ity was determined using Alkaline Phosphatase Yellow 
(pNPP) Liquid ELISA substrate (P7998, Sigma-Aldrich), 
as previously reported [36]. Briefly, 100 µl of the substrate 
was added to the wells, and the plates were incubated at 
37  °C until yellow color development. The reaction was 
stopped by adding 100  µl of 0.1  M NaOH, the reaction 
time was recorded, and the absorbance was determined 
at 405 nm. ALP activity was determined using a standard 
curve generated with p-nitrophenol solutions of known 
concentrations.

ALP activity of hiPSC-MPs after 14 days of culture in 
24-well plates in growth and osteogenic medium (at the 
beginning of conditioning) was determined as previously 
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described [35]. Cultures were harvested, washed and 
lysed in a solution containing 0.5% Triton X-100 in 0.5 M 
2-amino-2-methyl-1-propanol buffer with 2 mM MgCl2 
(pH 10.3). The lysed samples were centrifuged at 300 x 
g for 5 min and the ALP activity of the supernatant was 
determined by adding the 0.02  M p-nitrophenyl phos-
phate substrate solution to the extracted supernatant and 
incubating at 37  °C until yellow color development. The 
reaction was stopped by adding 0.2 M NaOH stop solu-
tion and the reaction time was recorded. The absorbance 
was measured at 405 nm and the ALP activity was deter-
mined using a standard curve generated with p-nitrophe-
nol solutions of known concentrations.

Gene expression analyses
MSCs grown for 14 days in 24-well plates in CM and 
control media were harvested in TRI Reagent® and 
total RNA was isolated according to the manufactur-
er’s instructions. The isolated RNA was treated with 
amplification-grade DNase I, and 300–800 ng of RNA 
was reverse transcribed into cDNA with the GoScript™ 
Reverse Transcription System 100 (Promega, Wisconsin, 
USA) using random hexamer primers. Real-time PCR 
was performed using the CFX96 Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, USA). 2 
µL of cDNA was added to a 25 µL reaction containing 
the TaqMan® Universal PCR Master Mix and one of the 
TaqMan® gene expression assays (Thermo Fisher Scien-
tific) for alkaline phosphatase (ALP, Hs01029144_m1), 
ostepontin (OPN, Hs00959010_m1), bone sialoprotein 
(BSP, Hs00173720_m1), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH, Hs02786624_g1) (URL links 
to assay information are provided in Suppl. Data File 1). 
Standard cycling conditions were used: 95 °C for 10 min, 
followed by 40 cycles of 95 °C for 15 s (denaturation) and 
60  °C for 60  s (annealing and extension). Results were 
exported with CFX Manager 3.1 (Bio-Rad Laboratories, 
California, USA) and analyzed in Excel (Microsoft, Red-
mond, USA) using the ΔΔCt method. The expression 
levels of osteogenic target genes were normalized to the 
expression level of the housekeeping gene GAPDH as in 
our previous studies.

Histological and immunohistochemical analyses
The collected pellets were washed with PBS and fixed in 
4% phosphate-buffered formaldehyde (Roti®-Histofix 4%, 
P087.3, Carl Roth, Karlsruhe, Germany) for 24 h. Samples 
were then rinsed, dehydrated in an increasing series of 
EtOH concentrations and embedded in paraffin using 
a vacuum infiltration device (Tissue Tek, Sakura Fine-
tek, Nagano, Japan). 4 μm thin sections were cut with a 
microtome (Microm HM 355  S, Thermo Fisher Scien-
tific), placed on glass slides and stored overnight at 37 °C 

to ensure optimal adhesion of the sections to the glass 
slides.

Immunohistochemical staining was performed to 
determine the presence of collagen type II. Sections 
were rehydrated in a descending EtOH series. Anti-
gen retrieval was performed by pepsin treatment (Pep-
sin Reagent Antigen Retriever, R2283, Merck KGaA, 
Darmstadt, Germany) for 10  min at 37  °C in a humidi-
fied chamber. The sections were then incubated with a 
primary antibody against collagen type II (MS 306-P1; 
Collagen II Ab-3 (clone 6B3), mouse monoclonal anti-
body, Thermo Fisher Scientific) for one hour at RT. After 
washing, the samples were incubated with a second-
ary HRP anti-mouse antibody (Bright Vision poly HRP-
Anti-Mouse IgG, VWRKDPVM110HRP, ImmunoLogic, 
Duiven, The Netherlands) for 30  min at RT. The signal 
was detected using the NovaRed® HRP peroxidase sub-
strate kit (ImmPACTTMNova RedTM, SK4805, Vector 
Laboratories, Burlingame, USA) according to the manu-
facturer’s instructions, and cell nuclei were stained with 
Haemalaun.

To visualize pellet morphology and growth in CM and 
control media with/without osteogenic supplements, 
sections were stained with hematoxylin and eosin, and 
pellet mineralization was assessed using the standard von 
Kossa staining procedure.

Determination of TGFβ−1 content
The concentrations of TGFβ−1 in CTRL, CM, d14-CM 
and d14OST-CM media samples were determined with 
the Quantikine® ELISA kit (R&D Systems, Minneapolis, 
USA) according to the manufacturer’s instructions using 
a standard curve generated with standards of known con-
centrations included in the kit.

Proteomic analysis
Samples of CTRL, CM and d14-CM from three inde-
pendent preparations were collected and stored at 
-80 °C until mass spectrometry (MS) proteomic analysis. 
Detailed MS analysis procedures are described in Suppl. 
Data File 1. Briefly, proteins were precipitated from the 
CM with a mixture of dichloromethane and methanol, 
followed by a series of centrifugation steps to remove 
the supernatant, leaving a pellet that was then air-dried. 
The pellets were dissolved in 50 µl of 50 mM triethylam-
monium bicarbonate (Sigma Aldrich) containing 0.1% 
RapiGest SF (Waters, Milford, USA) for protein solubi-
lization. Protein concentrations were measured using a 
nano spectrophotometer (DS-11, DeNovix, Wilmington, 
USA). The proteins were then reduced, alkylated, and 
digested with MS-grade trypsin (Thermo Fisher Scien-
tific) before being stored at -80 °C until further analysis. 
For nanochromatographic separation, a Nano-RSLC Ulti-
Mate 3000 system (Thermo Fischer Scientific) was used, 
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employing a PepMap C18 trap-column (Thermo Fischer 
Scientific) for sample loading and desalting and a 200 cm 
C18 µPAC column (PharmaFluidics, Ghent, Belgium) 
for separation of the digested proteins. The separation 
used a cooled aqueous loading phase and a gradient elu-
tion in which two mobile phases were mixed to improve 
the capture of hydrophilic analytes and optimize peptide 
separation. Peptides were then analyzed using both UV 
at 214 nm (3 nl UV cell) and a Q-Exactive Orbitrap Plus 
mass spectrometer (both Thermo Fisher Scientific). The 
collected raw MS data were searched against the human 
UniProt protein database (February 2023 version) using 
FragPipe 21.1 (Nesvilab, Michigan, USA; ​h​t​t​​p​s​:​/​​/​f​r​​a​g​​p​i​
p​e​.​n​e​s​v​i​l​a​b​.​o​r​g​/​​​​​) [37]. Statistical analysis and visualiza-
tion was performed using Perseus version 1.6.5.0 (Cox 
lab, Martinsried, Germany; ​h​t​t​​p​s​:​/​​/​c​o​​x​-​​l​a​b​​s​.​g​i​​t​h​u​​b​.​​i​o​/​
c​o​x​d​o​c​s​/​p​e​r​s​e​u​s​_​i​n​s​t​r​u​c​t​i​o​n​s​.​h​t​m​l​​​​​) [38]. The program 
String (https://string-db.org/) [39] was used to ​i​n​v​e​s​t​i​g​
a​t​e the biological relationship between the differentially 
expressed proteins and functional enrichments. The mass 
spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium [40] via the PRIDE 
partner repository with the dataset identifier PXD052766 
[41].

Statistical analyses
Data are presented either as individual values, or as a 
combination of mean ± SD with individual values. Nor-
mal distribution of the data was first tested using the 
Shapiro-Wilk test. Data showing a normal distribution 
were tested using t-test, one-way ANOVA or two-way 
ANOVA, followed by Tukey’s multiple comparison test. 
Data that did not show a normal distribution were anal-
ysed using the Friedman test followed by Dunn’s test for 
multiple comparisons. Correlations between specific pro-
liferation rate, senescence-associated beta-galactosidase 
expression (middle) and MSC donor age were evalu-
ated using Pearson’s correlation coefficient. Correlations 
between osteogenesis, chondrogenesis, adipogenesis, 
trilineage potential and MSC donor age were evaluated 
using Spearman’s rank correlation coefficient. The signifi-
cance level was set at 0.05 for all analyses. The analyses 
were performed using Microsoft Excel (Redmond, USA) 
for the t-test and GraphPad Prism 10 software (GraphPad 
Software, San Diego, USA). The type of analysis, number 
of samples and significant differences between groups are 
indicated in the legends of each figure. Detailed statisti-
cal analyses of the proteomic data are provided in Suppl. 
Data File 1.

Results
Primary human bone marrow-derived MSCs show a 
decrease in proliferation and differentiation potential 
and different degrees of senescence with increasing 
chronological age of the donors
We isolated MSCs from the femoral bone marrow of 11 
patients who had undergone hip replacement surgery 
(M43-M90) and from bone marrow mononuclear cells 
from 2 additional donors (F20, M22) from a commer-
cial source (Fig. 1, Fig. S1, Fig. S2). Overall, we observed 
a negative correlation between MSC proliferation rate 
and chronological age of the donor (Fig.  1A, Fig. S2A). 
We also observed a positive correlation between the 
senescence level and specific proliferation rate of MSCs 
(Fig. 1B, Fig. S2A). The fastest proliferation was observed 
in MSCs from young adult donors F20 and M22 and 
from donors F44 and M73, which had a low proportion 
of senescent beta-galactosidase positive cells (0.5-5%, 
Fig.  1B, Fig. S1A), whereas the slowest proliferation in 
MSCs was observed from donors F78 and M90, which 
had the highest proportion of senescent beta-galacto-
sidase-positive cells (34% and 39%, respectively, Fig. 1B, 
Fig. S1A). In general, the proportion of senescence-asso-
ciated beta-galactosidase-positive cells varied among 
MSCs isolated from donors of different ages (Fig. S2A).

A strong potential for osteogenic differentiation was 
observed in MSCs from donors F20 and M22, and a low 
potential for osteogenic differentiation in MSCs from 
donors M73 and F85 (Fig.  1B, C, Fig. S1A, Fig. S2B). 
All other MSCs showed no osteogenic differentiation 
potential, and the negative correlation between the MSC 
donor age and osteogenic potential was not significant 
(Fig. S2B). MSCs from young adult donor F20 showed 
the strongest chondrogenic differentiation potential, and 
MSCs from various adult and aged donors showed posi-
tive or low chondrogenic potential, with no correlation 
to MSC donor age (Fig.  1B, C, Fig. S1, Fig. S2B). How-
ever, the pellet size and the area of extracellular matrix 
stained positive for collagen type II were smaller in adult 
and aged donors compared to MSCs from donor F20 
(Fig. S1). Interestingly, MSCs from donor M22 showed 
no chondrogenic differentiation potential in vitro. The 
adipogenic differentiation potential was highest in 
MSCs from donors F20, M22 and M43 and moderate in 
cells from donor M73 (Fig.  1B, C, Fig. S1). MSCs from 
all other donors showed low adipogenic differentiation 
potential, indicating the significant negative correlation 
between adipogenic potential and MSC donor age (Fig. 
S2B). Overall, our data suggest that the proliferation 
and trilineage differentiation potential of bone marrow-
derived MSCs significantly decreases with increasing 
chronological age of the donors (Fig. S2).

Expression of the MSC-associated surface antigens 
CD44, CD73, CD90 and CD105 was detected in > 98% 

https://fragpipe.nesvilab.org/
https://fragpipe.nesvilab.org/
https://cox-labs.github.io/coxdocs/perseus_instructions.html
https://cox-labs.github.io/coxdocs/perseus_instructions.html
https://string-db.org/
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of the cell population in all donors, while CD14, CD31, 
CD34 and CD45 were expressed in < 5% of the cell popu-
lation (Fig.  1D, Fig. S1B). Expression of CD146 varied 
between donors and was highest in cells from donors 
M22 and M73 (75% and 70% of the cell population, 
respectively). Expression of HLA-DR was detected in 
10–20% of cells from 5 donors, and MSCs from donor 
M73 had a high proportion of HLA-DR-positive cells 
(61% of the total population).

Conditioned medium of hiPSC-MPs enhances early 
osteogenic differentiation of aged bone marrow-derived 
MSCs
First, we investigated the effect of short-term supplemen-
tation with hiPSC-MP-CM on osteogenic differentia-
tion of MSCs from donors F71 and M89 (Fig. S3). It was 
found that neither 3-day supplementation with CM dur-
ing the first week of culture nor repeated 3-day supple-
mentation with CM during the first and second week of 
culture reproducibly increased DNA content (Fig. S3A, 
B, left graphs) and ALP activity (Fig. S3C, D, left graphs) 

compared to the control. In contrast, continuous 14-day 
supplementation of osteogenic cultures with CM resulted 
in significantly higher DNA content (Fig. S3A, B, right 
graphs) and ALP activity (Fig. S3C, D, right graphs) com-
pared to the control for both donors. (Fig. S3). Based 
on these results, we tested the response to continuous 
14-day CM supplementation with MSCs from all 13 
donors (Fig. 2). We found a significantly higher increase 
in DNA content in osteogenic cultures grown in CM 
compared to CM and control groups without osteogenic 
supplementation (Fig. 2A). In the osteogenic groups, we 
observed a trend towards increased DNA content in CM 
compared to the control, which was not statistically sig-
nificant. Evaluation of donor-specific MSC responses 
in osteogenic cultures showed a significantly increased 
DNA content in MSC from 8 donors cultured in CM 
compared to control, while MSC from 5 donors showed a 
comparable DNA content (Fig. 2B).

The increase in ALP activity after 14 days of culture 
was significantly higher in the osteogenic groups than 
in the non-osteogenic groups. In the osteogenic groups, 

Fig. 2  hiPSC-MP-conditioned medium enhances early osteogenic differentiation of bone marrow MSCs. A-B) DNA content and C-D) ALP activity quan-
tification after 14 days of continuous supplementation with CM or control medium under non-osteogenic and osteogenic conditions. Data is shown 
for MSCs from all 13 donors relative to week 1 (A, C) and individual donor responses are shown for cultures under osteogenic conditions (B, D). Group 
labels: CTRL—control, CM—conditioned medium, CTRL + O—control with osteogenic supplements, CM + O—conditioned medium with osteogenic 
supplements. Data represents individual values with mean (A, C, n = 13) or a combination of mean ± SD with individual values (B, D, n = 3–10). Statistically-
significant differences between the groups were evaluated using Friedman test followed by Dunn’s multiple comparisons test (A, C) or unpaired t-test (B, 
D), and are marked as: *p < 0.05; **p < 0.01
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a trend towards increased ALP activity was observed 
with hiPSC-MP-CM supplementation compared to the 
control (Fig. 2C). However, continuous 14-day CM sup-
plementation did not replace the requirement of adding 
osteogenic supplements, as CM and CTRL treatments 
were comparable. Evaluation of donor-specific MSC 
responses under osteogenic conditions showed signifi-
cantly increased ALP activity for MSC from 6 donors 
in CM compared to control, while MSC from 5 donors 
showed comparable ALP activity between the two groups 
(Fig.  2D). Interestingly, MSCs from 2 of the youngest 
donors showed a significant decrease in ALP activity in 
CM compared to control (Fig. 2D).

After 14 days of culture in hiPSC-MP-CM, a trend 
towards increased ALP gene expression was observed 
compared to the control medium without osteogenic 
supplements. Osteogenic supplementation of the con-
trol medium resulted in a significant increase in ALP 
gene expression compared to the non-osteogenic con-
trols, while the CM group under osteogenic conditions 
showed lower ALP expression compared to the control 
(Fig. S4A). Similarly, CM supplementation resulted in 
decreased gene expression of the late markers osteo-
pontin (Fig. S4B) and bone sialoprotein (Fig. S4C) after 
14 days of culture. Continuous 6-week culture of MSC 

pellets in CM with or without osteogenic supplements 
also did not result in increased pellet mineralization (Fig. 
S4D). Overall, our data suggest that CM can enhance 
early, but not late, osteogenic differentiation of adult/
aged bone marrow-derived MSCs.

Bone marrow-derived MSCs response to hiPSC-MP-
conditioned medium is dose-dependent
The response of bone marrow-derived MSCs to hiPSC-
MP-CM dilution series was tested in three donors (F71, 
F85 and M89) after 14 days of continuous supplementa-
tion. MSCs from donors F71 and F85 showed a significant 
increase in DNA content with increasing CM concentra-
tion compared to the control, both under non-osteogenic 
and osteogenic conditions (Fig.  3A). In contrast, M89 
cells in the CM groups showed an overall lower DNA 
content compared to the control, both under non-osteo-
genic and osteogenic conditions. However, we observed 
a trend towards increased DNA content with increasing 
CM concentration. ALP activity increased with increas-
ing CM concentration in MSCs from all three donors and 
was significantly higher in CM than in CM dilutions and 
in the control, both under non-osteogenic and osteogenic 
conditions (Fig. 3B). Overall, we found a dose-dependent 
response of proliferation and osteogenic differentiation 

Fig. 3  Osteogenic response of bone marrow MSCs to hiPSC-MP-conditioned medium is dose-dependent. A) DNA content and B) ALP activity quantifica-
tion after 14 days of continuous supplementation of MSCs (donors F71, F85, M89) with increasing doses of CM or control medium under non-osteogenic 
and osteogenic conditions. Group labels: CTRL—control, CM/8, CM/4, CM/2—conditioned medium dilutions 1:8, 1:4, 1:2, CM—conditioned medium, 
CTRL + O—control with osteogenic supplements, CM/8 + O, CM/4 + O, CM/2 + O—conditioned medium dilutions 1:8, 1:4, 1:2 with osteogenic supple-
ments, CM + O—conditioned medium with osteogenic supplements. Data represents a combination of mean ± SD with individual values (n = 4–5). 
Statistically-significant differences between the groups were evaluated using one-way ANOVA followed by Tukey’s multiple comparisons test and are 
marked as: *<0,05; **<0,01; *** <0,001; ****<0,0001
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of aged bone marrow-derived MSCs to hiPSC-MP-CM 
supplementation. In these experiments, CM supplemen-
tation alone replaced the need for osteogenic supple-
ments. However, the highest proliferation and osteogenic 
differentiation were found in CM group under osteogenic 
stimulation.

hiPSC-MP-conditioned medium shows stronger 
stimulatory activity compared to conditioned medium 
from bone marrow-derived MSCs
Next, we compared the osteogenic differentiation-stimu-
lating activity of hiPSC-MP-CM with conditioned media 
prepared from bone marrow-derived MSCs from donors 
M22, F71 and F85. In F71 cells, a significantly higher 

DNA content was observed for all conditioned media 
compared to the control, both under non-osteogenic 
and osteogenic conditions (Fig.  4A). For F85 cells, all 
conditioned media resulted in significantly higher DNA 
content compared to the control under osteogenic con-
ditions. When comparing CM cell sources, hiPSC-MP-
CM supplementation resulted in significantly higher 
DNA content compared to all MSC-conditioned media 
for both donors tested under osteogenic conditions. 
Under non-osteogenic conditions, hiPSC-MP-CM and 
M22-CM resulted in a significantly lower DNA content 
compared to CM from F71 and F85 cells.

ALP activity was significantly higher in MSCs from 
both donors in all CM groups compared to controls 

Fig. 4  hiPSC-MP-conditioned medium outperforms bone marrow MSC-conditioned media. A) DNA content and B) ALP activity quantification after 
14 days of continuous supplementation of MSCs (donors F71, F85) with hiPSC-MP-CM, CM from MSCs F20, F71 and F85 or control medium under 
non-osteogenic and osteogenic conditions. Group labels: CTRL—control, hiPSC-MP—conditioned medium from hiPSC-MPs, MSC M22/F71/F85—con-
ditioned medium from M22/F71/F85 cells, CTRL + O—control with osteogenic supplements, hiPSC-MP + O—conditioned medium from hiPSC-MPs with 
osteogenic supplements, MSC M22 + O/F71 + O/F85 + O—conditioned medium from M22/F71/F85 cells with osteogenic supplements. Data represents a 
combination of mean ± SD with individual values (n = 3–4). Statistically-significant differences between the groups were evaluated using one-way ANOVA 
followed by Tukey’s multiple comparisons test and are marked as: *<0,05; **<0,01; *** <0,001; ****<0,0001
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under osteogenic conditions (Fig.  4B). No significant 
differences in ALP activity were observed under non-
osteogenic conditions. With respect to CM cell source, 
ALP activity showed the highest values when MSCs were 
supplemented with hiPSC-MP-CM. In F71 cells, signifi-
cant differences were observed between hiPSC-MP-CM 
and CM from M22 and F85 cells. In F85 cells, significant 
differences were observed with M22-CM, which had 
lower ALP activity than other conditioned media groups. 
Overall, hiPSC-MP-CM showed a stronger enhancement 
of aged bone marrow-derived MSC early osteogenic dif-
ferentiation compared to CM from bone marrow-derived 
MSCs.

Prolonged cultivation under non-osteogenic conditions 
increases the stimulatory activity of hiPSC-MP-conditioned 
medium
In previous experiments, hiPSC-MPs were cultured to 
subconfluence prior to CM preparation. Next, we inves-
tigated whether prolonged 14-day cultivation (d14-CM) 
or pre-differentiation of hiPSC-MPs into the osteogenic 
lineage (d14OST-CM) could influence the stimulatory 
activity of the medium. We verified the osteogenic dif-
ferentiation of hiPSC-MPs, which showed significantly 
increased DNA content (Fig. S5A) and ALP activity (Fig. 
S5B) after 14 days of culture under osteogenic conditions 
compared to non-osteogenic conditions. Furthermore, 
osteogenic differentiation was confirmed by positive ALP 
activity staining (Fig. S5C).

Supplementation of F85 MSCs with d14-CM and 
d14OST-CM resulted in significantly higher DNA con-
tent compared to supplementation with regular CM 
when the MSCs were grown under non-osteogenic con-
ditions (Fig.  5A). Under osteogenic conditions, all CM 

groups resulted in significantly higher DNA content 
compared to the control. However, the DNA content was 
highest in the d14-CM group and was significantly differ-
ent from the d14OST-CM and CM groups.

ALP activity of F85 cells was significantly higher in the 
d14OST-CM group compared to the CM and control 
groups under non-osteogenic conditions (Fig. 5B). Under 
osteogenic conditions, the d14-CM group exhibited the 
highest levels of ALP activity overall, which was signifi-
cantly different from those of the d14OST-CM, regular 
CM and control groups. Taken together, these data sug-
gest that 14 days of prolonged cultivation enhances the 
potential of hiPSC-MP-CM to stimulate osteogenic dif-
ferentiation of bone marrow-derived MSC. We next 
evaluated concentrations of TGFβ−1, one of the major 
growth factors regulating osteogenesis and bone homeo-
stasis, and previously identified in the MSC secretome 
(Fig. 5C). Interestingly, concentration profile of TGFβ−1 
in the three different CM groups and the control medium 
corresponded to the response profiles of DNA content 
and ALP activity, with the highest TGFβ−1 levels found 
in the d14-CM, which had the highest increase in DNA 
content and ALP activity.

Enhanced d14-CM stimulatory activity is associated with a 
distinct profile of protein components that form a highly 
interconnected protein associations network
To identify CM protein components associated with 
improved functionality, we performed a comparative 
proteomic analysis of d14-CM (the group resulting in 
highest MSC responses), regular CM and conditioning 
control medium. A total of 472 proteins were identified 
in the three groups, with 33 proteins in control medium, 
75 proteins in regular CM only, 152 proteins in d14-CM 

Fig. 5  Prolonged cultivation of hiPSC-MPs under non-osteogenic conditions increases conditioned medium functionality. A) DNA content and B) ALP 
activity quantification after 14 days of continuous supplementation of MSCs (donor F85) with regular CM, prolonged cultivation CM, CM from pre-
differentiated hiPSC-MPs or control medium under non-osteogenic and osteogenic conditions. C) Quantification of TGFβ-1 content. Group labels: CTRL—
control, CM—conditioned medium, d14-CM—prolonged cultivation conditioned medium, d14OST-CM—osteogenic pre-differentiation conditioned 
medium, CTRL + O—control with osteogenic supplements, CM + O—conditioned medium with osteogenic supplements, d14-CM + O—prolonged 
cultivation conditioned medium with osteogenic supplements, d14OST-CM + O—osteogenic pre-differentiation conditioned medium with osteogenic 
supplements. Data represents a combination of mean ± SD with individual values (n = 4–5 for A, B; n = 3 for C). Statistically-significant differences between 
the groups (A, B) were evaluated using one-way ANOVA followed by Tukey’s multiple comparisons test and are marked as: *<0,05; ****<0,0001
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only, and 212 proteins in the two CM groups only 
(Fig. 6A, Suppl. Data File 2). Principal component analy-
sis showed that the CM groups and the control medium 
formed distinct entities (Fig. 6B).

For further quantitative analyses, proteins identified 
in the control medium were excluded and only the pro-
teins identified in at least 2 of 3 samples per CM group 
were included. Of the proteins found in both CM groups, 
26 proteins were significantly upregulated in d14-CM, 
including extracellular matrix protein perlecan (HSPG2, 
69-fold), actin-binding protein Lasp-1 (50-fold), insulin-
like growth factor binding protein 7 (IGFBP7, 42-fold), 
lysyl oxidase-like 2 (LOXL2, 33-fold), HtrA serine pep-
tidase 1 (HTRA1, 24-fold), thrombospondin 2 (THBS2, 
24-fold), protein disulfide isomerase family A member 
3 (PDIA3, 24-fold), extracellular matrix protein versican 
(VCAN, 21-fold) and secreted protein acidic and cyste-
ine-rich (SPARC, 20-fold) (Table  1, Suppl. Data File 3). 
On the other hand, 8 proteins were significantly down-
regulated in d14-CM compared to regular CM, including 
nucleophosmin 1 (NPM 1, 20-fold), stathmin 1 (STMN1, 
14-fold), ribosomal protein L12 (RPL12, 11-fold), pen-
traxin 3 (PTX3, 11-fold) and procollagen C-endopepti-
dase enhancer (PCOLCE, 10-fold) (Table 1, Suppl. Data 
File 3).

String network analyses were performed in which 
the proteins significantly upregulated in d14-CM were 
grouped with the proteins uniquely identified in d14-CM 
(Fig. 7) and the proteins significantly upregulated in regu-
lar CM were grouped with the proteins uniquely identi-
fied in regular CM (Fig.  8). We found that the proteins 
upregulated/unique in d14-CM formed a highly inter-
connected associations network with 97 nodes, an aver-
age node degree of 7.56, and a PPI enrichment P value of 
less than 1.0e − 16. Two main clusters were observed in 
the network, which had different functional enrichment 
terms according to Gene Ontology (GO) analysis. Cluster 

1 was strongly associated with actin filament bundle in 
cellular components; actin-, actin filament- and cytoskel-
eton protein binding in molecular functions; and actin 
filament-, actin cytoskeleton- and cytoskeleton organiza-
tion in biological processes (Fig. 7 left, Suppl. Data File 3). 
Hub proteins in Cluster 1 included cytoskeleton-associ-
ated proteins tropomyosin 1 (TPM1), TPM2 and TPM4, 
actin-related protein 3 (ACTR3), vasodilator stimulated 
phosphoprotein (VASP), actin binding LIM and SH3 
protein 1 (LASP1), myosin light chain 9 (MYL9), myosin 
heavy chain 10 (MYH10), actinin alpha 1 (ACTN1), fila-
min A (FLNA) and others (Table 1).

Cluster 2 was strongly associated with terms extracel-
lular matrix in cellular components; collagen-, growth 
factor- and extracellular matrix binding and extracellular 
matrix structural constituents in molecular functions; 
and negative regulation of angiogenesis in biological pro-
cesses (Fig. 7 middle, Suppl. Data File 3). Hub proteins in 
Cluster 2 included periostin (POSTN), fibrillin 1 (FBN1), 
bone morphogenetic protein 1 (BMP1), SPARC, VCAN, 
TBHS2, HSPG2, TGFβ−2 (TGFB2) and others (Table 1).

In addition, GAPDH presented as a highly intercon-
nected hub linking the two clusters, and the d14-CM 
network as a whole included proteins strongly associ-
ated with extracellular space in cellular components; cell 
adhesion molecule- and protein binding and structural 
molecule activity in molecular functions; and anatomi-
cal structure development, developmental process and 
supramolecular fiber organization in biological pro-
cesses, as well as many other terms (Fig.  7 right, Suppl. 
Data File 3).

In contrast, proteins that were upregulated or uniquely 
present in regular CM formed a less abundant network 
with 41 nodes with an average node degree of 2.15 and a 
PPI enrichment P value of 0.000106 (Fig. 8). Two smaller 
clusters were observed that had different functional GO 
enrichments. The proteins in cluster 1 were strongly 

Fig. 6  Proteomic analysis of hiPSC-CM preparations. (A) Venn diagram of protein components identified in regular CM, prolonged cultivation d14-CM 
and control medium (n = 3). (B) Principal component analysis showed that CM, d14-CM and control media form distinct entities. Group labels: CTRL—
control, CM—conditioned medium, d14-CM—prolonged cultivation conditioned medium
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associated with the commitment complex and the pro-
teasome core complex in cellular components and with 
RNA binding in molecular functions (Fig.  8 left, Suppl. 
Data File 3), and included hub proteins small nuclear 
ribonucleoprotein D3 polypeptide (SNRPD3), U2 small 
nuclear RNA auxiliary factor 2 (U2AF2), LSM3 homolog 
U6 small nuclear RNA and mRNA degradation associ-
ated (LSM3), proteasome 20  S subunit beta 2 (PSBM2) 
and PSBM6, and nucleophosmin 1 (NPM1) (Table  1). 

Cluster 2 proteins were strongly associated with the col-
lagen-extracellular matrix and the extracellular matrix in 
cellular components (Fig.  8 middle, Suppl. Data File 3) 
and included MMP2, COL6A2, COL6A3 and procollagen 
C-endopeptidase enhancer (PCOLCE) (Table 1). Proteins 
strongly associated with extracellular exosome, extra-
cellular region and extracellular space and membrane-
bound organelle in cellular components were distributed 
throughout the network (Fig. 8 right Suppl. Data File 3).

Table 1  Top upregulated (green) and downregulated proteins (red) in d14-CM compared to regular CM and their presence as hub 
proteins in string network of functional associations
Gene - protein Name Fold change 

d14-CM/CM
Hub Function Refer-

ence
HSPG2 - perlecan 69 d14 

CL2
Ubiquitous matrix stabilizing proteoglycan Roles in angiogenesis, connective tissue 
development and repair

[42]

LASP1 - 
LIM and SH3 protein 1

50 d14 
CL1

Ubiquious LIM subfamily signaling protein, overexpressed in cancer cells
Binds to actin cytoskeleton; has a role in embryonic development

[43]

IGFBP7 - insulin-like 
growth factor binding 
protein 7

42 d14 
CL2

Member of IGF-binding protein family
Induces osteogenic differentiation of bone marrow-derived MSCs

[44]

LOXL2 – lysyl oxidase 
like 2

33 d14 
CL2

Member of lysyl oxidase family
Catalyzes cross links in collagen and elastin

[45]

HTRA1 - HtrA serine 
peptidase 1

24 Member of serine protease family
Regulates availability of IGF-like growth factors

[46]

THBS2 – thrombos-
pondin 2

24 d14 
CL2

Member of thrombospondin family
Mediates cell-cell and cell-matrix interactions, influences bone fracture healing

[47, 
48]

PDIA3 - protein disul-
fide isomerase family 
A member 3

24 Ubiquious endoplasmic reticulum protein
Modulates protein folding, involved in production of ECM

[49, 
50]

VCAN - versican 21 d14 
CL2

Member of aggrecan/versican proteoglycan family, major component of ECM
Involved in cell adhesion, proliferation, migration, angiogenesis

[51]

SPARC - secreted 
protein acidic and 
cysteine-rich

20 d14 
CL2

ECM protein involved in matrix synthesis, and cell shape changes
Required for bone collagen calcification

[52]

BGN - biglycan 15 d14 
CL2

Member of small leucine-rich proteoglycan family of proteins
Role in bone growth, muscle development and regeneration, and collagen fibril as-
sembly in multiple tissues

[53]

FBN1 – fibrillin 1 12 d14 
CL2

Extracellular matrix glycoprotein
Component of calcium-binding microfibrils that provide structural support in con-
nective tissue

[54]

IGFBP2 – insulin 
growth factor binding 
protein 2

11 d14 
CL2

One of six proteins binding insulin growth factors
Promotes tumor growth, role in regulation of bone metabolism

[55, 
56]

NPM1 - nucleophos-
min 1

-20 CL1 Invovled in centrosome duplication, protein chaperoning, and cell proliferation
Sequesters tumor supressor ARF

[57]

STMN1- stathmin 1 -14 Member of stathmin family
Intracellular relay for signals of the cellular environment, regulates cell proliferation, 
destabilizes microtubules

[58]

RPL12 - ribosomal 
protein L12

-11 Component of the 60 S ribosomal subunit
Binds directly to 26 S rRNA

[59]

PTX3 - pentraxin 3 -11 Member of pentraxin protein family
Induced by inflammatory cytokines, plays a role in angiogenesis and tissue 
remodeling

[60]

PCOLCE - procollagen 
C-endopeptidase 
enhancer

-10 CL2 Ubiquious glycoprotein 
Mediates enzymatic cleavage of type I procollagen, heightens C-proteinase activity

[61]

d14 CL1 – protein hub in cluster 1 of d14-CM String associations network; d14 CL2 – protein hub in cluster 2 of d14-CM String associations network (shown in Fig. 7). 
CL1 – protein hub in cluster 1 of CM String associations network; CL2 - protein hub in cluster 2 of CM String associations network (shown in Fig. 8)
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Overall, our proteomic analyses revealed that pro-
teins functionally associated with actin/cytoskeleton 
binding and organization, structural components of the 
cell-extracellular matrix region, and binding to the extra-
cellular matrix are important CM components associated 
with increased functional activity of hiPSC-MP-derived 
d14-CM. On the other hand, proteins associated with 
RNA binding, splicing and the proteasome were down-
regulated in d14-CM compared to regular CM.

Discussion
Mesenchymal stromal cell secretome represents an 
attractive, potent alternative to viable cell therapies for 
bone regeneration. In the current study, we investigated 
the potential of CM derived from hiPSC-mesenchymal 
progenitors to induce osteogenic differentiation of adult/
aged human bone marrow-derived MSCs. hiPSCs were 
selected as a promising source of youthful human pro-
genitors that allow scaling up and standardization of 

Fig. 8  String analysis and gene ontology analysis of proteins upregulated/ present only in regular CM. Proteins strongly associated with specific molecu-
lar cellular components, molecular functions and biological processes gene ontology terms are shown for two major clusters and network as a whole. 
Line thickness indicates confidence. Proteins are labeled with the corresponding gene names

 

Fig. 7  String analysis and gene ontology analysis of proteins upregulated/ present only in d14-CM. Proteins strongly associated with specific molecular 
cellular components, molecular functions and biological processes gene ontology terms are shown for two major clusters and network as a whole. Line 
thickness indicates confidence. Proteins are labeled with the corresponding gene names
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CM production for potential clinical translation. Using a 
collection of primary bone marrow-derived MSCs from 
donors aged 20–90 years, we found that hiPSC-MP-CM 
enhanced early osteogenic differentiation of MSCs from 
different donors in a dose-dependent manner and to a 
greater extent than bone marrow-derived MSC-CM. 
Moreover, prolonged cultivation of hiPSC-MP prior to 
conditioning enhanced the stimulatory effect of CM, 
rather than osteogenic predifferentiation. The resulting 
d14-CM exhibited a distinct, enriched profile of protein 
components predicted to form a highly interconnected 
associations network, with protein functions related to 
actin/cytoskeleton components binding and organiza-
tion, cell-extracellular matrix region, collagen and growth 
factor binding, and developmental processes.

One of the major challenges in translating MSC-based 
therapies into the clinic is the variability of cells between 
different donors, which affects both the production and 
efficacy of therapeutic products [62, 63]. Intrinsic cell 
aging, as well as age-, disease- and risk factor related 
changes in the tissue and systemic environment may con-
tribute to the decline in regenerative potential of MSCs 
[29]. Consistent with previous reports, our collection of 
bone marrow-derived MSCs showed a significant decline 
in proliferation and trilineage differentiation potential 
with increasing chronological age of donors [64–66]. 
However, weak chondrogenic potential was found in 
several donors over 40 years of age and at least low adip-
ogenic potential in MSCs from all donors, which is con-
sistent with a previous report on MSCs from iliac bone 
marrow [67]. In contrast, previous studies showed osteo-
genic differentiation potential and in vitro mineralization 
of MSCs isolated from femoral bone marrow of donors 
in a similar age range [68–71], while we did not detect 
osteogenic differentiation in MSCs from most donors 
older than 40 years using our standard differentiation 
model in monolayer culture. As our ethical protocol 
was limited to information on age and sex of individual 
donors, no further correlations to donor-related fac-
tors could be detected. MSCs from different donors also 
showed different degrees of senescence, which corre-
lated with their proliferation potential in vitro [72]. The 
expression of surface antigens was largely consistent 
with the minimal criteria for defining MSCs [73]. Some 
deviation was noted for CD146, which has been shown 
to mark self-renewing clonogenic skeletal progenitors 
[74], as well as for HLA-DR, which has previously been 
detected for MSCs after normal culture expansion [75].

The effect of hiPSC-MP-CM on osteogenic differen-
tiation was tested on passage 1 cells, to limit the effects 
of in vitro culture on cell responses. We observed 
increased DNA content, indicative of cell proliferation, 
and increased ALP activity, indicative of early osteo-
genic differentiation, in MSCs from different donors that 

otherwise exhibited low differentiation under osteogenic 
stimulation without CM. These effects of CM exhibited a 
dose-response profile and required continuous CM deliv-
ery, as previously reported [9, 10]. It is noteworthy that 
ALP activity of MSCs from donors older than 40 years 
could not be increased to the highest levels observed in 
the two youngest donors. In contrast, ALP activity of 
MSCs from these youngest donors was decreased in CM 
compared to control medium, accompanied by increased 
DNA content, possibly indicating a shift in osteogenic 
differentiation kinetics due to increased cell prolifera-
tion [76, 77]. In contrast to previous reports [10, 12], we 
found decreased expression of late osteogenic marker 
genes and no mineralization in MSC pellets cultured in 
CM with/without osteogenic supplements. We attribute 
these results to the lower differentiation potential of 
MSCs isolated from older human donors compared to 
MSCs isolated from young rodents under in vitro condi-
tions [10, 12]. Interestingly, in our previous study, cultur-
ing bone marrow-derived MSCs from the same donors 
F71 and M89 on an extracellular matrix derived from the 
same hiPSC-MPs partially restored the mineralization 
capacity of the cells, although not to the same extent as 
in the young donor F20 [35]. It would be interesting to 
investigate whether the combination of CM components 
bound to the hiPSC-MP-extracellular matrix could fur-
ther enhance the activity of aged human bone marrow-
derived MSCs.

It is noteworthy that the effect of hiPSC-MP-CM on 
growth and osteogenic differentiation was higher than 
that of CM prepared from MSCs from donors M22, F71 
and F85. This is consistent with previous studies report-
ing that the decline in osteogenic capacity of chrono-
logically aged MSCs can be rescued to some extent by 
exposure to a young extracellular matrix microenviron-
ment [66, 78], and that CM derived from human fetal 
MSCs can ameliorate replicative senescence of human 
bone marrow-derived MSCs [79]. Our choice of the 
hiPSC line was based on our previous study in which 
MPs derived from this line showed strong growth and 
trilineage differentiation potential compared to two other 
lines, an expression profile of surface antigens similar to 
that of bone marrow-derived MSCs from two donors, 
and a normal karyotype. In contrast, MPs from another 
hiPSC line (11c) showed an aberrant profile of surface 
antigens and a very low trilineage differentiation poten-
tial [30]. Screening of cell sources with detailed compara-
tive analyses of CM and cell characterization would be 
required to clarify the differences between producer cells 
and the effects of donor age, genetic and epigenetic back-
ground of hiPSC lines and/or reprogramming process on 
secretome components.

Previous studies have shown that MSC cultivation con-
ditions, including serum deprivation [80], hypoxia and 
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treatment with proinflammatory factors [81–83] and 
traumatic/degenerative tissue secretome [84] strongly 
influence the properties of MSC-CM. With the aim of 
improving osteogenic differentiation of MSCs, we tested 
whether osteogenic pre-differentiation of hiPSC-MPs 
or prolonged cultivation could further enhance their 
CM activity. To the best of our knowledge, our study is 
the first to show a strong effect of prolonged cultivation 
of MSC-like progenitor cells on the potential of their 
CM to stimulate osteogenic differentiation. We found 
that increased levels of TGFβ−1, previously identified 
as one of the major bone regenerative components in 
the CM of MSCs [11, 12], corresponded with increased 
CM stimulatory activity. Furthermore, we detected a dis-
tinct, enriched profile of protein components in d14-CM 
compared to regular CM. Together with proteins unique 
to d14-CM, the upregulated proteins formed a more 
complex and more interconnected String network of 
functional associations than the proteins that were 
upregulated/unique in regular CM.

Several of the most upregulated proteins in d14-CM 
appeared as hubs with multiple connections in the String 
network for functional associations. Within cluster 2, 
which was functionally associated with ECM structural 
constituents and with collagen, growth factor and ECM 
binding, several upregulated hub proteins were identi-
fied. The most upregulated was perlecan, a multifunc-
tional, cell-instructive, matrix-stabilizing proteoglycan 
previously shown to promote embryonic cell prolifera-
tion, differentiation and tissue development, as well as 
connective tissue repair and angiogenesis through inter-
action with VEGF, PDGF, FGF and BMP [42]. Interest-
ingly, perlecan-based peptides and recombinant domains 
have already been used in tissue engineering studies to 
induce cell differentiation and deliver growth factors 
[42]. IGFBP7, another highly upregulated hub protein, 
has been shown to regulate osteogenic differentiation 
of human bone marrow-derived MSCs via the Wnt/β-
catenin signaling pathway [44] and has been used to 
convert human fibroblasts into osteoblasts [85]. Other 
upregulated hub proteins in cluster 2 included LOXL2, 
which has previously been investigated to increase col-
lagen cross-linking in tissue engineered osteogenic grafts 
[86]; thrombospondin 2, which has been shown to influ-
ence cartilage-to-bone ratio and vascularization during 
fracture healing [47, 48]; and versican, a large chondroi-
tin sulfate proteoglycan that plays a central role in tissue 
morphogenesis and maintenance by regulating TGFβ 
and BMP signaling [51]. Interestingly, the regulation of 
growth factor signaling by versican has been suggested to 
occur via the binding of fibrillin and latent TGFβ binding 
proteins [51], and fibrillin-1 was also one of the upregu-
lated hub proteins identified in d14-CM. SPARC, which is 
involved in ECM synthesis, cell adhesion and spreading, 

collagen calcification and maintenance of bone mass [52], 
PDIA3, which has been shown to promote a matrix-rich 
secretome via association with thrombospondin 1 and 
to stimulate fibroblast adhesion [50], biglycan, a mem-
ber of the family of small leucine-rich proteoglycans 
shown to regulate bone development and regeneration 
[53], IGFBP2, whose signaling has been shown to trig-
ger osteogenic differentiation of dexamethasone-treated 
human bone marrow-derived MSCs in cross talk with 
integrin alpha 5 [56], periostin, a structural component 
of bone matrix and a signaling molecule that stimulates 
bone formation [87] and growth factors BMP−1 and 
TGFβ−2 were also among the upregulated or uniquely 
identified proteins in cluster 2 of d14-CM network of 
functional associations. Periostin and BMP−1 have been 
shown to promote proteolytic activation of lysyl oxi-
dase, another unique protein of d14-CM, which catalyzes 
cross-linking between collagen fibrils and determines the 
mechanical properties of connective tissues [88]. Identi-
fied growth factors TGFβ−1, TGFβ−2 and BMP−1 belong 
to the TGF-β superfamily and exert essential functions 
during osteoblast and chondrocyte lineage commitment 
and differentiation, skeletal development, and homeosta-
sis [89].

On the other hand, LASP1 was an upregulated protein 
hub in cluster 1 of the d14-CM network that was func-
tionally associated with the binding and organization of 
actin/cytoskeletal components. LASP1 was first demon-
strated in mammary and other cancer cells, and it was 
only recently reported that it plays a role in embryonic 
development in the zebrafish model [43]. Several other 
cytoskeleton-associated proteins have been identified 
in cluster 1, including tropomyosin 1, -2 and − 3, myo-
sin light and heavy chain proteins and filamin A, which 
cross-links actin filaments, links actin filaments to 
membrane glycoproteins and is involved in cytoskeletal 
remodeling to induce changes in cell shape and migra-
tion [90]. Recently, filamin A has also been shown to be 
an important regulator of bone formation and resorption 
processes [91]. Overall, our analyses of d14-CM protein 
components indicate the importance of the extracellu-
lar matrix in interacting with MSCs and influencing cell 
shape and proliferation in the early stages of osteogenic 
differentiation, as well as for the sequestration of growth 
factors involved in bone regeneration. Previous stud-
ies have shown that not only soluble signals but also cell 
shape and cytoskeletal tension regulate osteogenic com-
mitment of MSCs via Rho signaling [92, 93], and new 
biomaterials with suitable micro- and nanotopography 
are currently being investigated to enable biomechanical 
stimulation during bone regeneration [94].

In contrast, the proteins that were upregulated in 
regular CM were mostly associated with RNA bind-
ing, splicing and the proteasome (cluster 1) and with the 
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extracellular collagen matrix and extracellular matrix 
components (cluster 2) (Table 1). Nucleophosmin 1 and 
stathmin 1, both of which play essential roles in the regu-
lation of cell proliferation, were the most upregulated [57, 
58]. Nucleophosmin is ubiquitously expressed in human 
cells, and stathmin 1 has been detected in human and rat 
osteoblast-like cells [95] and in growth plate chondro-
cytes [96]. Other upregulated components included the 
ribosomal component RPL12 [59], pentraxin 3, which 
has been shown to induce osteogenic differentiation in 
an inflammatory environment [60], and the procollagen 
C endopeptidase enhancer (PCOLCE), which mediates 
enzymatic cleavage of type I procollagen [61]. Over-
all, our analysis of regular CM suggests the presence of 
unique/upregulated components involved in protein 
metabolism and regulation of cell proliferation, in addi-
tion to components with functional connections in the 
extracellular matrix identified in both regular CM and 
d14-CM.

Previous studies have identified components associ-
ated with extracellular region, extracellular exosomes, 
extracellular matrix interaction, cell adhesion and cyto-
skeleton in CM preparations of MSCs from the amnion 
[97], adipose tissue, placenta, Wharton’s jelly and bone 
marrow [83, 98], as well as in hiPSC-, human embry-
onic stem cell- and human umbilical cord MSC-derived 
exosomes [99]. However, the potential of these CM/exo-
some preparations to enhance osteogenic differentiation 
has not been investigated. On the other hand, various 
growth factors and cytokines were identified as major 
components of unfractionated MSC-CM that promoted 
bone regeneration in animal models [8–12]. Our results 
complement these studies by showing that the enhanced 
stimulation of osteogenic differentiation of bone mar-
row-derived MSC by d14-CM is associated with a net-
work of protein components functionally involved in cell 
cytoskeleton assembly, extracellular matrix components, 
and cell-extracellular matrix interactions. Our data thus 
provide insight into the “amplified” profile of d14-CM 
of hiPSC-MPs, which could be further modulated by 
optimizing cell cultivation parameters, including media 
composition, oxygen level, senescence induction, bio-
chemical/biophysical stimulation, and culture dimen-
sionality [100].

It is also important to note that our proteomic analysis 
included unfractionated CM preparations, while previ-
ous studies showed specific effects mediated by the EV 
fraction of CM [19, 21, 23]. In our ongoing studies, we 
are investigating the effects of MSC source, chronologi-
cal age, and culture conditions on the release profile and 
cargo of EVs contained in MSC-CM. Given our current 
data, it is likely that further development of bone regen-
erative therapies based on CM will require not only the 
identification and combination of a few key “active” 

components in CM, but also the identification of com-
plex protein signaling networks that work together to 
achieve the best functional outcomes in promoting bone 
regeneration processes. It is likely that using CM prepa-
rations (or their separated and concentrated soluble or 
vesicular components) will present an advantage for bone 
regeneration over delivery of single identified secretome 
components.

The current study has several limitations. First, it was 
designed as a proof of concept and therefore only a sin-
gle hiPSC line was used for the preparation of CM. Our 
choice of the hiPSC line was based on our previous study 
in which MPs derived from this line showed a strong dif-
ferentiation potential compared to MPs from two other 
hiPSC lines, as well as a surface antigen expression profile 
similar to that of primary bone marrow-derived MSCs 
from two donors [30]. However, it is likely that screen-
ing of other hiPSC lines (with different genetic/epigen-
etic background) could yield MPs and secretomes with 
further improved regenerative properties. We propose 
that the protein networks identified in the current study 
would be useful in such screening/optimization studies. 
Second, osteogenic responses were tested using stan-
dard MSC differentiation models in monolayer and pel-
let cultures. In order to evaluate the responses of mature 
osteoblastic cells, MSC pre-differentiation would be 
required. Furthermore, testing of optimized CM prepa-
rations using in vivo models with well-considered dosing 
regimens and delivery approaches will be key to confirm 
their bone regenerative potential.

Conclusions
In conclusion, our data show that hiPSC-MP-CM 
enhances early osteogenic differentiation of adult/aged 
human bone marrow-derived MSCs, and this effect was 
stronger than that observed with bone marrow-derived 
MSC CM. Importantly, prolonged cultivation of hiPSC-
MP rather than osteogenic pre-differentiation strongly 
increased the stimulatory effect of CM. Proteomic anal-
ysis revealed a distinct, more complex protein profile 
in d14-CM, and the identified proteins formed a highly 
interconnected network of functional associations with 
roles in binding and organization of the actin/cytoskel-
eton, structural components of the cell-extracellular 
matrix region, and binding to the extracellular matrix. 
On the other hand, proteins functionally associated with 
RNA binding, splicing and the proteasome as well as with 
the extracellular matrix were upregulated in regular CM. 
Taken together, our analyses provide the basis for further 
optimization of hiPSC-MP-CM for bone regenerative 
therapies and demonstrate the importance of evaluating 
protein interaction networks to optimize the functional 
potential of CM for regenerative treatments.
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Abbreviations
CM	� Conditioned medium
CTRL	� Control medium
d14-CM	� Conditioned medium after 14 days in growth medium
d14OST-CM	� Conditioned medium after 14 days in osteogenic medium
Evs	� Extracellular vesicles
hiPSCs	� Human induced pluripotent stem cells
hiPSC-MPs	� Hipsc-mesenchymal progenitors
MSCs	� Mesenchymal stromal cells
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