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ABSTRACT 

The organization of the compartment of mesenchy- 
mal stem cells is still obscure. Two types of human 
stromal precursor cells are known. Both of them are 
analyzed in in vitro system: mesenchymal multipotent 
stromal cells (MMSC) and fibroblast colony forming 
units (CFU-F). The aim of this study was to compare 
the main characteristics of MMSC and CFU-F deriv- 
ed from the bone marrow of 24 healthy donors. Growth 
and differentiation parameters, as well as relative ex- 
pression levels of different genes were analyzed in 
MMSC and CFU-F. MMSC were cultivated for 5 pas- 
sages. CFU-F concentration was determined for each 
bone marrow sample. The data obtained demonstrat- 
ed the heterogeneity and hierarchical organization of 
both studied populations of stromal precursor cells- 
MMSC and CFU-F. These two types of stromal pre- 
cursor cells turned to be different in most parameters 
studied. Altogether MMSC seemed to be more imma- 
ture cells than CFU-F and took up the higher position 
in hierarchical tree of mesenchymal stem cells. The 
rate of differentiation and proliferative potential de- 
creased with the donor’s age in both populations 
MMSC and CFU-F. 
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(MMSC); Fibroblast Colony Forming Units (CFU-F); 
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1. INTRODUCTION 

Mesenchymal stem cells were identified by Arnold Caplan,  

who gave this name to the plastic-adherent stromal bone 
marrow cells and described their ability to differentiate 
into osteoblasts, adipocytes and chondroblasts [1]. By 
that time, the existence of two distinct types of stem cells 
in bone marrow hematopoietic and stromal was known. 
The first direct evidence was that nonhematopoietic, me- 
senchymal precursor cells were present in the bone mar- 
row originated from the work of Friedenstein and collea- 
gues [2]. These pioneering experiments involved the incu- 
bation of bone marrow mononuclear cells in vitro. The 
presence of highly heterogeneous adherent fraction was 
seen within a few days. After 3 - 7 days, individual foci 
of two to four fibroblasts were observed among others. 
These fibroblasts could differentiate into cells capable to 
form small deposits of bone or cartilage in vivo. These 
cells were termed fibroblast colony forming units or 
CFU-F. Several studies showed that CFU-F were multi- 
potent and could differentiate into osteoblasts, chondro- 
blasts, adipocytes, and even myoblasts (reviewed in [3]). 
The frequency of CFU-F in bone marrow suspensions 
varied among species, and the results were influenced by 
the culture conditions (reviewed in [4]). 

The identification of human mesenchymal stem (stro- 
mal) cells still depends on in vitro culture systems. Three 
in vitro systems are generally applied to examine these 
cells: the CFU-F assay, MMSC, and the cultivation of 
mesenchymal cell lines [5]. 

As mesenchymal stem cells’ self-renewing ability was 
not definitively proven in vivo, the world-wide communi- 
ty agreed to designate them mesenchymal multipotent stro- 
mal cells (MMSC) [6,7]. MMSC population is highly hete- 
rogeneous and has been shown in vitro to have the hier- 
archical structure [8-11]. The relationship between MMSC 
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and CFU-F is still obscure. Some authors consider MMSC 
and CFU-F to be identical [1,12]. Sometimes the MMSC 
content of bone marrow samples is estimated by the clas- 
sic (CFU-F) assay [13]. MMSC number in the bone mar- 
row is correlated positively with CFU-F concentration 
[14]. 

The aim of this investigation was to study the relation- 
ship between MMSC and CFU-F in the context of hier- 
archy in the compartment of mesenchymal stem cells. 
Both populations of stromal precursor cells studied in 
vitro demonstrated high heterogeneity. Taking into con- 
sideration the gene expression data, we suggest that the 
whole MMSC population is represented by more imam- 
ture cells than CFU-F and can be positioned higher than 
CFU-F in mesenchymal stem cells hierarchy. 

2. MATERIALS AND METHODS 

2.1. Culture and Characterization of MMSC 

MMSC were isolated from the bone marrow of 24 do- 
nors (12 males and 12 females) ranging in age from 16 to 
56 (median: 32 years). CFU-F was analyzed in the same 
bone marrow samples. Samples were collected after in- 
formed consent during aspiration of hematopoietic stem 
cells for allogeneic transplantation in the Department of 
Bone Marrow Transplantation. The protocol was approved 
by the local Medical Ethics Committee. 

MMSC were derived from 5 - 10 ml of donor’s bone 
marrow. For mononuclear cells, the bone marrow was 
mixed with an equal volume of alpha-МЕМ (ICN) me- 
dium containing 0.2% methylcellulose (1500 cP, Sigma- 
Aldrich). After 40 min, most erythrocytes and granulo- 
cytes had precipitated, while the mononuclear cells re- 
mained in suspension. The suspended (upper) fraction 
was aspirated and centrifuged for 10 min at 450 g. 

The cells from the sediment were resuspended in a stan- 
dard cultivation medium that was composed of alpha- 
MEM supplemented with 10% fetal bovine serum (Hy- 
clone), 2 mМ L-glutamine (ICN), 100 U/ml penicillin 
(Ferein) and 50 mg/ml streptomycin (Ferein). The cells 
were cultured at 3 × 106 cells per T25 cm2 culture flask 
(Corning-Costar). When a confluent monolayer of cells 
had formed, they were washed with 0.02% EDTA (ICN) 
in a physiological solution (Sigma-Aldrich) and then 
trypsinized (ICN). The cells were seeded at 4 × 103 cells 
per cm2 of flask growth area. The cultures were main- 
tained at 37˚C in 5% CO2. The number of harvested cells 
was counted directly; cell viability was checked by try- 
pan blue dye exclusion staining. 

All MMSC were immunophenotyped with the follow- 
ing markers using standard protocols: CD105, CD73, 
CD45, CD34, CD14 and HLA-DR. Antibodies were pur-
chased from BD Pharmingen (CD105, CD59, CD73, 

CD90, CD31, CD34 and CD14), Sigma (CD45, FSP) 
and DAKO (HLA-DR). 

For the CFU-F analysis, 106 and 5 × 105 mononuclear 
bone marrow cells were cultivated in T25 culture flasks 
in alpha-MEM supplemented with 20% fetal bovine se- 
rum (Hyclone), 2 mМ L-glutamine (ICN), 100 U/ml pe- 
nicillin (Ferein) and 50 mg/ml streptomycin (Ferein). 
CFU-F concentration was measured on day 14 after stain- 
ing with 4% crystal violet in 20% methanol. 

2.2. RNA Isolation and Quantitative Reverse 
Transcriptase-Polymerase Chain Reaction 

Total RNA was extracted from MMSC at passage 1 by 
the standard method [15], and cDNA was synthesized us- 
ing the mixture of random hexamers and oligo (dT) pri- 
mers. Gene expression levels were quantified by real- 
time quantitative PCR using hydrolysis probes (Taqman) 
and a Rotor-Gene 6000 machine (Corbett). Gene-specific 
primers were designed by the authors and synthesized by 
Syntol R&D. All primers and probes are provided in 
Supplement 1. The relative gene expression levels were 
determined by normalizing the expression of each target 
gene to the levels of BACT and GAPDH and calculated 
using the ΔΔCt method [16] for each MMSC sample. 

2.3. Statistical Analysis 

All values are presented as the means ± SEM. Data were 
analyzed using paired Student’s t-tests in Microsoft Ex- 
cel. Correlations were estimated by the Spearman coeffi- 
cient (R) in Statistica 6.0. P < 0.05 was considered signi- 
ficant. 

3. RESULTS AND DISCUSSION 

3.1. CFU-F Characteristics in Bone Marrow of 
Donors 

Concentration of CFU-F in bone marrow of healthy do- 
nors declined with donors’ age (R = −0.68, p = 0.004), 
that agree with data of other investigators [17-19]. 

The whole group of donors was divided on the basis of 
age: group younger than median (32 years) was designat- 
ed as “young”, and older than median as “old”. CFU-F 
concentration was significantly lower in the bone mar- 
row of old, while it did not depend on the donors’ gender 
(Figure 1(a)). 

The significant differences were revealed in relative 
expression level of genes markers of osteogenic osteopo- 
tin (secreted phosphoprotein 1, SPP1) and adipogenic pe- 
roxisome proliferator-activated receptor gamma (PPARG) 
differentiation that increased with donors age (Figure 
1(b)). The expression levels of these genes strongly cor- 
related with each other and with donors’ age (Table 1). 
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Figure 1. CFU-F characteristics in donors’ bone marrow. 
 

Table 1. Interconnections of CFU-F characteristics. 

Correlation Spearman, R p-level 

SPP1 with PPARG 0.91 0.000000001 

PPARG with donors’ age 0.69 0.0002 

SPP1 with donors’ age 0.68 0.0003 

FGFR2 with BMP4 0.67 0.0003 

BGLAP with FGFR1 −0.63 0.0010 

PPARG with FGFR2 −0.57 0.0034 

SPP1 with BMP4 −0.54 0.0067 

PPARG with BMP4 −0.48 0.0174 

SPP1 with FGFR2 −0.46 0.0240 

FGF2 with donors’ age 0.47 0.0197 

These data suggested the more differentiated status of 
CFU-F in old donors. Donors’ age also interconnected 
with relative expression level of basic fibroblast growth 
factor (FGF2) (Table 1). 

Relative expression levels of several genes correlated 
with concentration of CFU-F in the bone marrow of do- 
nors independently of their age (Table 2). 

Direct relationship between the expression of FGF2 
and CFU-F concentration strongly agreed with indirect 
relationship of CFU-F concentration with FGF2 receptor 
2 expression level. 

All data demonstrated the heterogeneity of CFU-F 
from bone marrow of different donors. 

 JBiSE 
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Table 2. Correlation of CFU-F concentration in donors’ bone 
marrow with relative expression levels of several genes in 
CFU-F derived colonies. 

Genes Spearman, R p-level 

BGLAP 0.50 0.015 

SPP1 −0.44 0.035 

PPARG −0.60 0.003 

FGFR2 0.45 0.031 

FGF2 −0.41 0.051 

BMP4 0.42 0.049 

3.2. MMSC Characteristics 

MMSC from the same samples of bone marrow of the 
donors whose CFU-F were studied in this work were 
immunophenotyped as described previously [20] and were 
shown to fit the standard for MMSC [7]. Cumulative 
MMSC production was analyzed for 5 passages. MMSC 
from donors were split to groups by the same criteria as 
CFU-F. No significant differences between groups were 
revealed (Figure 2(a)). However the distribution of cell 
production level between the groups strongly correlated 
with concentration of CFU-F in the same groups (R = 1, 
compare Figures 1(a) and 2(a)). Cumulative MMSC pro-  

 

 

 

Figure 2. MMSC characteristics. 
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duction inversely correlated with donors age (R = −0.68, 
p = 0.0003) so as FGF receptor 2 expression level (R = 
−0.63, p = 0.007). Analogous data were introduced by 
Maijenburg with coauthors [21,22]. Inverse correlation 
was also observed in the expression level of SPP1 and 
FGF receptor 1 (R = −0.76, p = 0.0003) as well as SPP1 
and the marker of chondrogenic differentiation SOX9 
expression levels (R = −0.51, p = 0.036). 

Comparison of MMSC from young and old donors re- 
vealed the decrease in expression levels of SPP1, PPARG 
and FGFR2 in old donors cells (Figure 2(b)). 

FGF2 is the main growth factor for stromal cells [23]. 
It acts through receptors type 1 and type 2 [24,25]. The 
proliferative potential of MMSC correlated with the ex- 
pression level of FGF receptors, that was reflected in the 
decrease of cumulative cell production and the expres- 
sion level of FGFR2 with aging. SPP1 as osteogenic dif- 
ferentiation marker indicates the diminishing of MMSC 
proliferative potential accompanied by the decrease of 
FGFR1 expression level. 

3.3. Comparison of MMSC and CFU-F  
Characteristics 

Some authors consider MMSC and CFU-F to be identi- 
cal [1,12]. Comparison of several genes’ expression level 
in MMSC and CFU-F derived colonies revealed signifi- 
cant differences between them (Figure 3). The differen-
tiation markers SPP1 and PPARG were highly expressed 
in CFU-F colonies that prove their more differentiated 
status than MMSC in stromal stem cells hierarchy. The 
increased level of FGFR2, VEGF and BMP4 in MMSC 
pointed to their more immature nature. 

This was accompanied with decreased expression of  

such differentiation markers as SPP1 and PPARG, but 
not SOX9. 

The expression level of SOX9 in MMSC was signifi- 
cantly higher than in CFU-F colonies. It might be ex- 
plained by the fact that chondrogenic differentiation is 
not typical for CFU-F unlike MMSC [26]. Nevertheless 
in the process of aging the expression level of SPP1, 
PPARG and FGFR2 decreased. It might underlay the re- 
duction of osteogenesis and bone formation during aging 
[27]. The MMSC population is highly heterogenic [28], 
the cells differ by their proliferative potential and most 
part of the population is presented by mature nonprolife- 
rating cells [29]. The hierarchy of MMSC lineage com- 
mitment was initially described as a sequential loss of 
adipogenic and then chondrogenic potential to yield os- 
teogenic progenitors [30,31]. Conversely, a subsequent 
study generated MMSC clones that exhibited adipogene- 
sis but not chondrogenesis was published, suggesting 
that the hierarchical relationships may be more complex 
than originally proposed [10,32]. Our data demonstrated 
the predisposition of MMSC to chondrogenic lineage. 
This contradiction might be caused by the variation in 
proportion of cells biased to different lineages in MMSC 
from different donors. 

On murine model it was shown that CFU-F are the 
progeny of MMSC [33]. 

The gene expression pattern in MMSC and CFU-F re- 
flect the relationship between these 2 types of human stro- 
mal precursor cell. The expression level of differentia- 
tion markers inversely correlated with type 2 receptor to 
FGF2 in MMSC (Table 3), while concentration of CFU- 
F in bone marrow correlates with FGFR1 expression in 

 

 

Figure 3. Comparison of gene expression in MMSC and CFU-F. 
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MMSC from the same bone marrow samples. Stromal 
precursor cells from individual bone marrow samples re- 
vealed the same differential tendency in both types of 
their progeny (MMSC and CFU-F). The existence of strong 
interrelationship between MMSC and CFU-F is also in- 
dicated by correlations between cumulative MMSC pro- 
duction with gene expression level in CFU-F (Table 4). 
The inverse correlation between SPP1 and PPARG ex- 
pression level with MMSC production was shown. So 
more differentiated precursor cells have less ability to pro- 
liferate. Also the expression level of FGF2 in CFU-F de- 
rived colonies inversely correlated with cumulative MMSC 
production. 

The CFU-F concentration in bone marrow of healthy 
donors varied from 0.33 to 118 per 106 mononuclear cells. 
In order to clarify the differences between stromal pre- 
cursor cells in CFU-F poor and rich bone marrow sam- 
ples, they were divided in 2 groups with more and less 
than median CFU-F concentration. The cumulative pro- 
duction of MMSC from bone marrow with low concen- 
tration of CFU-F was significantly lower than in the group 
with high CFU-F concentration (Figure 4(a)), that align 
with [14,34]. The expression levels of SPP1 and PPARG  

were significantly higher and BMP4 was significantly lo- 
wer in MMSC of CFU-F poor group (Figure 4(b)).  

 
Table 3. Correlation of gene expression level in MMSC and 
CFU-F derived colonies. 

Correlation Spearman, R p-level

SPP1 in CFU-F with FGFR2 in MMSC −0.66 0.004

PPARg in CFU-F with FGFR2 in MMSC −0.57 0.017

FGFR1 in CFU-F with SOX9 in MMSC −0.56 0.020

FGFR2 in CFU-F with PPARG in MMSC 0.52 0.034

CFU-F concentration with FGFR1 in MMSC 0.52 0.039

BMP4 in CFU-F with PPARG in MMSC 0.52 0.032

VEGF in CFU-F with VEGF in MMSC 0.44 0.085

 
Table 4. Correlation of gene expression level in CFU-F derived 
colonies with cumulative MMSC production for 5 passages. 

Correlation Spearman, R p-level

Cumulative MMSC production with FGF2 in 
CFU-F 

−0.49 0.015

Cumulative MMSC production with SPP1 in 
CFU-F 

−0.60 0.002

Cumulative MMSC production with PPARg in 
CFU-F 

−0.66 0.0005

 

 

 

Figure 4. Cumulative cell production (a) and gene expres-
sion levels (b) in MMSC of two donors’ groups. 
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Gene expression analysis in CFU-F from the same groups 
demonstrated inversed pattern in SPP1 and PPARG expres- 
sion (Figure 1(b)). This fact indicates that poor CFU-F 
number corresponds to more differentiated cells in the 
colonies. 

4. CONCLUSION 

The data obtained demonstrated the heterogeneity and hi- 
erarchical organization of both studied populations of 
stromal precursor cells MMSC and CFU-F. MMSC were 
presented by more immature cells than CFU-F and took 
up the higher position in hierarchical tree of mesenchy- 
mal stem cells. The differentiation rate and proliferative 
potential depended on the donors’ age in both MMSC 
and CFU-F populations. The proliferative potential, ex- 
pression levels of several genes, especially differentia- 
tion markers, and ability to osteogenic differentiation sig- 
nificantly reduced with age. The organization of mesen- 
chymal stem cells compartment needs further investiga- 
tions. 
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