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Our earlier paper has reported that Wharton’s jelly is a reservoir of several peptide growth fac-
tors, including acidic and basic fibroblast growth factors (aFGF and bFGF, respectively). Both can
be extracted by buffered salts solutions in the form of high molecular mass complexes, probably
with a component(s) of the extracellular matrix. Both aFGF and bFGF from such extracts hardly
penetrate 10% polyacrylamide gels during electrophoresis. Pre-treatment of Wharton’s jelly with
hyaluronidase slightly increased the extractability of aFGF, but did not affect the extractability
of bFGF. In contrast, the pre-treatment of tissue homogenate with bacterial collagenase (2000 U/
ml, 37°C, 18 h) increased the extractability of bFGF. The presence of B-mercaptoethanol in the
extracting solutions increased the extractability of both FGFs, but did not release FGFs in their
free form, despite reducing the molecular mass of the FGF-containing complexes. We conclude
that both aFGF and bFGF are bound through disulphide bonds to a protein component of Whar-
ton’s jelly. We propose that ground substance composed mainly of collagen fibrils and hyaluro-
nate molecules, which surrounds the cells of Wharton’s jelly, prevents the access of the extract-
ing solution to aFGF and bFGF. Although hyaluronate and collagen do not bind aFGF or bFGF
directly, they may constitute a barrier which prevents the dispersion of FGFs in Wharton’s jelly.
Thus, the high concentration of FGFs around the cells of Wharton’s jelly may facilitate the inter-
action of these factors with membrane receptors, thereby resulting in stimulation of cell division
and differentiation, as well as of the synthesis of extracellular matrix components.
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INTRODUCTION

The umbilical cord forms the connection be-
tween the placenta and the fetus. It contains one
vein and two arteries surrounded by a myxomatous
substance called Wharton’s jelly, consisting of a very
low number of cells and high amounts of extracel-
lular matrix (ECM) components, mainly collagen,
hyaluronate and several sulphated proteoglycans
(Sobolewski ef al., 1997; Franc ef al., 1998). The high
amount of hyaluronic acid makes this tissue highly

hydrated and the collagen content makes it resist-
ant to extension and compression evoked by foetal
movements and uterine contraction.

It is well known that biosynthesis of extracel-
lular matrix components is enhanced by several pep-
tide growth factors, especially insulin-like growth
factor-I (IGF-I) (Edmondson et al., 2003), fibroblast
growth factor (FGF) (Yu ef al., 2003) and transform-
ing growth factor 3 (TGF-{) (Shalitin et al., 2003).

FGFs are a group of cytokines which play
major regulatory roles in development, wound heal-
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ing, haematopoiesis and tumourgenesis. To date at
least 22 FGFs have been identified in vertebrate tis-
sues. Two of them, viz. acidic FGF (aFGF) and basic
FGF (bFGF), with molecular masses of 18-19 kDa,
are well characterised and important in human tis-
sues. They modulate cellular functions through four
distinct high-affinity membrane receptors with an in-
trinsic tyrosine kinase activity (Ornitz & Itoh, 2001).

Our previous paper (Sobolewski et al., 2005)
reported that Wharton's jelly is a reservoir of many
peptide growth factors, such as epidermal growth
factor (EGF), platelet-derived growth factor (PDGEF),
aFGF, bFGF, IGF-I and TGF-p. Since the number of
cells in Wharton’s jelly is very low and the amount
of ECM components is very high, it would seem
that such cells are strongly stimulated by peptide
growth factors to produce large amounts of collagen
and glycosaminoglycans. The FGFs probably belong
to the most important stimulators of these processes
(Yu et al., 2003).

The cells of Wharton's jelly were previously
described as myofibroblasts (Takechi et al., 1993;
Kobayashi et al., 1998), with ultrastructural charac-
teristics of both fibroblasts and smooth muscle cells.
They may function in both fibrogenesis and contrac-
tion, and recent papers (Mitchell et al., 2003; Weiss et
al., 2003; Wang et al., 2004) report that some stromal
cells have properties of potentially multipotent stem
cells. As with other stem cells they contain two spe-
cific markers: telomerase — an enzyme which allows
them to replicate the telomeres during the S phase
of mitosis, and the stem cell factor receptor — termed
c-kit (CD117). In response to bFGF they change
their phenotype into neuron-like cells or glia cells,
and may be xenotransplanted into the brain with-
out immunosuppression therapy (Weiss et al., 2003).
It therefore seems that the accumulation of FGFs in
Wharton's jelly plays an important role in the physi-
ological functions of stem cells. In this report we
evaluate the mechanism of FGF binding by extracel-
lular matrix components of Wharton’s jelly.

MATERIALS AND METHODS

Reagents. Hyaluronidase (type III, EC
3.22.1.35) H 2251 Sigma, collagenase (type VII, EC
3.4.24.3) C 0773 Sigma, heparinase III (EC 4.2.2.8) H
8891 Sigma, chondroitinase ABC (EC 4.2.2.4) C 2905
Sigma, [3-mercaptoethanol M 7154 Sigma, anti-hu-
man acidic FGF antibody MAB232 R&D Systems Inc,
anti-human basic FGF antibody MAB233 R&D Sys-
tems Inc, anti-human FGF-receptor 1 (R1) antibody
MAB658 R&D Systems Inc, Quantikine®, human
acidic FGF immunoassay DFAOOB R&D Systems Inc,
Quantikine®, human basic FGF immunoassay DFB50
R&D Systems Inc.

Tissue material. Studies were performed on
umbilical cords (UCs) of 10 newborns of the mean
body mass 3.668+£371 g, delivered by healthy moth-
ers (without any symptoms of pregnancy-associated
pathology), between 38 and 41 weeks of gestation.
In all cases, 20 cm long sections of the umbilical
cord were excised beginning from their placental
side and Wharton's jelly was carefully separated.

Preparation of tissue homogenates. Sam-
ples (600 mg) of tissue were suspended in 6 ml of
buffered solution (composition shown below) and
homogenised with the use of a knife homogeniser
(20000 r.p.m., 2x30 s, at 4°C) and then submitted to
ultrasonification (20 kHz, 3x10 s, at 4°C). In order
to prevent degradation or processing of aFGF and
bFGF, a mixture of proteolytic enzyme inhibitors
was applied. It consisted of 10 mM 6-aminohexanoic
acid + 10 mM EDTA + 10 mM benzaminide + 5 mM
N-ethylmaleimide + 1 mM phenylmethylsulfonyl
fluoride. The homogenates A, B, C and D were pre-
pared in various buffered solutions to provide op-
timal environments for the action of hyaluronidase
(A), collagenase (B), heparinase (C) and chondroiti-
nase (D).

Homogenate A was prepared in 100 mM ac-
etate + 30 mM NaCl, pH 4.0 (optimal for hyaluro-
nidase action). Homogenate B was prepared in 50
mM Tris/HCI + 8 mM CaCl,, pH 7.4 (optimal for
collagenase action). Homogenate C was prepared in
50 mM Tris/HCI + 1 mM CaCl,, pH 7.6 (optimal for
heparinase action). Homogenate D was prepared in
50 mM Tris/HCI + 60 mM sodium acetate, pH 8 (op-
timal for chondroitinase ABC action).

Extraction of aFGF and bFGF from tissue ho-
mogenates. Each homogenate was divided into three
equal parts. One was used as a control, the second
was supplemented with B-mercaptoethanol to a final
concentration of 5%, and the third was supplement-
ed with the appropriate hydrolytic enzyme relative
to the amount of their substrates in Wharton’s jelly
(Sobolewski et al., 1997). Thus, homogenate A was
supplemented with hyaluronidase (2000 U/ml), ho-
mogenate B with collagenase (100 U/ml), homoge-
nate C with heparinase (5 U/ml) and homogenate D
with chondroitinase ABC (6 U/ml).

The control, p-mercaptoethanol-treated and
enzyme-treated homogenates were incubated at
37°C for 18 h with occasional shaking and submitted
to centrifugation at 12000 r.p.m. for 30 min at 4°C.
Supernatants (referred to as extracts) were collected
and used for further studies. Those containing [-
mercaptoethanol were dialysed against correspond-
ing buffers (without p-mercaptoethanol) to remove
the reducing agent.

The amounts of aFGF and bFGF extracted
with the buffer: A, B, C and D were compared with
those extracted with the same buffers supplemented
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with p-mercaptoethanol or a hydrolytic enzyme:
hyaluronidase, collagenase, heparinase or chondroi-
tinase.

Determination of aFGF and bFGF in the ex-
tracts. The concentrations of aFGF and bFGF in the
extracts were assayed by an enzyme-linked immu-
noassay (ELISA) according to instructions provided
by the manufacturer (R&D).

Sodium dodecyl sulphate/polyacrylamide
gel electrophoresis (SDS/PAGE). Slab SDS/PAGE
was performed according to the method of Laemmli
(1970) with 10% polyacrylamide gels. The samples
(20 pl) were applied to the gel and the apparent mo-
lecular mass was recorded relative to the Bio-Rad
molecular mass standards of 207, 120, 92, 55.9, 34.5,
29 and 21 kDa.

Western immunoblot to detect aFGF, bFGF
and FGF RII. After SDS/PAGE the gels were allowed
to equilibrate in a mixture of 25 mM Tris and 0.2
M glycine in 20% (v/v) methanol for 5 min. Proteins
were transferred to 0.2 um pore-sized nitrocellulose,
at 250 mA for 1 h using a Bio-Rad Mini Trans-Blot®
Cell MiniPROTEAN® 3 electrophoresis unit. Nitro-
cellulose was blocked with 5% non-fat milk in TBS-T
(50 mM Tris, 0.5 M NaCl, 0.05% Tween 20, pH 7.4)
for 1 h at room temperature and probed with mono-
clonal antibodies to detect aFGF, bFGF and FGFR1
(Hossenlopp et al., 1986).

Activation of matrix metalloproteinases
(MMPs). To investigate the influence of MMPs on
the extraction of FGF, 600 mg of tissue was suspend-
ed in 6 ml of collagenase buffer (solvent B without
inhibitors of proteolytic enzymes) and homogenised
as described in Methods. The homogenate B was di-
vided into three equal parts. The first was immedi-
ately centrifuged at 12000 r.p.m. for 30 min at 4°C
and the supernatant was frozen at —20°C until used
as a control. The second was incubated at 37°C for
18 h with occasional shaking. The third was sup-
plemented with 2 mM aminophenylmercuric acetate
(APMA) in order to activate MMPs and incubated
under the same conditions. After incubation both
homogenates were centrifuged at 12000 r.p.m., for
30 min, at 4°C. Each supernatant was collected and
used for further studies.

Zymography. The procedure for zymography
of gelatinase activity was based on a modification of
the method of Hibbs et al. (1985). Each extract con-
taining 20 pg of protein was applied to 1% SDS, 10%
polyacrylamide gel containing gelatin at 1.5 mg/ml.
Electrophoresis was run under non-reducing condi-
tions at a constant voltage of 150 V. After electro-
phoresis SDS was removed by incubation in a solu-
tion containing 2% Triton X-100 at 37°C for 30 min.
The gel was then transferred into 0.05 M Tris/HCI
buffer (pH 8.0) containing 5 mM CaCl,, incubated at

37°C for 18 h and stained with 1% Coomassie Bril-
liant Blue R-250.

Statistical analysis. Mean values from 10 as-
says * standard deviations (S.D.) were calculated us-
ing statistical analysis with the Student’s t-test, ac-
cepting P<0.05 as significant.

RESULTS

Figure 1 shows that the amount of aFGF ex-
tracted from Wharton's jelly depended on the com-
position of extracting solution. Solvent A without
hyaluronidase extracted about 0.5 ng of aFGF from
1 g of Wharton's jelly whereas the presence of hy-
aluronidase increased the amount of extractable
aFGF to about 2.5 ng per gram of tissue. The pres-
ence of PB-mercaptoethanol exerted a similar (even
slightly higher) effect (Fig. 1).

Significantly more aFGF (>15 ng per g of tis-
sue) was extracted by solvents B and C and these
amounts were not significantly affected by the pres-
ence of collagenase or heparinase in the extracting
solutions. However, the presence of 3-mercaptoetha-
nol in both solvents increased the extractability of
aFGF, especially in solution C.

Solvent D extracted about 5 ng of aFGF from
1 g of tissue and this was not affected by the pres-
ence of chondroitinase ABC but the presence of f-
mercaptoethanol resulted in a two-fold increase of
aFGF extractability.

The extractability of bFGF also depended on
the composition of the extracting solutions (Fig. 2).
Solvent A failed to extract even a trace amount of
bFGF and treatments with hyaluronidase or {3-mer-
captoethanol did not affect the bFGF extractability.
Solvent B extracted more than 20 ng of bFGF from
1 g of Wharton's jelly and this amount more than

30- O buffer without addition
B buffer with enzyme
® buffer with f-mercaptoethancl

25 *p<0.05

20

aFGF (nglg of fresh tissue)

solvent A salvent B solvent G salvent D

Figure 1. Extractability of aFGF from Wharton’'s jelly.
Extractability with plain buffers and buffers supplemented
with those treated with (3-mercaptoethanol and with hy-
drolytic enzymes: hyaluronidase (solvent A), collagenase
(solvent B), heparinase (solvent C) and chondroitinase
(solvent D) is compared. Mean from 10 samples +S.D.
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Figure 2. Extractability of bFGF from Wharton’'s jelly.
Extractability with plain buffers and buffers supplemented
with those treated with p-mercaptoethanol and with hy-
drolytic enzymes: hyaluronidase (solvent A), collagenase
(solvent B), heparinase (solvent C) and chondroitinase
(solvent D) is compared. Mean from 10 samples +S.D.

doubled under the action of collagenase, whereas in
the presence of pB-mercaptoethanol an almost 3-fold
increase in bFGF extractability was observed.

Solvents C and D extracted about 12 ng of
bFGF, with heparinase having no affect on the ex-
tractability of bFGF and chondroitinase ABC exert-
ing only a slight (but statistically significant) increas-
ing effect. The presence of [3-mercaptoethanol in sol-
vent C almost doubled the bFGF extraction, whereas
in solvent D more than twice the amount of bFGF
was extracted compared to solvent D alone (Fig. 2).

SDS/PAGE followed by Western immunoblot-
ting did not detect free FGFs. Figure 3 shows that
aFGF extracted from Wharton's jelly hardly pen-
etrated the polyacrylamide gel, but the action of -
mercaptoethanol reduced this high molecular mass
substance to a band of a molecular mass of about 30
kDa. Furthermore, a band (probably a dimer) corre-
sponding to about 60 kDa appeared.

207 kDa — 3

120 kDa —>
92 kDa —

55.9 kDa —

34.5kDa —
29 kDa —

19 kDa —

12 3 4 5 6 7

Figure 3. Western immunoblot analysis for aFGF in ex-
tracts of Wharton’s jelly.

Lane 1, protein molecular mass standard; 2, extract with-
out B-mercaptoethanol; lane 3, extract with B-mercaptoeth-
anol; lane 4, extract with hyaluronidase; lane 5, extract
with collagenase; lane 6, extract with heparinase; lane 7,
extract with chondroitinase. Samples of 20 ul were run in
each lane.

207 kDa

120 kDa
92 kDa

A

55.9 kDa

|

34.5 kDa
29 kDa

19 kDa —

I

12 3 4 5 6

Figure 4. Western immunoblot analysis for bFGF in ex-
tracts of Wharton’s jelly.

Lane 1, extract without B-mercaptoethanol; lane 2, extract
with [-mercaptoethanol; lane 3, extract with hyaluroni-
dase; lane 4, extract with collagenase; lane 5, extract with
heparinase; lane 6, extract with chondroitinase. Samples of
20 ul were run in each lane.

In contrast to B-mercaptoethanol, the actions
of hyaluronidase, collagenase, heparinase, and chon-
droitinase ABC did not exert any effect on the elec-
trophoretic mobility of the protein reacting with the
anti-aFGF antibody. In no case was a band corre-
sponding to free aFGF detected.

Figure 4 shows that the extracts treated with
-mercaptoethanol together with the above men-
tioned enzymes produced an electrophoretic pattern
for bFGF very similar to those observed in the case
of aFGF. The treatment with [3-mercaptoethanol re-
sulted in the appearance of a 34 kDa band, but the
various enzyme treatments did not affect the electro-
phoretic pattern of bFGF extracted from Wharton's
jelly.

SDS/PAGE followed by Western immunoblot-
ting demonstrated that the extracts of Wharton’s jel-

207 kDa

120 kDa
92 kDa

L

iﬂ"-

b

559 kDa —
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—
—_—
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12 3 4 5 6 7

Figure 5. Western immunoblot analysis for FGFR-1 in
extracts of Wharton’s jelly.

Lane 1, protein molecular mass standard; 2, extract with-
out B-mercaptoethanol; lane 3, extract with 3-mercaptoeth-
anol; lane 4, extract with hyaluronidase; lane 5, extract
with collagenase; lane 6, extract with heparinase; lane 7,
extract with chondroitinase. Samples of 20 ul were run in
each lane.



Vol. 54

FGF binding by Wharton’s jelly

361

proMMP-2 —
MMP-2 —>

1 2 3

Figure 6. Zymography of Wharton’s jelly extracts.

Lane 1, control extract; lane 2, incubated extract; 3, extract
incubated with APMA. Samples of 20 pl were run in each
lane.

ly contained the FGFRI1 receptor (Fig. 5). The protein
bands which reacted with the anti-FGFR1 antibody
corresponded to a molecular mass of about 207 kDa,
but the reducing action of p-mercaptoethanol re-
sulted in the appearance of a band of about 100 kDa
which corresponded to free FGFR1. The enzymes
degrading extracellular matrix components did not
affect the electrophoretic pattern of FGFR1 extracted
from Wharton’s jelly.

Gelatin zymography of the extract of Whar-
ton’s jelly (Fig. 6) demonstrated the presence of ma-
trix metalloproteinase-2 precursor form (proMMP-2)
and conditions described in Materials and Methods
seemed to intensify the band corresponding to this
enzyme. The addition of APMA to the incubation
mixture resulted in the appearance of a lower mo-
lecular mass band corresponding to the active form
of MMP-2, in parallel to the disappearance of the
proMMP-2 band.

Figure 7 shows that incubation of the homoge-
nate in collagenase buffer resulted in a slight, but
statistically significant, increase in aFGF extractabil-
ity. At the same time the extractability of bFGF did
not change. The activation of MMPs with APMA re-

20 0O control sample

@ incubated sample

| incubated sample + APMA
*p<0.05 ]
**p=0.001

16

FGF (nglg of fresh tissue)

Figure 7. Extractability of aFGF and bFGF from homoge-
nates of Wharton’s jelly.

Extractability with non-incubated, incubated in collagenase
buffer and from those activated with APMA is compared.
Mean from 10 samples +S.D.

aFGF hFGF

sulted in a distinct decrease of both aFGF and bFGF
contents in the extract.

DISCUSSION

The extracellular matrix is known to contain
various growth factors which are bound and immo-
bilized (Carey, 1997; lozzo, 1998). Since aFGF and
bFGF extracted from Wharton's hardly penetrate the
polyacrylamide gel during SDS/PAGE it may be ex-
pected that these growth factors are bound to high
molecular mass compounds, most probably some ex-
tracellular matrix components. Such complexes were
very stable and did not dissociate under denaturing
conditions, despite the action of high temperature
(100°C) and sodium dodecyl sulphate.

Heparan sulphate and heparin are known as
the main FGF-binding components (Jackson et al.,
1991; Tanaka et al., 1998) which may protect FGF
against proteolysis and allow local concentrations
of this factor in the vicinity of cells (Gallagher, 1996;
Tanaka et al., 1998).

Enzymatic degradation of some extracellular
matrix components significantly increased the ex-
tractability of FGFs. For example, the degradation
of hyaluronate by hyaluronidase increased aFGF
extractability, whereas hydrolysis of collagen by col-
lagenase significantly increased the extractability of
bFGE. The effect of degradation by chondroitinase
ABC evoked a similar but weaker effect. However,
the action of any of these enzymes did not release
free FGFs from the high molecular mass complexes.

This study has showed that the high molecular
mass complexes containing the growth factor, which
hardly penetrated the polyacrylamide gel, distinctly
decreased in molecular mass under the reducing ac-
tion of B-mercaptoethanol. This observation suggests
that disulphide bonds are involved in the binding of
aFGF and bFGF by protein(s) contained in the extra-
cellular matrix of Wharton's jelly.

However, we remain doubtful whether the
action of B-mercaptoethanol releases aFGF and bFGF
in their free forms since the molecular masses of the
products reacting with anti-aFGF and anti-bFGF an-
tibodies seem to be double those of free aFGF and
bFGF (Ornitz & Itoh, 2001). Therefore we cannot
exclude the possibility that Wharton's jelly contains
isoforms (e.g., highly glycosylated) of these growth
factors of a higher molecular mass.

The reason why digestion of Wharton's jelly
by bacterial collagenase increased the extractability
of bFGF is uncertain since it is unlikely that collagen
binds bFGF (Taipale & Keski-Oja, 1997). The effect
of hyaluronidase and chondroitinase ABC, although
not impressive, was statistically significant.
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Wharton's jelly contains a low number of
cells which are irregularly scattered and surrounded
by a ground substance composed mainly of collagen
fibrils and hyaluronate molecules (Sobolewski et al.,
1997). The hyaluronate, chondroitin sulphates and
collagen of Wharton’s jelly may prevent the access
of extracting solution to FGFs, thereby causing a low
extractability of these factors. It therefore seemed
likely that the degradation of these extracellular ma-
trix components by hyaluronidase, collagenase, or
chondroitinase might enhance the extractability of
FGFs.

Although hyaluronate and collagen do not
bind FGFs directly, they may constitute a barrier
which effectively concentrates the FGFs in Whar-
ton’s jelly around the cells and their membrane re-
ceptors. Thus, the action of hyaluronidase and col-
lagenolytic MMPs may disrupt such a barrier and
allow the contact of FGFs with cell membrane re-
ceptors.

The activation of metalloproteinases by
APMA resulted in a distinct decrease of the aFGF
and bFGF contents of Wharton’s jelly. According
to Overall (2002), MMPs are able to degrade some
noncollagenous components of the extracellular
matrix, and possibly those which form complexes
with FGFs, thus the FGFs released from such com-
plexes may be digested by various proteolytic en-
zymes.

The binding of FGFs in the vicinity of cells of
Wharton's jelly is a very important biological phe-
nomenon since it has recently been reported (Mitch-
ell et al., 2003; Weiss et al., 2003; Wang et al., 2004)
that the fibroblast-like cells contained in this tissue
demonstrate the features of stem cells. Under the ac-
tion of bFGF they are able to transform into neuron
cells or glia cells (Mitchell ef al., 2003; Ma et al., 2005)
and xenotransplantation of such cells may reverse
some symptoms of experimental Parkinson’s disease
in rats (Weiss et al., 2006).

Changes in the composition the extracellular
matrix of Wharton’s jelly during some pathologi-
cal conditions, like pre-eclampsia (Barkkowski et al.,
1996) or Down syndrome (Raio et al., 2005), may al-
ter the accessibility of FGFs to the cells. Since these
growth factors act mainly through an autocrine or
paracrine manner, the high concentration of FGFs
in the vicinity of cells may facilitate their interaction
with membrane receptors resulting in the stimula-
tion of cell division and synthesis of extracellular
matrix components.
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