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Review article

Human umbilical cord mesenchymal stem cells and the treatment

of spinal cord injury

CAO Fu-jiang and FENG Shi-qing
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Objective To review the recent studies about human umbilical cord mesenchymal stem cells (hUCMSCs) and

advances in the treatment of spinal cord injury.

Data sources Published articles (1983-2007) about hUCMSCs and spinal cord injury were selected using Medline.
Study selection Articles selected were relevant to development of mesenchymal stem cells (MSCs) for transplantation in
spinal cord injury therapy. Of 258 originally identified articles 51 were selected that specifically addressed the stated purpose.
Results Recent work has revealed that hUCMSCs share most of the characteristics with MSCs derived from bone
marrow and are more appropriate to transplantation for cell based therapies.

Conclusions Human umbilical cord could be regarded as a source of MSCs for experimental and clinical needs. In
addition, as a peculiar source of stem cells, hUCMSCs may play an important role in the treatment of spinal cord injury.

Injury to the spinal cord initiates a series of biochemical
events that are associated with a progressive decline in
blood flow to the injured spinal cord and that exacerbate
the extent of tissue damage. This problem is compounded
by the poor regenerative response shown by axons in the
central nervous system (CNS) and as a result, white
matter tracts are permanently interrupted, causing
paralysis. Enhancing the regenerative response of the
CNS is a formidable challenge and requires an
understanding of the barriers to repair at both the
molecular and cellular levels. These obstacles have been
assiduously outlined over many years and come in a
variety of forms. The four greatest obstacles are: 1.
proliferation of fibroblasts, astrocytes, microglia and
endothelial cells at the lesion site forming a neuroglial
scar that acts as a physical and/or chemical barrier; 2. an
absence of Schwann cells, which help in guiding any
regenerating axons; 3. the absence of neurotrophic factors
to enhance axonal growth; and 4. inhibition of axonal
growth by post-injury myelin-associated proteins such as
Nogo-A, : myelinassociated glycoprotein, and
oligodendrocyte myelin glycoprotein. A variety of cell
transplantation approaches have been tested in an effort to
replace lost tissue by grafting cells to repair areas with
damaged myelin or provide a tissue bridge for nerve fiber
growth.”® Mesenchymal stem cells (MSCs) have the
capability for self-renewal and differentiation into various
lineages of mesenchymal tissues,” " including osteocyte,
chondrocyte, neurocyte (Figure). Moreover, these cells
should not elicit graft versus host disease when
transplanted into the injury site.""'> These features of
MSCs attract a lot of attention from investigators in the
context of cell based therapies of several human diseases.
Despite the fact that bone marrow represents the major
source of MSCs, the use of bone marrow derived cells is
not always acceptable due to the high degree of viral
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infection and the significant drop in cell number and
proliferative capacity with age."” Furthermore, MSCs
content of human marrow is scarce, up to 10 cells in
every million monocytes.

UMBILICAL CORD BLOOD MESENCHYMAL
STEM CELL

The blood remaining in the umbilical cord following birth
contains haematopoietic precursors and this has become
an important source for transplantation of haematopoietic
stem cells."*"” The presence of mesenchymal stem/
progenitor cells in cord blood has recently been identified.
However, there is controversy as to whether umbilical
cord blood (UCB) contains MSCs that are capable of
differentiating into cells of different connective tissue
lineages such as bone, cartilage and adipose tissues and
these cells are the best source for tissue engineering of
musculoskeletal tissues.'® So far, little success has been
reported about the isolation, characterization and
differentiation of MSCs from UCB. Erices et al'’ have
reported that UCB derived, mononuclear cells gave rise
to two adherent cell types and one of them expressed
MSC related surface antigens. Mareschi et al*® reported
that under given conditions, it was possible to isolate
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Figure. Mesenchymal stem cells have a multipotential
differentiation capability and can replicate along distinctive
lineage pathways to produce highly specialized phenotypes that
fabricate bone, neuron and other connective tissues.

MSCs from bone marrow, but not from UCB. However,
Goodwin et al*' have recently reported the multilineage
differentiating capability of UCB isolated cells; cells that
expressed bone, fat and neural markers. Kakinuma et al*
reported that they could differentiate UCB cells into
hepatic progenitor cells. Neither of these reports provided
sufficient evidence to fulfil the criteria for qualifying
MSCs because both research groups found relatively
heterogeneous cells. Wexler et al” have recently reported
that UCB is not a rich source of human MSCs, while
Romanov et al** also suggested using umbilical cord
endothelial cells as a source of MSCs. Nevertheless, UCB
cells have many advantages because of the immaturity of
newborn cells compared with adult cells. Furthermore,
UCB provides no ethical problems for basic studies and
clinical applications. Musina et al*> found that a specific
feature of umbilical cord blood mesenchymal stem cells
is their low count per volume of the initial material and
very low proliferative activity. Therefore, UCB may not
be a ideal source of MSC for clinical use. Thus, the
search for other sources of MSC continues.

Another potential source of mesenchymal cells appeared
with the report by McElreavey et al*® of the culture of
cells from Wharton's jelly (WJ) of human umbilical cord
(UC) (hUCMSCs).

DESCRIPTION OF WHARTON'S JELLY

W1I is the mucoid connective tissue surrounding the two
arteries and one vein of the umbilical cord. This
gelatinous connective tissue of the UC was first described
by Thomas Wharton in 1656.%” Meyer et al*® studied the
network of glycoprotein microfibrils and collagen fibrils
in WJ three and a half centuries later. WJ is composed of

myofibroblast like stromal cells, collagen fibres and
proteoglycans. The interlaced collagen fibres and small,
woven bundles are arranged to form a continuous soft
skeleton that encases the umbilical vessels.”” WJ has very
little collagen, another indicator of the primitive state of
this tissue. In WJ, the most abundant glycosaminoglycan is
hyaluronic acid,”® which forms a hydrated gel around the
fibroblasts and collagen fibrils and maintains the tissue
architecture of the UC by protecting it from pressure.’’

METHODS OF ISOLATION AND hUCMSCs
CULTURE

There are four methods for isolation of MSCs from UC:
density gradient centrifugation, flow cytometer isolation,
attachment screening and two step, enzymatic digestion.*”

In 2003, Romanov et al using enzymatic digestion and
centrifugation methods isolated well developed colonies
of fibroblast like cells and further characterization
revealed that these cells expressed MSC markers.
However, the success rate of isolation, which is one of the
most important factors regarding the clinical use, was not
described. Lu et al** attempted to isolate MSC according
to the protocol described in the report and obtained MSCs
from three of ten UCs. Wang et al’* centrifuged the
mesenchymal tissue which had been scraped from the W1J,
treated it with collagenase and 2.5% trypsin and the cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS). Finally, they obtained 25 x10° cells per centimetre
of umbilical cord. In 2006, Weiss et al*® reported a more
efficient method of starting the cultures via enzymatic
degradation of the extracellular matrix to release the cells
from the WJ. UCMSCs were isolated from 78% of the
cords; including from one of the two cords refrigerated
for 24 hours prior. Using this improved procedure,
UCMSCs were isolated from every cord and up to 1.5
x10° cells per cm of UC. In Fu's®® study, approximately
1x10° hUCMSCs were collected from 20 cm of umbilical
cord and the number of hUCMSCs doubled (2x10°%) in
10% FBSDMEM in 3 days. Fu et al’*® found that
hUCMSCs in WJ of the UC can be easily obtained and
processed compared with embryonic and bone marrow
stem cells. Lu et al established a simple, two step
enzymatic digestion, to isolate and culture hUCMSCs
from each of 36 UCs, which may be the most efficient
way to isolate MSCs from UC. Friedman et al*’ described
a novel, simple method of obtaining and cryopreserving
UCMSC:s by extracting the WJ from a small piece of cord,
followed by mincing the tissue and cryopreserving it in
autologous cord plasma to prevent exposure to allogeneic
or animal serum, thus showing that UCMSCs are a
reliable, easily accessible, noncontroversial source of
MSCs.

BIOLOGICAL CHARACTERS OF hUCMSCs

In vitro, hUCMSCs appear as spherical, star like or
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elongated flat fibroblast like morphology with granules
on the surfaces and cell bodies that have neither
protrusions, nor networks between the cells.

Growth characteristics

hUCMSCs have the capability to become adherent cells.
Besides the basic characteristics of stem cells, hUCMSCs
are plastic and can be cloned under the influence of some
signals. In 2006, Lu et al using the method of Romanov
and Sarugaser,”” as a starting point, have successfully
isolated MSCs from UC and further confirmed a high
capability for cloning in vitro. The mean of colony
forming units of fibroblasts (CFUF) per million of
nucleated cells was significantly high in UC (800, range
300 to 2000) as determined by limiting dilution assay.
The mean doubling time of P1 cells was 24 hours and
remained approximately constant until P10 when it
increased to P30. The UC derived cells could be readily
cloned in vitro by serial passage every 2-3 days for 30
passages, without visible changes in either the growth
patterns or morphology, indicating the high proliferative
potential of UC derived cells. Weiss et al also confirmed
that the karyotype of the cells was stable through 13
passages (approximately 30 population doublings). WIJ
was previously shown to be composed of smooth muscle
actin positive, myofibroblast like stromal cells. Mitchell
et al’’ also measured smooth muscle actin expression by
immunoblotting. Smooth muscle actin was expressed at
similar levels in WJ cells grown on PDL/laminin matrix
and in WJ cells grown on plastic. Thus, WJ cells that
were maintained in culture for numerous doublings
continued to express this myofibroblast marker. Cell
cycle analysis demonstrated that more than 80% of UC
derived cells (P2 to P6) were in GOGl (median
(90.0+£0.4)%; range, 82%-95%), but only a small
proportion of cells was engaged in proliferation (G2-M
phase: median (6.0+£0.3)%, range, 5%-10%; S phase:
median (4.0+0.7)%; range, 1%—8%).

In conclusion, in the course of differentiation, hUCMSCs
maintain their morphology and high proliferative
potential. These researches demonstrate that hUCMSCs
could be more convenient for cell transplantation and be a
more economical source of MSCs, than bone marrow
MSC (BMMSC). That hUCMSCs are a more convenient
source includes the fact of feasibility.

Immunophenotype of hUCMSCs

Although in 1992 Haynesworth et al™ first identified
specific antigens (SH2, SH3, and SH4) of hMSCs with
murine antibodies, due to the lack of universally defined
cell surface markers to characterize the MSCs,41 it
remains enigmatic with regard to both their identity and
qualification as a true stem cell.* Recent studies show
that hUCMSCs share most of their immunophenotype
with BMMSC, including a cluster of differentiating
makers, neural markers, extracellular adhesion molecules,
genes of proteins shown to have a neurotrophic effect and
the three germ layer derivatives. Perhaps more
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significantly, hUCMSCs were negative for CD14, CD28,
CD31, CD33, CD34, CD45, CD56, CD133, HLA-DR
and for graft versus host disease (GVHD): CD80, CD86,
CD40 and CD40L, which shows that hUCMSCs may be
appropriate for transplantation (Table 1).

Fibroblastoid morphology, absence of endothelial and
leukocyte associated markers and expression of a-smooth
muscle actin and cell adhesion molecules typical for
myelosupportive stroma support classifying hUCMSCs as
mesenchymal progenitors.

Table 1. Surface markers of hUCMSCs
Adhesion

Germ layer ~ Neural

CD markers molecules markers markers Cytokines
CD10 Ncadherin ACTG2 GDNF SCF
CDI13 Vcadherin ACTA2 CNTF LIF
CD29 Rcadherin BMP1 VEGF MSCF
CD44 Integrin-f1 PDGFB FGF20 Flt3
CD90 (Thyl) Integrin-as Keratin 8 TRKC IL6
HLALI VCAM1 SHH NSE GMCSF
CD49e¢ Integrin-a2 (CD49b) Insulin TH GCSF
CD105 (SH2) Integrin-aV - NF SDF1
CD73 (SH3) Integrin-f5 - GFAP VEGF
CD106 Integrin-o4 - -
CD166 Integrin-a3

Ckit (CD117)

MULTILINEAGE DIFFERENTIATION CAPACITY
OF hUCMSCs

Further characterizing studies reveal that hUCMSCs have
strong cellular plasticity and could differentiate into many
other cell types (Table 2).

Potential of hUCMSC:s differentiating into osteoblasts
hUCMSCs in vitro presented osteoblastic phenotype
under the culture condition of B-glycerophosphate,
dexamethasone and ascorbic acid-2-phosphate. After
osteogenic induction, osteogenic differentiation was
detected by the calcification and expression of an
osteogenic specific gene, osteopontin in the cells. In
addition, the formation of alkaline phosphatase positive
aggregates and von Kossa stain positive nodules were
seen.

Potential of h(UCMSC:s differentiating into
chondrocytes

Wang et al® cultured the hUCMSCs in serum free
DMEMLG containing insulin transferrin selenium, premix
and transforming growth factor-B1. The cell pellets
developed chondrogenic characteristics after treatment.
Alcine blue staining of an aggrecan rich extracellular
matrix was evident in histological sections and a type II
collagen rich extracellular matrix was demonstrated
immunohistochemically, confirming the formation of
normal chondrocytes.

Potential of hUCMSC:s differentiating into adipocyte
Under the induction of dexamethasone, insulin,
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Table 2. Differentiation ability of hUCMSCs in vitro

Cell types Stimuli Identification References
Osteoblasts B-glycerophosphate Calcification 23,33,34

Ascorbic acid-2-phosphate Osteopontin

Dexamethasone Alkaline phosphatase
Bone nodules
Chondrocytes Insulin transferrin selenium Type II collagen 33,34
Premix transforming growth factor g1 Aggrecan
Adipocytes Dexamethasone Peroxisome proliferation activate recptor-y2 12,23,26,34
Insulin Lipoprotein lipase
Isobutylmethylxanthine
Indomethacin
Cardiomyocytes 5-azacytidine Troponin I 33,34
N-cadherin

Neurocytes Fibroblast growth factor NSE 33,35,36,43

Butylated hydroxyanisole IIT B tubulin

Dimethylsulfoxide Neurofilament M
Composite salvia injection Tyrosine hydroxylase
GAP43

Gliocytes Fibroblast growth factor GFAP 39

Butylated hydroxyanisole CNPase

Dimethylsulfoxide

isobutylmethylxanthine and indomethacin, hUCMSCs
could differentiate into lipocytes. Oil red positive cells
were found which expressed lipoprotein lipase and
adipocyte marker peroxisome proliferation activate
recptor-y2.

Potential of hUCMSC:s differentiating into
cardiomyocyte

hUCMSCs can differentiate into cardiomyocytes. After
exposure of these cells to cardiomyocyte conditioned
medium or 5-azacytidine, they expressed cardiac
troponin I and N-cadherin, indicating differentiation into
cardiomyocytes.

Potential of hUCMSC:s differentiating into neurocyte
Wang et al’* treated hUCMSCs with basic fibroblast
growth factor and low serum media plus butylated
hydroxyanisole and dimethylsulfoxide. WI cells
developed rounded cell bodies with bipolar or multipolar
neurite like extensions, similar to the morphology of
neural stem cells. Neuron specific enolase (NSE, a neural
stem cell marker) was expressed in these cells. The
neuron like cells in these cultures also stained positively
for several neuronal proteins, including neuron specific
class III B-tubulin, neurofilament M, an axonal growth
cone associated protein and tyrosine hydroxylase. Ma et
al® claimed that hUCMSCs were capable of
differentiating into neuron like cells with the treatment of
composite salvia injection. The induced MSCs not only
underwent nerve cell like morphological changes and
mature ultramicrostructure with increasing cell organelles,
but also expressed the neuronal cell markers (nestin and
tyrosine hydroxylase). Weiss et al’> used the protocol
described by Woodbury™ to induce hUCMSCs to
differentiate into neurocytes and their results showed a
lower number of cells expressing the marker for early
neural progenitors (nestin) and a greater number of cells
expressing  the mature  neural  marker  for
catecholaminergic cells, tyrosine hydroxylase.

POSSIBLE MECHANISMS OF MULTIPOTENTIAL
DIFFERENTIATION OF MSCs

Through their capability for a broad range of
differentiation, potential MSCs are a possibility for a
range of therapeutic applications, but the precise
signalling pathways that determine their differentiated
fate are not fully understood. Evidence is emerging that
developmental signalling cues may be important in
regulating stem cell selfrenewal and differentiation
programmes.**® Etheridge et al*’ identified a consistent
expression profile of Wnt signalling molecules in MSCs
and provide evidence for a Wnt pathway in these cells.
Wats bind to Frizzled receptors and subsequent signalling
inhibits glycogen synthase kinase-3f, causing B-catenin
translocation into the nucleus to induce target gene
expression. Mosimann et al*® claimed that Wnt signalling
proteins control many cellular events during development,
tissue homeostasis and tumorigenesis. In most cases, the
effects of these signals are brought about by
transcriptional changes of target genes. It is thought that
Wnt targets are activated by P-catenin mediated
involvement of auxiliary factors to TCF/LEF DNA
binding proteins.* Weiss et al suggests that gene
silencing or DNA methylation may be common
mechanisms to regulate differentiation of hUCMSCs.
These data indicate that further studies concerning the
MSC will greatly enhance our current understanding of
the signalling mechanisms involved in maintenance of
stem cells and mesenchymal differentiation.

COMPARISON OF hUCMSCs AND BMMSCs

Not surprisingly, hUCMSCs shared most of the
characteristics with BMMSCs, including fibroblastic
morphology, typical immunophenotypic markers, cell
cycle status, adipogenic and osteogenic differentiation
capacity, range of cytokines as well as haematopoietic
supportive function (Table 3). However, recent studies
show that there are still several differences between



Chinese Medical Journal 2009;122(2):225-231

229

them.” Firstly, the CFUF frequency was significantly
higher in UC derived nucleated cells than in bone marrow
(BM) derived nucleated cells. Since CFUF represents the
mesenchymal progenitor cell, this suggested a higher
frequency of MSC in the nucleated cells of UC than in
those of BM. Secondly, hUCMSCs have a faster doubling
time. Such proliferative characteristics did not change
even after 30 passages.

Table 3. Surface markers expressed by hUCMSCs and BMMSCs

Surface markers hUC BM
CD13 -+ -+
CD14 — -
CD29 et b
CD31 — _
CD34 — -
CD38 - -
CD44 e+ 4+
CD45 — -
CD73 et b
CD90 et bt
CD105 -+ bt
CD106 + +++
CD166 o ot
CD146 e 4+
HLA-ABC e b
HLA-DR — —

In contrast, BMMSC showed a significantly slower
doubling time, which became even longer after P6.
These indicate a higher proliferative capacity of
hUCMSCs in comparison with BMMSC. In addition,
hUCMSCs showed lower expression of CD106 and
HLA-DR in comparison with BMMSC. The different
expression of CD106 in hUCMSCs and BMMSCs may
represent a specific indicator for identifying peripheral
MSCs from BMMSCs because low expression of CD106
has also been identified in adipocyte derived MSCs.
Furthermore, Lu et al* noted low expression of
HLA-ABC on hUCMSCs in addition to the absence of
HLA-DR expression. This observation is consistent with
the findings of Sarugaser et al.®® Because HLA-ABC
could be a hurdle for allogeneic cell therapies, the lower
expression of HLA-ABC may favour the use of
hUCMSC:s for allogeneic cell therapy.

In addition, unlike mesenchymal stem cells derived from
adult bone marrow stromal cells, small populations of
hUCMSCs express endoglin (SH2 and CD105) and
CD49e at passage 8 and express higher levels of CD146,
a putative MSC marker. hUCMCS cells also express
growth factors and angiogenic factors, suggesting that
they can be used to treat neurodegenerative disease.

EXPERIMENTAL RESEARCH ON hUCMSCs
TRANSPLANTATION IN SPINAL CORD INJURY

Ideal donor cells for therapy of spinal cord injuries should
be easily available, capable of rapid cloning in culture,
immunologically compatible, capable of long-term
survival and integration into the spinal environment,
amenable to stable transfection and long-term expression

of exogenous genes such as tyrosine hydroxylase.
hUCMSCs have five properties that make them of interest
as a source of cells for therapeutic use: they can be
isolated in large numbers, are negative for CD34 and
CD45, grow robustly and can be frozen and thawed, can
be cloned, and can easily be engineered to express
exogenous proteins. Transplantation of hUCMSCs into
the injured spinal cord may have the following functions:
compensation for demyelination; removal of inhibition;
promotion of axonal regeneration; direction of axons to
appropriate targets; creation of bridges; replacement of
lost cells. Weiss et al®> has treated Parkinson’s disease
with hUCMSCs transplantation: the results demonstrated
that the hUCMSCs produce significant amounts of glial
cell line-derived neurotrophic factor (GDNF), one of the
most potent trophic factors for dopaminergic neurons and
fibroblast growth factor, the animals with transplanted
cells showed a significant recovery in behaviour.
Although the above data from hUCMSCs indicate that
these cells may be therapeutically useful in treating CNS
disorders, transplantation of hUCMSCs for treatment of
spinal cord injury is just the beginning. Wang et al’'
transplanted hUCMSCs into spinal cord hemisection,
murine model and the results revealed that transplanted
hUCMSCs survived and were MAB1281 positive in the
injured spinal cord and migrated to the injured site.
Furthermore, NSE or glial fibrillary acidic protein (GFAP)
was detected in some MABI281 positive cells with
double immunostaining. Obvious dendritic growth was
noted in MAB1281 GFAP positive cells. The behavioural
tests showed significant improvements with time in rats
with hUCMSCs transplantation. Therefore, as a source of
stem cells, hUCMSCs may play an important role in the
treatment of spinal cord injury. These rearches indicate
the prospect of wide application of hUCMSCs. Although
the study on hUCMSC:s is still on the threshold, more and
more exciting results will come to us in future.

In conclusion, hUCMSCs could replicate stably in culture.
Possessing the capability of differentiating into nerve like
cells, these cells could represent a readily available
source of stem cells for transplantation into CNS.
hUCMSCs hold great promise as tools for understanding
development and as therapeutic agents.

REFERENCES

1.  Kim JE, Liu BP, Park JH, Strittmatter SM. Nogo-66 receptor
prevents raphespinal and rubrospinal axon regeneration and
limits functional recovery from spinal cord injury. Neuron
2004; 44: 439-451.

2. Sykovéa E, Jendelova P, Urdzikova L, Lesny P, Hejcl A. Bone
marrow stem cells and polymer hydrogels — two strategies
for spinal cord injury repair. Cell Mol Neurobiol 2006; 26:
1113-1129.

3. Iwanami A, Kaneko S, Nakamura M, Kanemura Y, Mori H,
Kobayashi S, et al. Transplantation of human neural stem cells
for spinal cord injury in primates. J Neurosci Res 2005; 80:
182-190.



230

Chin Med J 2009;122(2):225-231

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tinsley RB, Zhang SH, Feng SQ, Rush RA, Ferguson IA. Use
of engineered peripheral nerve autografts for spinal cord repair.
Neuroreport 2006; 17: 261-265.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,
Mosca JD, et al. Multilineage potential of adult human
mesenchymal stem cells. Science 1999; 284: 143-147.

Qu CQ, Zhang GH, Zhang LJ, Yang GS. Osteogenic and
adipogenic potential of porcine adipose mesenchymal stem
cells. In Vitro Cell Dev Biol Anim 2007; 43: 95-100.

He HY, Cui BL, Feng XY, Xiao P, Lin XB, Jiang XW, et al.
The morphologic characteristic of neuron-like cells of human
umbilical cord derived mesenchymal stem cells. Int J Blood
Transfusion Hematol (Chin) 2006; 29: 483-488.

Ren J, Ren T, Zhao P, Huang Y, Pan K. Repair of mandibular
defects using MSCs-seeded biodegradable polyester porous
scaffolds. J Biomater Sci Polym Ed 2007; 18: 505-517.
Schuleri KH, Boyle AJ, Hare JM. Mesenchymal stem cells for
cardiac regenerative therapy. Handb Exp Pharmacol 2007;
(180): 195-218.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic
mediators. J Cell Biochem 2006; 98: 1076-1084.

Le Blanc K, Rasmusson I, Sundberg B, Goétherstrom C,
Hassan M, Uzunel M, et al. Treatment of severe acute
graft-versus-host disease with third party haploidentical
mesenchymal stem cells. Lancet 2004; 363: 1439-1441.

Frank MH, Sayegh MH. Immunomodulatory functions of
mesenchymal stem cells. Lancet 2004; 363: 1411-1412.

Rao MS, Matton MP. Stem cells and aging: expanding the
possibilities. Mech Ageing Dev 2001; 122: 713-734.

Lee MW, Yang MS, Park JS, Kim HC, Kim YJ, Choi J.
Isolation of mesenchymal stem cells from cryopreserved
human umbilical cord blood. Int J Hematol. 2005; 81:
126-130.

Kang XQ, Zang WIJ, Bao LJ, Li DL, Xu XL, Yu XI.
Differentiating characterization of human umbilical cord
blood-derived mesenchymal stem cells in vitro. Cell Biol Int
2006; 30: 569-575.

Park KS, Lee YS, Kang KS. In vitro neuronal and osteogenic
differentiation of mesenchymal stem cells from human
umbilical cord blood. J Vet Sci 2006; 7: 343-348.

Markov V, Kusumi K, Tadesse MG, William DA, Hall DM,
Lounev V, et al. Identification of cord blood-derived
mesenchymal stem/stromal cell populations with distinct
growth kinetics, differentiation potentials, and gene expression
profiles. Stem Cells Dev 2007; 16: 53-73.

Ohgushi H, Caplan Al Stem cell technology and bioceramics:
from cell to gene engineering. J Biomed Mater Res 1999; 48:
913-927.

Erices A, Conget P, Minguell JJ. Mesenchymal progenitor
cells in human umbilical cord blood. Br J Haematol 2000; 109:
235-242.

Mareschi K, Biasin E, Piacibello W, Aglietta M, Madon E,
Fagioli F. Isolation of human mesenchymal stem cells: bone
marrow versus umbilical cord blood. Haematologica 2001; 86:
1099-1100.

Goodwin HS, Bicknese AR, Chien SN, Bogucki BD, Quinn
CO, Wall DA. Multilineage differentiation activity by cells
isolated from umbilical cord blood: expression of bone, fat,
and neural markers. Biol Blood Marrow Transplant 2001; 7:

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

581-588.

Kakinuma S, Tanaka Y, Chinzei R, Watanabe M,
Shimizu-Saito K, Hara Y, et al. Human umbilical cord blood
as a source of transplantable hepatic progenitor cells. Stem
Cells 2003; 21: 217-227.

Wexler SA, Donaldson C, Denning-Kendall P, Rice C,
Bradley B, Hows JM. Adult bone marrow is a rich source of
human mesenchymal ‘stem’ cells but umbilical cord and
mobilized adult blood are not. Br J Haematol 2003; 121:
368-374.

Romanov YA, Svintsitskaya VA, Smirnov VN. Searching for
alternative sources of postnatal human mesenchymal stem
cells: candidate MSC-like cells from umbilical cord. Stem
Cells 2003; 21: 105-110.

Musina RA, Bekchanova ES, Belyavskii AV, Grinenko TS,
Sukhikh GT. Umbilical cord blood mesenchymal stem cells.
Bull Exp Biol Med 2007; 143: 127-131.

McElreavey KD, Irvine Al, Ennis KT, McLean WH. Isolation,
culture and characterization of fibroblastlike cells derived
from the Wharton's jelly portion of human umbilical cord.
Biochem Soc Trans 1991; 19: 29S.

Wharton TW. Adenographia. Translated by S. Freer. Oxford,
UK: Oxford University Press; 1996: 242-248.

Meyer FA, Laver-Rudich Z, Tanenbaum R. Evidence for a
mechanical coupling of glycoprotein microfibrils with
collagen fibrils in Wharton's jelly. Biochim Biophys Acta
1983; 755: 376-387.

Vizza E, Correr S, Goranova V, Heyn R, Angelucci PA, Forleo
R, et al. The collagen skeleton of the human umbilical cord at
term. A scanning electron microscopy study after 2N-NaOH
maceration. Reprod Fertil Dev 1996; 8: 885-894.

Malkowski A, Sobolewski K, Jaworski S, Bankowski E. FGF
binding by extracellular matrix components of Wharton's jelly.
Acta Biochim Pol 2007; 54: 357-363.

Sakamoto T, Ono H, Saito Y. Electron microscopic
histochemical studies on the localization of hyaluronic acid in
Wharton's jelly of the human umbilical cord. Nippon Sanka
Fujinka Gakkai Zasshi 1996; 48: 501-507.

Zhang LH, Liu YJ, Lu LL, Wang AP, Xu ZS, Zhu XP, et al.
Mesenchymal stem cells derived from human umbilical cord
inhibit activation and proliferation of allogeneic umbilical
cord blood T lymphocytes. Chin J Cancer Biother (Chin) 2006;
13: 191-19s.

Lu LL, Liu YJ, Yang SG, Zhao QJ, Wang X, Gong W, et al.
Isolation and characterization of human umbilical cord
mesenchymal with hematopoiesis-supportive
function and other potentials. Haematologica 2006; 91:
1017-1026.

Wang HS, Hung SC, Peng ST, Huang CC, Wei HM, Guo Y],
et al. Mesenchymal stem cells in the Wharton's jelly of the
human umbilical cord. Stem Cells 2004; 22: 1330-1337.

Weiss ML, Medicetty S, Bledsoe AR, Rachakatla RS, Choi M,
Merchav S, et al. Human umbilical cord matrix stem cells:
preliminary characterization and effect of transplantation in a
rodent model of Parkinson’s disease. Stem Cells 2006; 24:
781-792.

Fu YS, Cheng YC, Lin MY, Cheng H, Chu PM, Chou SC, et al.
Conversion of human umbilical cord mesenchymal stem cells
in Wharton's jelly to dopaminergic neurons in vitro: potential

stem cells



Chinese Medical Journal 2009;122(2):225-231

231

37.

38.

39.

40.

41.

42.

43.

44,

45.

therapeutic application for Parkinsonism. Stem Cells 2006; 24:
115-124.

Friedman R, Betancur M, Boissel L, Tuncer H, Cetrulo C,
Klingemann H. Umbilical cord mesenchymal stem cells:
adjuvants for human cell transplantation. Biol Blood Marrow
Transplant 2007; 13: 1477-1486.

Sarugaser R, Lickorish D, Baksh D, Hosseini MM, Davies JE.
Human umbilical cord perivascular (HUCPV) cells: a source
of mesenchymal progenitors. Stem Cells 2005; 23: 220-229.
Mitchell KE, Weiss ML, Mitchell BM, Martin P, Davis D,
Morales L, et al. Matrix cells from Wharton's jelly form
neurons and glia. Stem Cells 2003; 21: 50-60.

Haynesworth SE, Baber MA, Caplan Al Cell surface antigens
on human marrow-derived mesenchymal cells are detected by
monoclonal antibodies. Bone 1992; 13: 69-80.

Javazon EH, Beggs KJ, Flake AW. Mesenchymal stem cells:
paradoxes of passaging. Exp Hematol 2004; 32: 414-425.
Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells:
characterization, differentiation, and application in cell and
gene therapy. J Cell Mol Med 2004; 8: 301-316.

Ma L, Feng XY, Cui BL, Law F, Jiang XW, Yang LY, et al.
Human umbilical cord Wharton's Jelly-derived mesenchymal
stem cells differentiation into nerve-like cells. Chin Med J
2005; 118: 1987-1993.

Woodbury D, Schwarz EJ, Prockop DJ, Black IB. Adult rat
and human bone marrow stromal cells differentiate into
neurons. J Neurosci Res 2000; 61: 364-370.

Rives AF, Rochlin KM, Wehrli M, Schwartz SL, DiNardo S.

46.

47.

48.

49.

50.

51.

Endocytic trafficking of Wingless and its receptors, Arrow and
DFrizzled-2, in the Drosophila wing. Dev Biol 2006; 293:
268-283.

Peifer M, Polakis P. Wnt signaling in oncogenesis and
embryogenesis — a look outside the nucleus. Science 2000;
287: 1606-1609.

Etheridge SL, Spencer GJ, Heath DJ, Genever PG. Expression
profiling and functional analysis of wnt signaling mechanisms
in mesenchymal stem cells. Stem Cells 2004; 22: 849-860.
Mosimann C, Hausmann G, Basler K. Parafilbromin/Hyrax
activates Wnt/Wg Target gene transcription by direct
association with beta-catenin/Armadillo. Cell 2006; 125:
327-341.

Stadeli R, Basler K. Dissecting nuclear Wingless signalling:
recruitment of the transcriptional co-activator Pygopus by a
chain of adaptor proteins. Mech Dev 2005; 122: 1171-1182.
Baksh D, Yao R, Tuan RS. Comparison of proliferative and
multilineage differentiation potential of human mesenchymal
stem cells derived from umbilical cord and bone marrow.
Stem cells 2007; 25: 1384-1392.

Wang GS, Zhang QZ, Han ZC. Evaluation of neurological
function recovery following human umbilical cord
mesenchymal stem cells transplantation to injured spinal cord
in rats. Chin J Neurosurg (Chin) 2006; 22: 18-21.

(Received January 29, 2008)
Edited by HAO Xiu-yuan and JI Yuan-yuan



