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Increased Smooth Muscle Actin EXx-
pression from Bone Marrow Stromal
Cells under Retinoic Acid Treatment:
An Attempt for Autologous Blood
Vessel Tissue Engineering

Aungkura Jerareungrattana®?, Monnipha Sila-asna®® and Ahnond Bunyaratvej 3

SUMMARY Vascular replacement in vital organs is sometimes necessary for human life for example because of
atherosclerosis. Blood vessel tissue engineering is applied for autologous transplantations to avoid graft rejections.
Stem cells are used for blood vessel tissue engineering because they are the origin of smooth muscle cells, endo-
thelial cells and fibroblasts. This paper shows that bone marrow stromal cells (BMSCs) can be induced to differen-
tiate into the early stage of smooth muscle cells by using 0.01uM retinoic acid. The differentiation of BMSCs to
smooth muscle cells was detected by the expression of smooth muscle alpha actin (SM a-actin), the earliest smooth
muscle cell marker. The SM a-actin marker expression was demonstrated using indirect immunofluorescence
technique and Western blot analysis. The induction of BMSC to form early stages of smooth muscle cells in this
study is appropriate for blood vessel tissue engineering because the early stage smooth muscle cells may be

stimulated to develop vascular walls with endothelial cells using a co-culture system.

There has been increasing evidence that
adult stem cells have a great potential for autologous
transplantations.™ ? In addition, the use of adult stem
cells is practical since they can be obtained from
various human tissues and organs. The peripheral
blood, the umbilical cord blood and the bone marrow
can provide a considerable number of stem cells for
this purpose. The bone marrow consists of various
kinds of stem cells including hematopoietic stem
cells (HSCs), endothelial progenitor cells (EPCs),
and bone marrow stromal cells (BMSCs)."** The
BMSCs differ from EPCs and HSCs by showing
negative for the CD34 marker and by their adherence

properties.*> The BMSCs which can differentiate
into various cell types are interesting for tissue engi-
neering.® Some studies have shown that BMSCs can
express SM a-actin under in vitro conditions both in
medium containing serum as well as in serum-free
medium.”®® The expression level of SM a-actin in-
creased under treatment with TGF-p1 (transforming
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growth factor-p1) and they could perform functions
during in vitro assays.”’

The association between the development of
the cardiovascular system and vitamin A has been
recognized in mammals; Vitamin A deficiency
(VAD) produces a variety of aortic arch malforma-
tions.'*** Retinoic acid (RA), a metabolite of vitamin
A was reported to be a differentiating factor for
smooth muscle cells in P19, a mouse embryonal car-
cinoma cell line and in mouse embryonic stem (ES)
cells.**** Moreover, RA is known to play a biologi-
cal role in both cell proliferation and in maintenance
of differentiated phenotypes in smooth muscle
cells.** The role of RA for BMSCs as adult stem
cells for tissue engineering has not yet been studied.
We have investigated the possible effects of RA on
BMSC in this study. The study has been designed to
compare the development patterns between RA and
TGF-B1 stimulation. The early development stage of
smooth muscle cells was our target since in that early
stage smooth muscle cells may have a better biologi-
cal adaptation for application in blood vessel tissue
engineering.

MATERIALS AND METHODS

The experimental protocols used in this
study were approved by the Ethics Committee of
Mahidol University. Informed consent was obtained
from individual studied cases under the therapeutic
treatment protocol.

Preparation of BMSCs

After obtaining informed consent, bone mar-
row was aspirated from the iliac crest of normal do-
nors and added into Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) with heparin. An aliquot of
10 ml bone marrow in medium was washed with
two-volume PBS and centrifuged at 400 x g for 5
minutes. The upper layer of the platelet-rich fraction
was removed by aspiration and the bottom layer was
applied on a Histopaque -1077 solution (Sigma). The
cells were spun at 600 x g for 15 minutes and the up-
per layer of the mononuclear cell fraction was clearly
separated from the bottom layer of granulocytes and
red blood cells. The mononuclear cells were then re-
suspended in serum free medium and cultured in
DMEM supplemented with 10% fetal bovine serum
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(FBS, HyClone), penicillin (Sigma), and streptomy-
cin (Gibco) in tissue flasks (Corning Inc.). After 24-
48 hours, the adhered cells were maintained in a
growth medium whereas the floating cells were re-
moved. The confluent cells were subcultured using
0.05% trypsin-EDTA (Sigma) and expanded in a
humidified incubator at 37°C with 5%CO,. The 3"-
5" passages of BMSCs were used in this study.

Treatment of BMSCs for SMC differentiation

The SMC differentiation from embryonic
and adult stem cells has been described elsewhere.**?
In this study, the treatment protocol was modified as
follows. The BMSCs were resuspended in serum free
medium, DMEM supplemented with 2% FBS (Hy-
clone), insulin-transferrin-selenium (ITS, Gibco) and
penicillin-streptomycin. The results of three inde-
pendent experiments were compared. Each experi-
ment contained 5 x 10° bone marrow cells. The ex-
periments included the control group (cells in serum
free medium), TGF-B1 (2 ng/ml) treated cells (R &
D), and retinoic acid (RA, Sigma) treated cells (con-
centrations of 0.01 uM and 0.1 UM respectively).
The cells were continuously cultured for 5 days.

Identification of the smooth muscle cell marker
Immunofluorescence labeling

Cells were fixed in cold methanol on a glass
coverslip and washed with phosphate-buffered saline
(PBS) containing 1% bovine serum albumin (BSA).
The fixed cells were subsequently incubated for 60
minutes with primary antibodies (smooth muscle a-
actin, DAKO, clone 1A4) and washed three times.
The cells were then stained with a Rhodamine-
labeled secondary antibody, washed, and mounted
for observation with a Nikon fluorescent microscope.
The cell morphology was followed up using Act-1
software (Nikon).

Western blot analysis

The SM a-actin, an early marker of SMC
was measured by using Western blotting technique.
Briefly, cells were lysed in lysis buffer containing 50
mM Tris, 150 mM NaCl, 10mM EDTA, 0.1% SDS,
1% Triton X-100, 1% deoxycholate, and aprotinin 25
pg/ml. The protein concentration was determined
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using Lowry’s method.” Ten micrograms of protein
were denatured by boiling, reduced in 4X LDS (lith-
ium dodecyl sulfate) sample buffer (Invitrogen), fol-
lowed by electrophoresis in 12% SDS-polyacryl-
amide gel. The protein was transferred to a PVDF
membrane (Pall Corporation) and immunoblotted by
using monoclonal antibodies to SM a-actin (DAKO,
clone 1A4). Secondary anti-mouse antibodies conju-
gated to horseradish peroxidase (Invitrogen) were
used for detection using Westernbreeze technology
(Invitrogen) and X-ray film exposure (Kodak). Films
were analyzed using a multipolar densitometer and
reported as percentage of control BMSCs depleted of
treatments.

RESULTS

Morphology and cell arrangement of BMSCs un-
der treatment

Fig. 1 shows cell organization in TGF-Bland
RA treated BMSCs as compared to non treated cells.

Treated cells had a greater tendency to form clusters.
The clusters connected to each other by spindle
shaped cells. It was noted that the TGF-B1 treated
BMSCs in the cluster had taped ends with a broad
shape spreading their cytoplasm onto the bottom of
the culture plate whereas RA treated cells were more
intact joining together in a cluster pattern. On day 5,
the TGF-B1 treated cells had a greater cell density
than the RA treated cells.

Under normal control conditions, bone mar-
row stromal cells (BMSCSs) in our culture mainly ap-
peared elongated with taped ends. The cells were
randomly arranged. Spindle shaped cells were ob-
served throughout the experiment (Fig. 2A). Under
TGF-B1 treatment, BMSCs maintained a similar
morphology to the controls up to 24 hours and then
became flat within 48 hours (Fig. 2B). Cells with a
ribbon-like shape with cytoplasmic fibers were noted
as well. This has been observed throughout the cul-
ture period. In the RA 0.01uM treated BMSCs, cell

Fig. 1 Patterns of cell arrangement of BMSCs under various treatment conditions. On day 5, the cultured cells ar-
ranged themselves in different patterns: (A) Untreated cells in ITS medium (control condition) showed ran-
domly dispersed cells with no distinct orientation. (B) TGF-B1 treatment. High cell density with cell orienta-
tion in whorl-like fashion. (C) 0.01 uM and (D) 0.1 uM retinoic acid treatment. The RA treated cells ar-
ranged themselves into multi-clusters. Each cluster was joined together by spindle shaped cells. A lesser
degree of cell density was noted as compared to TGF-B1 treatment.
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magnification, x 200).

Fig. 2 Phase-contrast micrographs of BMSCs during treatment: (A) Control BMSCs cultured in serum free me-
dium (2% FBS, ITS) (original magnification, x 200), (B) a more rectangular shape of BMSCs was observed
after treatment with TGF-B1 within 48 hours and some cells had stress fibers in the cytoplasm (arrows).
The retinoic acid treated cells showed characteristics of cell clumping with cell orientation (C, D) (original

orientation was shown by the presence of cell clus-
ters. The cell clusters were joining by spindle shaped
cells within 48 hours (Fig. 2C). The same pattern
was shown in 0.1uM RA treated BMSCs (Fig. 2D).

Immunofluorescence detection of treated BMSCs

Using the indirect immunofluorescence tech-
nique, BMSCs induced with TGF-f1 and 0.01 pM
RA (Fig. 3C-D, E-F) showed a strongly positive re-
action with SM a-actin, the early marker of SMCs.
The strong staining indicated that the BMSCs have
been induced to differentiate into SMCs under the
treating protocol. Since the BMSCs themselves were
weakly positive for SM a-actin (Fig. 3A, B), further
confirmation using western blot analysis was done in
this study.

Western blot analysis of BMSCs
The western blot of the SM a-actin expres-

sion (Fig. 4) was analyzed by a densitometer and
summarized as percentage of control cells. The TGF-
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B1 treated BMSCs on day 3 and day 5 showed in-
creased SM a-actin expression (Mean + SE, 149 +
26% and 216 + 86%, respectively) as compared to
the control BMSCs (100%). Regarding the different
dosages of RA treatment, 0.01 uM RA could in-
crease SM a-actin expression at a steady level dur-
ing day 3 (129 + 29%) to day 5 (125 + 9%) whereas,
0.1 uM RA showed an unchanged SM a-actin ex-
pression similar to the control.

DISCUSSION

The BMSCs can express smooth muscle
characteristics after a long term marrow culture by
their own.” These BMSCs may be the progeny of
mesenchymal cells which can follow the smooth
muscle differentiation pathway.** Many factors have
been reported to be involved in smooth muscle cell
differentiation of different cell types. TGF-B1 has
been reported to be an inducer of smooth muscle dif-
ferentiation for different cell types such as bone mar-
row stem cells® and 10T1/2 cell lines.” However,
TGF-B had no such inducing effect on fetal liver
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Fig. 3 Expression of SM a-actin in BMSC in the control culture (A, B), as well as in TGF-B1 (C, D), 0.01 uM RA

(E, F) and 0.1 pM RA (G, H) treated cells. Both TGF-B1 and 0.01 uM RA treated cells gave a much
stronger reaction than the control cells.
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Fig. 4 Western blot analysis of SM a-actin expression on treated BMSCs. Upper figure: lane 1, control; Lane 2,
TGF- B1 treatment; Lane 3, 0.01 uM RA treatment, and Lane 4, 0.1 uM RA treatment. The figure shows a
comparison of treated cells for three days and five days. Each lane represents 10 pg loading of total pro-
tein. The histogram (lower figure) shows the results of the densitometry (n = 3) in this experiment as the
mean * S.E., relative to the control BMSCs (100%).

kinase-1 (flk-1) positive cells derived from embry- amount of alpha smooth muscle actin, the early ex-
onic stem cells."® Our study also demonstrated that pression marker of smooth muscle cells. RA is an-
TGF-B treated BMSCs could express an increasing other factor reported to be an inducer of smooth
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muscles like cells in the P19 embryonic carcinoma
cell line'? and in mouse embryonic stem cells."® It
was shown that when arterial smooth muscle cells
were cultured in RA, the differentiation stage of
smooth muscle cells could be maintained as shown
by an increase of both SM a-actin and myosin heavy
chain expression and by a lowering of proliferation
and ECM (extracellular matrix) synthesis.”® We
found that BMSC cultured in an optimal concentra-
tion (0.01uM) of retinoic acid expressed SM o.-actin.
A higher concentration of RA (0.1 pM) unexpect-
edly resulted in a lower SM a-actin expression. The
inhibitory effect of a high dose of RA on SM a-actin
expression was previously shown in vascular smooth
muscle cells.” Our results confirmed that the inhibi-
tory effect of high-dose RA could also be found in
stem cells in addition to differentiated smooth mus-
cle cells from vascular origin.

RA has been shown to regulate the expres-
sion of the homeobox gene which is a powerful regu-
lator of pattern formation of the developing embryo.
Several members of the HOX clusters show a related
role for the cardiovascular system and vasculogene-
sis process.® The paired-related homeobox genes
MHox or Prx 1 and Prx 2 or S8 have been shown to
play an important role in vasculogenesis and early
vessel development.?® Prx1 was shown to promote
the expression of genes that contain the CArG ele-
ment in their promoters such as c-fos.”? The SM a-
actin promoters have been shown to contain two
CArG elements. A higher expression of SM a-actin
can be promoted via serum responsive factor (SRF)
binding to these elements.”® RA can promote both
MHox and SM a-actin expression in P19 embryonal
carcinoma cells.*” The SRF was shown to be highly
expressed in novel P19-derived clonal cell lines after
treatment with RA.?* However, the mechanism how
RA influences the homeobox gene of BMSCs still
has to be elucidated. The cell orientation in a loop-
like fashion in RA treated BMSCs in our study may
indicate morphological evidence of vasculogenesis
from stem cells.

In conclusion, this paper has shown that
triggering BMSC differentiation may require RA at
an optimal concentration. According to the micro-
scopic investigation, the RA -induced BMSCs had an
intact cell morphology with strong cell to cell inter-
action by forming cell clusters and spindle shaped
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cells. With increasing the dose of RA to 0.1 pM, the
BMSCs produced a lower amount of SM a-actin al-
though they shared a similarity in cell morphology
and arrangement with the 0.01 pM RA induced
BMSCs. In addition, the expression of an early
marker of smooth muscle cells in 0.01 pM RA in-
duced BMSCs may be suitable for further co-culture
with endothelial cells since vascular formation re-
quires an early stage of cells. We suggest that 0.01
UM RA induced BMSCs may be useful in blood ves-
sel tissue engineering.

ACKNOWLEDGEMENTS

This work has been supported by the na-
tional stem cell research project of Thailand, Na-
tional Research Council of Thailand (NRCT).

REFERENCES

1. National Institute of Health (NIH) (2001) Stem cell informa-
tion. [cited 2003, Oct 8]. Available from: http://www.nih.
gov/news/stemcell/scireport.htm.

2. Young HE, Black AC. Adult Stem Cells. Anat Rec 2004;
276: 75-102.

3. Luttun A, Carmeliet G, Carmeliet P. Vascular progenitors:
from biology to treatment. Trends Cardiovasc Med 2002; 12:
88-96.

4. Herzog EL, Chai L, Krause DS. Plasticity of marrow-derived
stem cells. Blood 2003; 102: 3483-93.

5. Szmitko PE, Fedak PWM, Weisel RD, Stewart DJ, Kutryk
MJB, Verma S. Endothelial progenitor cells new hope for a
broken heart. Circulation 2003; 107: 3093-100.

6. Tuan RS, Boland G, Tuli R. Adult mesenchymal stem cells
and cell-based tissue engineering. Arthritis Research and
Therapy 2003; 5: 32-45.

7. Galmiche MC, Koteliansky VE, Briere J, Herve P, Charbord
P. Stromal cells from human long-term marrow cultures are
mesenchymal cells that differentiate following a vascular
smooth muscle differentiation pathway. Blood 1993; 82: 66-
76.

8. Bonanno E, Ercoli L, Missori P, Rocchi G, Spagnoli LG.
Homogeneous stromal cell population from normal human
adult bone marrow expressing alpha-smooth muscle actin
filaments. Lab Invest 1994; 71: 308-15.

9. Kinner B, Zaleskas JM, Spector M. Regulation of smooth
muscle actin expression and contraction in adult human mes-
enchymal stem cells. Exp Cell Res 2002; 278: 72-83.

10. Wilson JG, Warkany J. Aortic-arch and cardiac anomalies in
the offspring of vitamin A deficient rats. Am J Anat 1949;
85: 113-55.

11. Wilson JG, Roth CB, Warkany J. An analysis of the syn-
drome of malformations induced by maternal vitamin A de-
ficiency: effects of restoration of vitamin A at various times
during gestation. Am J Anat 1953; 92: 189-217.

12. Blank RS, Swartz EA, Thompson MM, Olson EN, Owens
GK. A retinoic acid-induced clonal cell line derived from




ACTIN EXPRESSION IN STROMAL CELLS BY RETINOIC ACID

119

13.

14.

15.

16.

17.

18.

multipotential P19 embryonal carcinoma cells expresses
smooth muscle characteristics. Circ Res 1995; 76: 742-749.
Marek D, Haller H, Bychkov R et al. From totipotent em-
bryonic stem cells to spontaneously contracting smooth
muscle cells: a retinoic acid and db-cAMP in vitro differen-
tiation model. FASEB J 1997; 11: 905-15.

Miano JM, Berk BC. Retinoids: versatile biological response
modifiers of vascular smooth muscle phenotype. Circ Res
2000; 87: 355-62.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the folin phenol reagent. J Biol Chem
1951; 193: 265-75.

Dennis JE, Charbord P. Origin and differentiation of human
and murine stroma. Stem cells 2002; 20: 205-14.

Hirschi KK, Rohovsky SA, D’Amore PA. PDGF, TGF-B
and heterotypic cell-cell interactions mediate endothelial
cell-induced recruitment of 10T1/2 cells and their differen-
tiation to a smooth muscle fate. J Cell Biol 1998; 141: 805-
14.

Yamashita J, Itoh H, Hirashima M et al. FIk1-positive cells
derived from embryonic stem cells serve as vascular pro-
genitors. Nature 2000; 408: 92-6.

19.

20.

21.

22.

23.

24.

Axel DI, Frigge A., Dittmann J et al. All-trans retinoic acid
regulates proliferation, migration, differentiation, and ex-
tracellular matrix turnover of human arterial smooth muscle
cells. Cardiovasc Res 2001; 49: 851-62.

Gorski DH, Walsh K. Control of vascular cell differentiation
by homeobox transcription factors. Trends Cardiovasc Med
2003; 13: 213-20.

Jones FS, Meech R, Edelman DB, Oakey RJ, Jones PL.
Prx1 controls vascular smooth muscle cell proliferation and
tenascin-C expression and is upregulated with Prx2 in pul-
monary vascular disease. Circ Res 2001; 89: 131-8.
Treisman R. Transient accumulation of c-fos RNA following
serum stimulation requires a conserved 5’ element and c-fos
3’ sequences. Cell 1985; 42: 889-902.

Kumar MS, Owens GK. Combinatorial control of smooth
muscle-specific gene expression. Arterioscler Thromb Vasc
Biol 2003; 23: 737-47.

Manabe I, Owens GK. Recruitment of serum response factor
and hyperacetylation of histones at smooth muscle-specific
regulatory regions during differentiation of a novel P19-
derived in vitro smooth muscle differentiation system. Circ
Res 2001; 88: 1127-34.

119



