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Abstract

BACKGROUND: Mesenchymal stem cells (MSCs) have strong self-renewal ability and multiple differentiation potential.
Some studies confirmed that spreading shape and area of single MSCs influence cell differentiation, but few studies
focused on the effect of the circularity of cell shape on the osteogenic differentiation of MSCs with a confined area during
osteogenic process.

METHODS: In the present study, MSCs were seeded on a micropatterned island with a spreading area lower than that of a
freely spreading area. The patterns had circularities of 1.0 or 0.4, respectively, and areas of 314, 628, or 1256 um?. After
the cells were grown on a micropatterned surface for 1 or 3 days, cell apoptosis and F-actin were stained and analyzed. In
addition, the expression of B-catenin and three osteogenic differentiation markers were immunofluorescently stained and
analyzed, respectively.

RESULTS: Of these MSCs, the ones with star-like shapes and large areas promoted the expression of osteogenic dif-
ferentiation markers and the survival of cells. The expression of F-actin and its cytosolic distribution or orientation also
correlated with the spreading shape and area. When actin polymerization was inhibited by cytochalasin D, the shape-
regulated differentiation and apoptosis of MSCs with the confined spreading area were abolished.

CONCLUSION: This study demonstrated that a spreading shape of low circularity and a larger spreading area are
beneficial to the survival and osteogenic differentiation of individual MSCs, which may be regulated through the cytosolic
expression and distribution of F-actin.
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1 Introduction myocytes [2]. The differentiation of MSCs into specific

lineages appears to depend on their in vivo or in vitro

Mesenchymal stem cells (MSCs) are widely distributed in
the bone marrow, liver, fats, and other animal tissues [1].
They are pluripotent stem cells that self-renew and differ-
entiate into osteoblasts, chondrocytes, adipocytes, and
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exposure to local chemical and physical cues within their
surrounding microenvironment [3, 4]. Cells can sense the
adhesive features of substrates [4]; thus, some studies
focused on the biological responses of MSCs cultured on
micropatterned surfaces, particularly on osteogenic or
adipogenic differentiation [5-7].

In the past two decades, some investigations have been
implemented on the effect of cellular area and shape on the
differentiation of MSCs [7-10]. For example, when hMSCs
were cultured in rectangles of varying aspect ratios or
fivefold symmetric shapes with an area of 2500 pm” and a
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circularity of 0.84, 0.88, or 0.61 (circularity = 4n x area/
perimeter”), the osteogenic differentiation of MSCs
decreased monotonously with the increase in circularity [8].
When the circularity of cellular shape was 1, 0.785, 0.604, or
0.216 with the same adhesive area of 900 umz, the adi-
pogenic differentiation of MSCs increased monotonously
with the increase in circularity, whereas their osteogenic
differentiation showed the opposite trend [7]. In addition to
cell shape, the spreading area of individual MSCs consid-
erably influenced their differentiation. Adipogenic differ-
entiation was mostly observed in the 900 um? area, whereas
osteogenic differentiation, in the 3600 pmz area [9]. A
similar conclusion was obtained from another study, which
showed that MSCs with large spreading areas (5026 pm?)
have a higher tendency to differentiate into osteoblasts than
MSCs with small spreading areas (1256 or 2827 pm?) [10].
The above studies revealed that spreading shape and area
considerably influence MSCs differentiation, but no study
considered both factors concurrently; therefore, many
problems are still unexplained at present. For example,
when the osteogenesis of bone marrow MSCs are initiated
in vivo, the mineralized matrix or the degradation of adhe-
sion molecules in osteoids may reduce the adhesion areas or
constrain the adhesive shapes of MSCs [11]. Our previous
studies showed that MC3T3-El osteoblasts confined in
small circular patterns tend to differentiate osteogenically or
undergo apoptosis, whereas a wrinkled shape with low cir-
cularity reduces the induced differentiation or apoptosis
[12]. However, studies on the differentiation and apoptosis
of MSCs with areas of less than 1000 um? are rare.
Therefore, the present study aims to elucidate the effect
of spreading shape on the differentiation or apoptosis of
bone marrow MSCs with an area significantly smaller than
the physiological value for simulating the in vivo crowded
phenomenon in which MSCs still remain their differentia-
tion capability. The micropatterning technique is adopted to
fabricate the islands with different areas and circularities for
seeding individual MSCs [12]. Then, the effect of spreading
area and circularity on the osteogenic differentiation and
apoptosis of MSCs is observed. Furthermore, the expression
and intracellular distribution of F-actin and B-catenin are
measured and analyzed to clarify the mechanism of cellular
morphology-induced differentiation of MSCs.

2 Materials and methods

2.1 Surface fabrication

Two types of patterns, that is, circle and star were
designed. The patterns had circularities of 1.0 and 0.4,

respectively, and areas of 314, 628, or 1256 pmz. The
parameters of the patterns are shown in Table 1. The
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typical spreading area of MSCs on unpatterned surfaces is
about 2500 um?; we used confined spreading area in this
study. These patterns were replicated on a polydimethyl-
siloxane stamp via the procedure introduced in our previ-
ous papers [12—15]. The hydrophilization of the stamp was
achieved by sputtering oxygen ions on its surface with an
SBC-12 ion sputter coater (KYKY Technology Company,
Beijing, China). The non-adhesive comb polymer pur-
chased from Suzhou Nanotechnology Institute of CAS,
which remained stable for approximately three months,
was used [16]. Briefly, one droplet of the comb polymer
solution was placed on the stamp surface and was made
uniform by centrifugation at 1500 rpm. Finally, the stamp
was gently pressed onto a culture dish for 10 s before the
designed patterns were transferred onto the disk surface.

2.2 Cell culture

GIBCO Mouse (C57BL/6) bone marrow MSCs were pur-
chased from Invitrogen and were cultured in an o-minimum
essential medium (Hyclone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY, USA)
plus 1% penicillin and streptomycin (Hyclone, Logan, UT,
USA) at37 °C. We did not use an osteogenic induction medium
to study the exclusive effects of spreading shape on MSC dif-
ferentiation. The cells were seeded on micropatterned culture
dishes at a density of 5 x 10* cells/cm?, so that a single cell
could attach to one adhesive region. After 30 min, the culture
dish was gently washed to remove unattached cells. In the group
for disrupting cytoskeleton, the seeded cells were cultured in a
medium with 1 pg mL ™! cytochalasin D (CD, Aladdin,
Shanghai, China) for 24 h to inhibit actin polymerization.

2.3 Apoptosis assay

One-step TUNEL Apotosis Assay Kit (Beyotime, C1088,
Shanghai, China) was used to detect the apoptosis of
micropatterned MSCs. After treatment with 4%
paraformaldehyde, cells were permeabilized with 0.3%
Triton X-100 for 5 min at room temperature and then
incubated with a TUNEL reaction mixture of the label
solution for 60 min at 37 °C in a humidified atmosphere in
the dark, which was followed by rinsing with PBS. The cell
nuclei were additionally counterstained with 0.1% Hoechst
stain in PBS in the dark for 10 min. During observation
under a fluorescence microscope, the cells in apoptosis
revealed green fluorescence at nuclear regions.

2.4 Differentiation and B-catenin measurements
After the cells were grown on a micropatterned surface for

3 days, they were gently washed with PBS, fixed with 4%
paraformaldehyde in PBS for 30 min at room temperature,
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Table 1 Geometric parameters

of the designed patterns Shape R (pum) D (um) Designed area (p.mz) Pattern’s real area (pmz) Circularity
o/ 7 16 314 313.9 0.4
10 23 628 627.9
14 33 1256 1255.9
10 - 314 314.2 1
14 - 628 628.1
20 - 1256 1256.6

and permeabilized with 0.2% Triton-X 100 in PBS for
10 min atroom temperature. The cells were blocked with 5%
bovine serum albumin (Boster, Wuhan, China) for 30 min,
incubated with goat antimouse polyclonal antibodies against
alkaline phosphatase (ALP), type I collagen (COL I), or
osteocalcin (OCN; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) ata 1:100 dilution for 60 min at 37 °C, then
washed with PBS three times, and finally incubated in the
dark for 60 min with an FITC-labeled affinity-purified
antibody to goat IgG (Invitrogen, Carlsbad, CA, USA) at a
1:1000 dilution. The staining method of B-catenin (CST,
84808, Boston, MA, USA) was the same as above.

2.5 F-actin measurements

After the cells were grown on a micropatterned surface for
either 1 or 3 days, they were fixed for 5 min in 3.7%
formaldehyde solution in PBS and permeabilized with
0.2% Triton-X-100 in PBS for 10 min at room temperature.
Then, the cells were stained with a 50 mg/mL FITC
phalloidin conjugate solution (SIGMA, Philadelphia, PA,
USA) in PBS for 40 min at room temperature.

<~ 1256 pm?

F-actin

Merged Nucleus

O 1256punt <= 314pn? O 314 pnd

2.6 Statistical analysis

All experiments were performed at least in triplicate, and at
least 30 cells were measured for each group. The fluores-
cent intensity of individual cells was measured by Imagel
software. Data were presented as mean =+ standard devia-
tion if not specifically claimed. One-way ANOVA with
Tukey’s post hoc analysis was performed to determine the
statistically significant differences between the mean val-
ues of different groups (p < 0.05).

3 Results

3.1 Spreading morphology of MSC on different
micropatterns

MSCs were cultured on the micropatterned substrate for
1 day, and then the intracellular F-actin and nuclei were
immunofluorescently stained as shown in Fig. 1. It can be
seen that the individual MSCs were well constrained in
either star-like or circular pattern with different spreading

¥ no PTN

Fig. 1 Fluorescent images of individual MSCs stained with FITC phalloidin for F-actin and with Hoechst for nucleus at 1 days after seeding.

Scale bar, 20 pm

@ Springer



576

Tissue Eng Regen Med (2019) 16(6):573-583

Fig. 2 Effect of spreading
shape and area on the apoptosis
of MSCs. A TUNEL fluorescent
images of MSCs cultured on
circular or star-like patterns for
1 day. The dash lines indicate
the nuclear contours. Scale bar,
20 um. B-E Statistical analysis
of the apoptosis of MSCs on
different patterns with or
without CD for 1 or 3 days.
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areas of 314 pm? and 1256 um?, respectively, according to
what we designed. Freely spreading MSCs (no-PTN) typ-
ically exhibit spindle or polygonal shape.

3.2 Spreading area and circularity determine
the survival of MSCs

TUNEL assay was used to reveal the cells in apoptosis. The

fluorescence images showed that TUNEL staining was
observed in the nuclear region and the intensity was very
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weak in no-PTN group but became stronger in patterned
groups (Fig. 2A). The cells freely spreading on the culture
plate could be regarded as alive, therefore the cells whose
fluorescent intensity were higher than the mean nuclear
intensity of freely spreading MSCs was considered as
apoptotic. The statistical results showed that the smaller
patterns of 314 um” were not conducive to cell survival
regardless of the shape and the apoptosis percentage
reached up to 64% (Fig. 2B). With the increase of pattern
area, the apoptosis percentage gradually decreased, e.g.
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21% for 1256 pum? star-like cells that is similar to freely
spreading cells. In addition, cell shape significantly influ-
enced the apoptosis for 628 pm? and 1256 pm?* MSCs, i.e.
star-like pattern enhanced the survival of MSCs compared
with circular pattern. After MSCs were cultured on the
micropatterned substrate for 3 days, the apoptosis per-
centage of 314 pm? and 628 pm? cells obviously increased
relative to 1 day, while that in the larger patterns or on
blank surface remained unchanged, implying that the
longer culture of MSCs in a confined environment pro-
motes the apoptotic tendency (Fig. 2). The above results
showed that cell shape, cell size and culture time regulate
the survival of MSCs with confined adhesive morphology.

3.3 Spreading area and circularity regulate
osteogenic differentiation of MSCs

Figure 3 shows the fluorescent images of FITC-labeled
osteogenic differentiation markers, i.e. ALP, COL I, and
OCN, and Fig. 4 presents their relative fluorescent inten-
sity. After 3 days of seeding, the MSCs cultured on star

ALP COL1 OCN

1256 pm’

+ O

314 pm’
<>>

O

no PTN
%

628 pm’
O

Fig. 3 Fluorescent images showing the FITC-labeled protein expres-
sion of ALP, COL I, and OCN of individual MSCs cultured on the
micropatterned regions and those on blank regions on the same slide
for 3 days. Scale bar, 20 pm

islands expressed significantly higher levels of ALP, COL
I, and OCN than those on circular islands (Fig. 4A, C, E).
In addition, the MSCs on bigger islands of 628 or
1256 um? had higher levels of fluorescent intensity of
differentiation markers than those of 314 umz. Therefore,
the spreading shape and size of MSCs cooperatively reg-
ulate the osteogenic differentiation of MSCs.

3.4 Disruption of F-actin inhibits shape-induced
apoptosis and differentiation

In this study, CD was used to inhibit the polymerization of
actin monomers to investigate the relationship between
cytoskeleton and the survival or differentiation of MSCs.
After CD treatment, the spreading area of micropatterned
or unpatterned cells obviously shrank (Fig. 5). After MSCs
were cultured with CD for 1 day or 3 days, the TUNEL
fluorescence intensity in the nuclei of star or circular
1256 um” MSCs and freely spreading MSCs was signifi-
cantly higher than that without CD treatment (Fig. 2A).
The statistical analysis showed that CD caused nearly 80%
apoptosis for micropatterned and unpatterned MSCs
(Fig. 2C, E). For osteogenic differentiation, the shape-de-
pendent expression of three markers was also reduced after
F-actin was disrupted (Fig. 4B, D, F). These results sug-
gested that the spreading shape-dependent apoptosis and
differentiation of MSCs are strongly related to cytoskeleton
structure.

3.5 Structure of F-actin is regulated by spreading
area and circularity

To study the relationship between spreading area or shape
and cytoskeleton further, we performed statistical analyses
on the fluorescence images of F-actin. Results showed that
when cells were cultured on 1256 pm? patterns for 1 day,
F-actin was assembled on the star islands better than that
on circular patterns (Fig. 1). When the area of MSCs was
decreased, the intensity of F-actin was gradually reduced
until it was significantly lower than that on unpatterned
substrates (Fig. 5B). For the 3-day culture, MSCs on star-
like islands of 1256 um? had a significantly higher level of
F-actin than those for 1-day culture or on other patterns
(Fig. 5SD). Moreover, MSCs on the smaller cell area or with
longer culture time had a lower level of F-actin than those
on unpatterned surfaces. After adding CD, no difference
was found for MSCs on the patterns regardless of cell area,
cell shape, and culture duration (Fig. 5C, E).

Since the cytoskeleton could generate mechanical forces
and gets involved in cell adhesion, it is generally regarded
that the arrangement of stress fibers might have a rela-
tionship with the cytoskeleton force, which can be revealed
by coherency of F-actin [8, 17, 18]. The results of F-actin

@ Springer



578

Tissue Eng Regen Med (2019) 16(6):573-583

Fig. 4 A-F Statistical analyses
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conformance analysis showed that the coherence of F-actin
in circular-shaped cells cultured for 1 day was significantly
lower than that of star-shaped cells, but both were lower
than the no-PTN group (Fig. 6). After the 3-day culture,
circular-shaped cells showed no significant difference with
that of 1-day culture, whereas the coherency of F-actin in
star-shaped cells was higher than the no-PTN group
(Fig. 6C). After adding CD, no significant difference was
observed between the patterned and control groups
(Fig. 6B, D).

To explore whether osteogenic differentiation may be
regulated by intracellular cytoskeletal distribution, we
analyzed the distribution of F-actin in the cytoplasm and
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nucleus, respectively. Figure 7 showed that when MSCs
were cultured for 3 days, a higher level of F-actin in the
cytoplasm or nucleus was found on the bigger star pattern
of 1256 um?> After decreasing the spreading area, the
F-actin level in the cytoplasm or nucleus also decreased.
Comparing the ratio of nuclear F-actin to cytoplasmic
F-actin, the ratio was found to increase with the decrease in
cell area, and the star-like pattern had a smaller value
compared with the circular pattern, indicating that trans-
ferring F-actin from the cytoplasm to the nucleus may
inversely correlate with the osteogenesis of MSCs
(Fig. 7E). After culturing cells with CD for 3 days, the
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intracellular distribution of F-actin was independent of cell
shape or area (Fig. 7C, D).

3.6 Intracellular distribution of p-catenin is
involved with spreading area and circularity

The physical properties of substrates regulate the Wnt
signaling pathway [19-21]. To detect whether a
micropatterned culture of MSCs initiates the Wnt pathway,
we measured the expression and distribution of B-catenin,

the maker protein of the canonical Wnt signaling pathway
(Fig. 8). The results of immunofluorescence staining after a
3-day seeding suggested that MSCs with a higher area or
lower circularity expressed a higher level of B-catenin
(Fig. 8C). After analyzing the ratio of [-catenin in the
cytoplasm to that in the nuclear region, a significant dif-
ference was found only between MSCs on the large star
island of 1256 um? and those of 314 um® (Fig. 8E).
Adding CD in the culture medium reduced the difference
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Fig. 6 A-D Orientation of A B
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of B-catenin expression among different groups (Fig. 8D,
F).

4 Discussion

In the present study, the influence of geometric cues of
single MSCs on their apoptosis and differentiation was
investigated. Based on the fluorescent images of the
cytoskeleton (Fig. 1), the micropatterned features con-
strained the boundary of MSCs. In this study, MSCs were
found to grow abnormally on smaller patterns and tended
to enter into apoptosis (Fig. 2A). As the spreading area of
MSCs was increased, the degree of cellular apoptosis
decreased. Moreover, star-shaped cells had a low level of
apoptosis and were better for survival than circular ones
especially with large areas (Fig. 2B, D). The probable
reason was that the star-like geometry might be similar to
the physiological shape of MSCs, implying that the
spreading shape with lower circularity is more beneficial to
the survival of MSCs. After CD treatment, most of cells
entered into apoptosis regardless of spreading area and
shape and there was no significant difference among
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different groups (Fig. 2C, E). Therefore it was reasonably
speculated that cytoskeleton played an important role in the
adhesion and survival.

The current results on the osteogenic differentiation of
MSCs showed that the expression levels of ALP, COL I,
and OCN reveals their cell area- and shape-dependent
tendencies (Fig. 4A, C, E). Large islands with low round-
ness promoted the expression of osteogenic markers, thus
facilitating the osteogenesis of MSCs. By contrast, the
circular cells tended to keep their original cell lineage. This
result was similar to some previously reported findings that
MSCs were more likely to differentiate into osteoblasts
when the circularity of cell spreading area was small [7, 8].
This phenomenon seems to reveal that a trade-off occurs
between apoptosis and differentiation; as the osteogenic
differentiation of MSCs is strengthened, the apoptosis
would be weakened. However, when rupturing the
cytoskeleton of MSCs with CD, the cell roundness-regu-
lated apoptosis or differentiation disappeared (Figs. 2C, E,
4B, D, F). These results indicated that the cytoskeleton
might play important roles in the biological activities of
cells.
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To verify the cytoskeletal structure of MSCs during
osteogenic differentiation induced by cellular area or
shape, the fluorescent images of F-actin were analyzed in
this study. The MSCs cultured on a star-like pattern of
1256 um?” predominately assembled actin filaments along
the peripheral edges of the patterns and had strong actin
filaments and stress fibers at the peripheral and central
regions, which is similar to the freely spreading cells
(Fig. 1). The statistical analysis about the coherency of
F-actin revealed that the wrinkled shape of MSCs could
increase the ordered assembly of the cytoskeleton (Fig. 6A,

1256 no PTN

C). This shape-dependent cell apoptosis or differentiation
is due to the cytoskeleton remodeling playing a key role in
both processes. When MSCs were constrained in the area
of 314 um?, which is obviously smaller than physiological
area, the lack of adhesion space makes it difficult for cells
to assemble their cytoskeleton. Increasing the area or
peripheral ruffle of MSCs enhanced the assembly of F-actin
and promoted the expression of osteogenic differentiation
markers, suggesting that the highly assembled cytoskeleton
may promote the osteogenic differentiation of MSCs.
However, when cells were treated with CD for 1 day or
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Fig. 8 Distribution of B-catenin A
in MSCs without and with CD

after 3-day seeding. A,

B Fluorescence images of

individual MSCs stained with
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3 days, the actin network would be broken, and the effects
of the patterns’ area and shape on F-actin intensity disap-
peared (Fig. 5C, E), indicating that the integrity of
cytoskeleton maintains the physiological activity of cells.
In addition, after CD treatment F-actin could not form
stress fiber bundle (Fig. 5A, C, E) so that the intracellular
distribution of F-actin might change. We analyzed the
intensity of F-actin in cytoplasm and nucleus and found
that the ratio of F-actin in nucleus and cytoplasm was
higher in CD group than that in normal group for larger
patterns (Fig. 7E). The above results implied that a highly
oriented assembly of F-actin in the cytosol is necessary for
the survival or osteogenic differentiation of MSCs.
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The classical Wnt signaling pathway had been shown to
promote osteogenic differentiation of stem cells, and when
this pathway was activated, the protein B-catenin would be
transferred from cytoplasm to nucleus [19]. To evaluate the
effect of classical Wnt signals on cells cultured on the
substrate with different roundness, we assayed the level of
B-catenin protein inside MSCs without CD or treated with
CD (Fig. 8C, D). The star pattern of 1256 pum? induced p-
catenin accumulation and promoted the transfer of f-
catenin into the nucleus of MSCs (Fig. 8E), which may
activate the Wnt signaling pathway. However, the mecha-
nism of related gene expression and signaling pathways in
the nucleus during the osteogenic differentiation of MSCs
is still unclear, and further research should be performed.
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In conclusion, this study demonstrated that a spreading
shape of low circularity and a larger spreading area are
beneficial to the survival and osteogenic differentiation of
individual MSCs, which may be regulated through the
cytosolic expression and distribution of F-actin. These
findings give insights into the mechanism of bone remod-
eling and tissue regeneration.
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