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Abstract 

Multipotent stem cells are considered as a key material in regenerative medicine, and the 

understanding of the heterogeneity in the differentiation potentials of bone marrow-derived 

cells is important in the successful regenerative tissue repair. Therefore, the present study has 

been performed to investigate how the differentiation of post-harvest, native bone marrow-

derived cells is regulated by cyclic stretch in vitro. Bone marrow-derived cells were obtained 

from mouse femur of both hind limbs and categorized into the following five categories: 

amebocytes, round cells, spindle cells, stellate cells and others. The cells were seeded on a 

silicone-made stretch chamber, and subjected to cyclic stretch with an amplitude of 10% at a 

frequency of 1 Hz for 7 days for cell shape analysis and for 3 days for the analysis of the 

expression of marker proteins of osteogenic (osteocalcin), vascular smooth muscle (-smooth 

muscle actin and smooth muscle myosin heavy chain) and neurogenic (neurofilament) 

differentiation. When disregarding the differences in the cell shapes, there was an overall trend 

that the application of 10% cyclic stretch inhibited osteogenic and neurogenic differentiation, 

but enhanced smooth muscle differentiation. Close examinations revealed that round cells were 

influenced the most by cyclic stretch (significant up- or down-regulation in all the four marker 

protein expressions) while amebocytes and spindle cells were only influenced by cyclic stretch 
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for vascular smooth muscle and/or neurogenic differentiation. As far as the authors know, this 

is the first study reporting the shape-related differences in the fate decision criteria for 

mechanical strain in bone marrow-derived cells. 
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Introduction 

 

Stem cells have a multipotent differentiation capability and have been considered as a key 

material in the success of regenerative medicine. Bone marrow is a primary source of the stem 

cells among other tissues such as blood and adipose tissue. Bone marrow-derived stromal cells, 

also named as bone marrow mesenchymal stem cells (bMSCs), have been studied extensively 

for their multipotent differentiation capability. Moreover, an application of mechanical loading 

has been demonstrated to be effective in directing differentiation towards cells in load-bearing 

tissues such as blood vessel (vascular smooth muscle cells), bone (osteoblasts) and articular 

cartilage (articular chondrocytes) (Steward and Kelly, 2015).  

Among a variety of mechanical loading regimens, cyclic stretch has been adopted in 

a number of studies in an attempt to lead bMSCs into specific lineages. It has been 

demonstrated that the application of cyclic stretch to bMSCs in vitro resulted in changes in the 

expression of markers for osteogenic, chondrogenic, smooth muscle and tenogenic 

differentiations. The direction of the change (i.e. upregulation or downregulation) depends on 

the amplitude of cyclic stretch. In general, cyclic stretch with a low amplitude up to 5% induces 

an upregulation of osteogenic differentiation (Byrne et al., 2008; Haudenschild et al., 2009; 
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Kearney et al., 2010; Koike et al., 2005; Qi et al., 2008; Rui et al., 2011; Ward Jr. et al., 2007), 

whereas that with an amplitude over 10% resulted in the enhancement of the differentiation 

towards smooth muscle cells (Ghazanfari et al., 2009; Jang et al., 2011). Tenogenic 

differentiation is inducible by cyclic stretch with an amplitude ranging from 1% to 10% (Kuo 

and Tuan, 2008; Morita et al., 2019, 2013). 

It is known that bone marrow contains cells with a variety of shapes. Two types of 

cell shape were reported first (Mets and Verdonk, 1981): fibroblast-like cells and large, 

epithelial-like cells. This was followed by a report showing the presence of round-shape cells 

(Colter et al., 2001; Kobayashi et al., 2004; Vogel et al., 2003). These cell shape seemed to 

represent different differentiation capabilities; fibroblast-like spindle cells can be differentiated 

into smooth muscle cells under fluid flow stimulation, while round-shape cells and large cells 

can be differentiated into adipocytes and osteoblast, respectively (Kobayashi et al., 2004). 

Chondrogenic and neurogenic differentiation capabilities have also been confirmed (Freeman 

et al., 2015; Ward Jr. et al., 2007). Despite the presence of such heterogeneity in the population 

of bone marrow-derived cells, in the most of past studies, cells were isolated from the marrow 

of long bones, expanded and cultured in tissue culture flasks before the use in subsequent 

culture experiments for cell differentiation as stem cells (e.g. Both et al., 2007; Farrell et al., 
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2006). During these procedures, non-adherent cells, which could include hematopoietic cells, 

were excluded so that the remaining, cells attaching to a plastic substrate were selectively 

cultured to confluency, at least once, to make them a homogeneous population of stem cells. 

Although this could potentially give researchers stable and reproducible materials, such stem 

cells still demonstrate widely varying differentiation potentials between individual cells 

(Freeman et al., 2015). In addition, the use of stem cell lines comes with a drawback that the 

differentiation capability of the original, native cells in bone marrow cannot be analyzed. The 

heterogeneity of bone marrow-derived stem cells is thought to lead to an unsatisfactory 

outcome of tissue repair by the administration of these cell types in clinical settings (Huang et 

al., 2010; Wang et al., 2015). For a better outcome in the therapeutic use of stem cells, 

understanding of how the native bone marrow-derived cells can be differentiated to various 

specific lineages would be useful, particularly in the presence of extrinsic signals such as 

mechanical and/or chemical stimuli. Therefore, the present study has been performed to 

investigate how the differentiation of post-harvest, native bone marrow-derived cells is 

regulated by cyclic stretch in vitro. 
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Materials and methods 

 

Bone marrow-derived cell isolation 

All animal experiments were approved by the institutional review board for animal care at 

Nagoya Institute of Technology (Approval No. 17003) and were performed following the 

Guide for Animal Experimentation, Nagoya Institute of Technology. Bone marrow-derived 

cells were obtained from 6-week old Std:ddY mouse femur of both hind limbs. The femur was 

harvested aseptically in a clean bench, and cut at both ends. Culture medium, consisting of 

DMEM (Sigma-Aldrich, Japan) supplemented with 10% fetal bovine serum and penicillin-

streptomycin at 1unit/ml (both from GIBCO, USA), was pre-warmed at 37°C and injected into 

the medullary cavity. Bone marrow containing bone marrow-derived cells was extracted with 

the medium into a centrifuge tube. In one experiment, a total of eight femurs from four mice 

was collected and pooled, and centrifuged at 1000 rpm for 5 min. This was followed by the 

removal of the supernatant, and the remaining cells were seeded on a silicone-made stretch 

chamber (STB-CH-04, Strex, Japan) (Supplementary Figure 1). The elastic membrane at the 

bottom of the chamber was pretreated with 47% sulfuric acid (Wako, Japan) for 1 h for 
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hydrophilization, followed by incubation with 0.1% type I collagen solution for 24 h. The cells 

in the chamber were incubated another 48 h in an incubator (37°C/5% CO2), with medium 

exchange at 24 and 48 h to remove non-adherent cells. 

 

Mechanical stimulation 

A mechanical loading system (NS-300, Strex) was used to apply cyclic stretch to the cells in 

the stretch chamber with an amplitude of 10% at a frequency of 1Hz. For the analysis of the 

shape, density and alignment of cells, cyclic stretch was provided for 7 days. In each day during 

the 7-day period, cyclic stretch was applied for 22 h, followed by a 2-h resting period. The 

system was kept in 37°C and 5% CO2 in the incubator throughout the 7-day experiment, except 

for the medium change and/or the imaging of the cells during the resting period. Each 

experiment was performed with the cells cultured in the chambers in the absence of cyclic 

stretch, which served as static controls. For cell differentiation analysis, cyclic stretch was 

provided for 3 days without resting periods. The system was kept in 37°C and 5% CO2 in the 

incubator throughout the 3-day experiment. Non-stretched, static controls were included in 

each cyclic stretch experiment. 
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Analysis of cell shape, density and alignment 

During the resting period of the cyclic stretching experiment, the images of cells were captured 

from randomly selected 10 locations within the chamber on an inverted microscope (IX71, 

Olympus, Japan). From these images, the shape and the density of the cells were evaluated. 

Because the shape of native bone marrow-derived cells was varied, the shape was classified 

manually into five categories: amebocytes, round cells, spindle cells, stellate cells and others. 

A representative image of these cells is shown in Figure 1. Amebocyte was defined as cells 

spreading widely with a large area. Round cell attached to the elastic membrane, but kept the 

round (spherical) shape. Spindle cell exhibited well-known spindle shape of cells such as 

fibroblasts. Stellate cells are those attaching to the substrate and spreading with thin and long 

cell processes. Cells not fallen into these four categories were categorized as others. To 

determine the density, the number of each of these cell types were manually counted in all the 

10 photomicrographs obtained in each day, and the cell density (the number of cells per mm2) 

was calculated. The alignment of the cells and actin filaments was examined with images of 

the cells labeled with rhodamine-phalloidine (ThermoFisher Scientific, USA). Detailed 

procedures are provided in Supplementary material 1. 
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Immunofluorescence staining for differentiation markers, fluorescence microscopy and image 

analysis 

At the end of the stretching culture experiment, the cells were analyzed for the differentiation 

towards following specific lineages: osteogenic, smooth muscle and neurogenic differentiation. 

Details of the procedures of fluorescence staining, fluorescence microscopy and image analysis 

are provided in Supplementary material 2. 

 

Statistical analysis 

Please see Supplementary material 3. 

 

 

Results 

 

Cell density 

In static culture, the cell density increased with the culture period, reaching to more than double 

on day 7 compared to day 0 (Fig. 2(a)). The density of the amebocytes showed no marked 

changes during the 7-day period, while the density of the round cells greatly increased. The 
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spindle cells increased the density on day 4, but decreased on day 7. In the case of stretch 

culture, an overall density was at a level of day 0 during the 7-day period (Fig. 2(b)). The 

density of the amebocytes decreased to half of that of day 0 on day 4, while the density of the 

round cells showed a small increase. The spindle and stellate cells were not observed on day 0, 

but there was a small population of the cells observed on days 4 and 7.  

 

The alignment of cells and actin filaments 

In the cells examined, only amebocytes with the shape index (defined as 4×cell area divided 

by the square of cell perimeter) lower than 0.5 were analyzed for the alignment of cell body as 

well as actin filaments (Figure 3(a)). On day 0, the amebocytes exhibited a wide range of 

alignment angles, with a mean angle of 51° (Fig. 3(b)). This was shifted to the direction of 

stretch by the application of cyclic stretch, but only with a small amount; there were no 

significant differences in the cellular alignment angles among day 0, day 4 and day 7. Actin 

filaments also exhibited a wide range of the fiber alignment angle, with the mean angle of 47° 

(Fig. 3(c)). This was slightly but significantly increased to 49° on day 3, and significantly 

decreased to 25° on day 7. 
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Osteogenic differentiation 

In osteocalcin expression, cyclic stretch exhibited an inhibitory effect on the osteogenic 

differentiation of bone marrow-derived cells, and the extent of the inhibition was dependent on 

the cell type (Figs. 4 and 5). The expression in the amebocytes and the spindle cells was not 

significantly affected by the application of cyclic stretch. On the other hand, the expression in 

the round cells was significantly inhibited by cyclic stretch. No expression was observed in the 

static condition in the stellate cells; however, the expression was observed in the stretch 

condition. Comparison between all stretched and all unstretched cells also resulted in a 

statistically significant reduction in the stretch group compared to day 0 and the static group. 

When comparing among cell types, the expression in the amebocytes was significantly lower 

than the round cells on day 0. In the static condition on day 3, the expression in the amebocytes 

was also significantly lower than the round and the spindle cells. In the stretched condition, the 

expression in the spindle cells was the highest among the four cell types. For the frequency of 

the cell types demonstrating osteocalcin expression, the round cell was the most abundant cell 

type among the five cell types including “others” in all the three conditions.  

 

Smooth muscle differentiation 
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Cyclic stretch demonstrated a significant enhancing effect on the expression of smooth muscle 

cell markers, SMA and SMMHC (Figs 4 and 6). In the amebocytes, round cells and spindle 

cells, the expression of both SMA and SMMHC in the stretch group was significantly higher 

than that in the static group (except for SMA in the spindle cells). The expression in the 

stellate cells was only observed on day 3. A comparison between all strained and all unstrained 

cells also confirmed the significant enhancing effect. The expression of both markers in the 

round cells were significantly higher than those in the amebocytes in all three conditions. The 

expressions in the spindle cells were also significantly higher than those in the amebocytes in 

the static and stretched groups. In addition, the round cells exhibited significantly higher 

expression than the spindle cells in SMA in the static and stretched conditions and SMMHC 

in day 0 and the stretch conditions. Regarding the frequency of the cell types, the round cells 

were the most abundant cell type expressing SMA and SMMHC.  

 

Neurogenic differentiation 

Neurogenic differentiation was inhibited by the application of cyclic stretch (Figs. 4 and 7). In 

the round and spindle cells, the application of cyclic stretch resulted in significantly lower 

expression of neurofilaments when compared to the level in the static control cells. The 
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inhibitory effect was also observed in the stellate cells, although the number of cells was very 

low. No such downregulation was observed in the amebocytes. There were also no statistically 

significant differences when comparing unstretched and stretched cells as a whole. Round cells 

exhibited the highest expression in all three conditions. The expression in the round and spindle 

cells was significantly higher than that in the amebocytes on day 0. The round cells also 

expressed significantly higher amount of neurofilaments than the amebocytes and the spindle 

cells in the static and the stretch conditions. Among the five cell types including others, the 

round cells and the amebocytes were the most of those expressing neurofilaments in day 0, 

while the round cells were the most abundant type in day 3 static and stretch conditions. 

 

 

Discussion 

The present study investigated mechanical regulation of differentiation capability of native 

bone marrow-derived cells including large amoebalike cells, round-shape cells, spindle-shape 

cells. When disregarding the differences in the cell shapes, there was an overall trend that the 

application of 10% cyclic stretch inhibited osteogenic and neurogenic differentiation, but 

enhanced smooth muscle differentiation. More interestingly, close examinations revealed that 
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the responsiveness to the mechanical stimulation depends on the type of cells (amebocytes, 

round cells, spindle cells or stellate cells). As far as the authors know, this is the first study 

reporting the shape-related differences in the fate decision criteria for mechanical strain in bone 

marrow-derived cells. 

 According to the past studies, there is an appropriate strain range for each specific 

stem cell differentiation lineage. In osteogenic differentiation, a small amplitude of cyclic strain, 

up to 5%, was favored, while a high amplitude strain, 10% or more, exhibited an inhibitory 

effect (Koike et al., 2005). By contrast, both low and high amplitudes were favored in the 

differentiation into smooth muscle cells (Ghazanfari et al., 2009; Jang et al., 2011; Ward Jr. et 

al., 2007). Mechanical loading may not be favored by neurogenic differentiation (Ward Jr. et 

al., 2007).  

These differences may represent the mechanical environment of resident cells in 

tissue which stem cells are differentiated into. For example, stretch generated in human long 

bones during physiological movements is less than 1000 µstrain (0.1% strain) (Burr et al., 

1996). In addition, according to “mechanostat” theory by Frost (Duncan and Turner, 1995; 

Frost, 2003; Rosa et al., 2015), the range of strain inducing anabolic and adaptive bone 

modeling is between 1500 and 3000 μstrain (0.15 and 0.3% strain). Therefore, the application 
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of high amplitude cyclic stretch to bone marrow-derived cells may not be appropriate for 

osteogenic differentiation. 

Deformation (circumferential strain) of arterial walls has been observed as 

approximately 6% in ascending aorta and 11% in main pulmonary artery in human (Patel et al., 

1964), although the deformation varies depending on the anatomical locations and species. 

This, in turn, deforms smooth muscle cells within the wall. Thus, as smooth muscle cells 

experience stretching at a relatively high level in vivo, it is reasonable that bone marrow-

derived cells exhibit the upregulation of smooth muscle markers when subjected to 10% cyclic 

stretch. 

In contrast, it has been exhibited that the cerebral white matter is under residual 

tension, while the cerebral gray matter is under residual compression (Xu et al., 2009), 

indicating that neurons are under mechanical loading statically, but not dynamically. In addition, 

the growth of neurons prefers on soft substrates (Georges et al., 2006) and axon tracts can grow 

under a quasi-static tensile loading (Pfister et al., 2004). Therefore, neurogenic differentiation 

favors static mechanical stimulation, and thus was inhibited by cyclic stretch in the present 

study. 

It has been suggested that mesenchymal stem cells in an unstimulated condition 
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express genes for at least five fates: osteogenic, chondrogenic, adipogenic, myogenic and 

neurogenic (Ward Jr. et al., 2007). In the present study, we used bone marrow-derived cells 

without expansion and passaging. It has been demonstrated in the present study that round-

shape cells exhibited the highest fluorescence signals for marker proteins of osteogenic, smooth 

muscle and neurogenic differentiation on day 0 (before the application of cyclic stretch). This 

may indicate that differentiation potential is heterogeneous in bone marrow-derived cells. 

Indeed, in our additional qualitative analysis, the synthesis of stem cell markers, Sox-2 and 

Oct-4, was examined (Fig. 8). The synthesis of Sox-2 was high in round cells and relatively 

high in spindle cells and stellate cells, whereas that was markedly low in amebocytes. Oct-4 

was also synthesized in those expressing Sox-2, and the difference in the synthesis level 

between round cells and stellate and spindle cells were more evident. Oct-4 synthesis was also 

very low in amebocytes. These differences could be relevant to such heterogeneity in the 

differentiation potentials bone marrow-derived cells. 

 In recent years, the heterogeneity of stem cells has gained much attention. To 

maintain the homeostasis of adult tissues, stem cell proliferation and differentiation must be 

balanced; when one stem cell divides, one daughter cell stays in the stem cell compartment, 

while the other is committed to differentiation towards specific lineage, so that an overall stem 
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cell population size remains constant (Krieger and Simons, 2015), suggesting that all 

undifferentiated cells in bone marrow are not equally committed to differentiation towards 

specific lineages. In addition, while the expression of genes associated with stem cell 

multipotency is high in bone marrow-derived stem cells, the expression levels of genes 

involved in osteogenic, chondrogenic adipogenic, neurogenic and vascular smooth muscle 

differentiation are varied between individual cells (Freeman et al., 2015). Such differences 

could be reflected in cell morphology (Post et al., 2008). These findings are relevant to our 

observation that cells with different morphologies exhibited different levels of initial 

expression of differentiation markers as well as different responses in the determination of 

differentiation lineages by cyclic stretch. Namely, round cells are influenced the most by cyclic 

stretch (significant up- or down-regulation in all the four marker protein expressions) while 

amebocytes and spindle cells were only influenced by cyclic stretch for SMA (amebocytes), 

SMMHC (amebocytes and spindle cells) and neurofilaments (spindle cells). This heterogeneity 

in mechano-response is attributed to the varied quality of the repair of load-bearing tissues 

when bMSCs are used for therapeutic applications in clinical settings (Huang et al., 2010; 

Wang et al., 2015). It also highlights that round cells which seem to have a small and weak 

adhesion to the substrate are more prone to respond to mechanical stretch than amebocytes 
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with a large and strong adhesion to substrate. This contradictory finding guarantees future 

investigation. 

 Interestingly, although cells with large, flatten shape or spindle shape have been 

considered as the main population of cells derived from bone marrow, the presence of small, 

round-shape cells in bone marrow-derived cells was first reported by Colter et al (Colter et al., 

2001). They have found the round cells in cell colonies raised from single cells isolated as 

adherent cells from bone marrow extracts and shown that round cells exhibited a superior 

proliferation and multi-directional differentiation potential. The presence of such round cells 

has also been reported in other past studies (Kobayashi et al., 2004; Vogel et al., 2003). In the 

present study, it was demonstrated that round cells exhibited the highest expression of 

differentiation markers (osteocalcin in day 3 static, smooth muscle markers in day 3 stretch and 

neurofilament in day 0). In addition, the proliferation of round cells was faster than other types 

of cells in static condition (Fig. 2(a)). This well coincides with these previous findings. 

However, the mechanisms of how the cells with different shapes exhibited different 

mechanoresponse are still unclear. It has been suggested that mechanosensitive ion channels 

are involved in the mechanically-stimulated differentiation of stem cell species (He et al., 2019). 

Transient receptor potential (TRP) channels are responsible for the compression and fluid shear 
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stress-induced osteogenic differentiation (Liu et al., 2015; Xiao et al., 2015). Piezo1 channel is 

reported to be involved in the cell differentiation through mechanical interaction between cell 

and extracellular matrix (Pathak et al., 2014). In the present study, it is likely that cells with 

different shapes possess different levels of tension in the plasma membrane, reflecting actin 

filament organization, as well as different type/distribution of the mechanosensitive ion 

channels. Therefore, such differences would be a regulatory factor in the mechanoresponse of 

bone marrow-derived cells in different shape. In addition to cytoskeleton-mediated signal 

transduction, mechanically-induced molecular mechanotransduction pathways (Song et al., 

2018; Zhang et al., 2019) as well as direct deformation of cell nucleus by cyclic stress 

(Rahimpour et al., 2019) should play significant roles in the mechanoresponse. 

 In the present study, three differentiation lineages were selected for the examination. 

However, it does not indicate that these differentiation lineages were only upregulated by 10% 

cyclic stretch. Other differentiation lineages, such as differentiation to tendon ligament cells, 

could also be upregulated by the same mechanical stimulation. Thus, it is necessary to 

investigate other possible effects of cyclic stretch on bone marrow-derived cells in future work. 

 In conclusion, we have examined mechanical regulation of differentiation lineages 

of bone marrow-derived cells and have shown that the application of 10% cyclic uniaxial strain 
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significantly enhanced smooth muscle differentiation, significantly inhibited osteogenic 

differentiation and possessed an only small influence on neurogenic differentiation. In addition, 

among the five cell types we classified, round cells exhibited a superior proliferation and 

responsiveness to mechanical stimulation. The findings obtained will be useful in the 

preparation of bone marrow-derived stem cells for an effective tissue repair. 
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Figure legends 

 

Figure 1 

Bright-field image showing representative shapes of five types of cells isolated from bone 

marrow: (a) amebocytes, (b) round cells, (c) spindle cells, (d) stellate cells and (e) others. 

 

Figure 2 

Temporal changes in cell density of the cells isolated from bone marrow in the static culture 

condition (a) and in the stretch culture condition (b). The number of experiments was 1 and 2 

in the static and the stretch condition, respectively. The data in the stretch condition present 

mean value. 

 

Figure 3 

The alignment of cells and actin filaments in response to cyclic stretch. (a) Representative 

images of amebocytes on day 4. (b) The angle of the long axis of cells to the direction of stretch. 

(c) The angle of actin filaments to the direction of stretch. The number of cells analyzed was 

17, 21 and 7 on day 0, day 4 and day 7, respectively. In both angles, 0° corresponds to the 

direction of stretch. 

 

Figure Legends



Figure 4 

Representative photomicrographs of the expression of differentiation markers identified by 

immunofluorescence staining. To highlight the difference between static and stretch conditions, 

the brightness of the fluorescence images of the two conditions was elevated to the same degree 

in each marker proteins. Fluorescence images with the original brightness are provided in 

Supplementary material 4. 

 

Figure 5 

The expression of osteogenic marker osteocalcin from bone marrow-derived cells in four cell 

types.  (a) Average intensities of fluorescence signals obtained from immunofluorescence 

staining, corresponding to the expression levels. ‘Total’ presents the data pooled from the four 

cell types for each of day 0, day 3 static and day 3 stretch group. (b) The frequency of the cell 

types in all cells expressing osteocalcin in each condition. The number of experiments was 4, 

2 and 4 for day 0, day 3 static and day 3 stretch group, respectively. 

 

Figure 6 

The expression of smooth muscle markers -smooth muscle actin (SMA) and smooth muscle 

myosin heavy chain (SMMHC) from bone marrow-derived cells in four cell types. (a, b) 

Average intensities of fluorescence signals for SMA (a) and SMMHC (b) obtained from 



immunofluorescence staining, corresponding to the expression levels. ‘Total’ presents the data 

pooled from the four cell types for each of day 0, day 3 static and day 3 stretch group. (c) The 

frequency of the cell types in all cells expressing both markers in each condition. The number 

of experiments was 3, 3 and 5 for day 0, day 3 static and day 3 stretch group, respectively. 

 

Figure 7 

The expression of neurogenic marker neurofilament from bone marrow-derived cells in four 

cell types. (a) Average intensities of fluorescence signals obtained from immunofluorescence 

staining, corresponding to the expression levels. ‘Total’ presents the data pooled from the four 

cell types for each of day 0, day 3 static and day 3 stretch group. (b) The frequency of the cell 

types in all cells expressing neurofilament in each condition. Number of experiments was 4, 2 

and 4 for day 0, day 3 static and day 3 stretch group, respectively. 

 

Figure 8 

Immunofluorescence images of bone marrow-derived cells labeled for stem cell markers, Sox-

2 (green) and Oct-4 (red), along with cell nucleus (blue). White arrowheads in the Sox-2 image 

for round cells indicate representative round cells in the image. The letters “st”, “sp”, “r” and 

“am” indicate stellate cell, spindle cell, round cell and amebocyte in the Sox-2 images in the 

top row. Please refer to Supplementary material 5 for the experimental procedures. 
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