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Stem cells derived from adults have become the focal point of cell-based regenerative 

therapies. The most commonly used stem cells, mesenchymal stem cells (abbreviated 

MSCs), have several traits such as the ability to migrate to injury site, immunomodulation, 

in vitro expansion and differentiation into a variety of cells. However, the widespread 

usage of MSCs is hampered by poor characterization, tissue culture induced senescence 

and innate heterogeneity that makes it challenging to predict their clinical efficacy. The 

traditional methods for evaluation of stem cells are primarily terminal assays that rely on 

discrete time-point data sets that offer limited, discontinuous information and often 

overlook the intrinsic phenotypic diversity of these cells. In this thesis, we address some 

of these issues by developing a novel platform for live cell imaging which can be used to 

monitor evolving MSCs by generating continuous data sets over the course of several hours 

or several days while sparing the cells for multiplexing with other traditional assays. Our 

imaging-based approach relies on a cell permeable fluorogenic probe, SiR-actin (SA), that 
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becomes fluorescent only when it labels endogenous actin filaments (F-actin). The idea of 

harnessing actin as a sentinel stem cell reporter is supported from past research conducted 

by Moghe lab and numerous other research groups, as the cytoskeleton can modulate and 

display the phenotypic changes associated with lineage commitment. Unlike previous 

research that focused primarily on morphology of actin cytoskeleton, we focused on 

utilizing the shifting actin turnover rates in response to extracellular cues as the key 

reporter metric. After SA labelling, actin reorganization leads to removal of the SA probe 

from F-actin binding sites and subsequent decline in SA fluorescence. When cells are 

cultured in differentiation media, the rate of fluorescence loss of SA provided insights 

about the kinetics of lineage specific change in actin reorganization. We report that 

initiation of differentiation involves decline in actin turnover during adipogenesis and 

chondrogenesis within few hours. By combining SA with another F-actin probe, 

phalloidin, we were able to parse heterogenous single cells across the standard tri-lineages 

(adipogenic, osteogenic and chondrogenic) within 1 hour of stimulation. In addition, our 

approach enabled assessment of in vitro aging by demonstrating a slowdown in actin 

turnover within 1 hour of analysis. Next, to establish the link between actin turnover and 

stem cell differentiation, we employed immunolabeling to demonstrate co-occurrence of 

altered actin turnover with differentiation markers in MSCs as well induced pluripotent 

stem cells (iPSCs). We also propose that inherent actin turnover status of individual cells 

could be a determinant of their differentiation potential. To this end, we isolated cells 

based on differential SA expression and found that the actin turnover plays a role in 

determining the ability to differentiate towards osteogenic or adipogenic fate. In 

summary, we propose actin turnover as a novel dynamic marker as it provides immediate 

readouts of changing cell states that could be utilized to forecast stem cell behavior 

towards regenerative therapies. 
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1.1 Stem cells 

The concept of stem cells emerged at the end of 19th century to describe the ability of 

certain tissues (blood, skin, etc.) to self-renew despite being composed of short-lived cells 

[2]. Broadly, two main types of stem cells exist, embryonic and non-embryonic [7]. 

Embryonic stem cells (ESCs) are collected from inner cell mass of human blastocysts [8]. 

ESCs possess the ability to produce cells across all three germ layers, and virtually provide 

unlimited cells for tissue repair and drug screening [11]. ESCs are cultured on adherent 

but growth-arrested layer of cells known as feeder cells to provide appropriately 

conditioning substratum {Llames, 2015 #487}. ESCs can be differentiated after removal 

from the feeder layer and maintenance in suspension, which results in aggregation of cells 

to form embryoid bodies. [12]. In vitro differentiation is a key feature that supports usage 

of ESCs in disease models and for other therapeutic applications, however teratoma 

formation and ethical issues have hindered their widespread usage in clinic [13]. Non-

embryonic stem cells, mostly adult stem cells, can be easily isolated and expanded from 

diverse tissues but have limited differentiation potential. These adult multipotent cells are 

discussed in detail in the following section. Another type of stem cells, induced pluripotent 

stem cells (iPSCs), show extensive self-renewal and differentiation potential similar to 

ESCs. iPSCs are reprogrammed differentiated (somatic) cells that are induced to attain 

embryonic-like state via forced expression of defined transcription factors (Yamanaka 

factors: Oct3/4, Sox2, c-Myc and Klf-4) [14]. As such, iPSCs offer the ability to derive and 

expand cells from patients for disease modeling and cell-based therapies [15]. Still there 

are major challenges associated with iPSCs, such as non-standardized tissue culture 

practice, retention of somatic mutations after reprogramming, genomic instability, and 

the risk of tumorigenicity [16, 17]. Due to the ethical dilemma presented by ESCs and the 
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outstanding problem of clinical translatability with iPSCs, adult stem cells, such as 

mesenchymal stem cells (MSCs), could be an exciting alternative for cell based 

regenerative therapies [18]. In addition to their regenerative potential, MSCs can play an 

important function in tissue homeostasis and repair by secreting factors to modulate 

immune cells [19]. The usage of MSCs has few barriers, senescence related loss of 

functionality and inherent heterogeneity that makes their standardization challenging. In 

the following section, we will explore the MSCs in depth to understand the popularity of 

these cells among the clinical researchers across the world. A quick example that shows 

the key interest in  MSCs is that researchers have developed protocols to generate MSCs 

from iPSCs or ESCs to avoid the risk of uncontrolled growth and rapid proliferation, 

however the production methods, culture conditions and safety need to be streamlined 

further [20, 21].  

1.1.1 Mesenchymal Stem Cells (MSCs)  

Developing a better understanding of various functional attributes of MSCs is the principal 

focus of this thesis. The term MSCs was described first by Caplan as a representative term 

for small progenitor cells that demonstrate the ability for bone and cartilage formation in 

embryos and adults [22]. Unlike most of the hematopoietic cells, MSCs display substrate 

adhesion and fibroblastic phenotype. In their seminal work of 1999 (~currently 25,000 

citations), Pittenger et al. isolated MSCs from bone marrow aspirates of adults and showed 

several qualities of these cells including: stable phenotype, adhesion, tri-lineage (bone, 

adipose, cartilage tissues) differentiation potential and tissue culture expansion [23]. An 

elusive question remains relevant even today: What defines MSCs? There is a lack of 

consensus for annotating MSCs from various sources, but the minimum criteria to define 

MSCs as described by Dominici et al. include: i) plastic adherence during standard culture 

conditions; ii) the expression of CD105, CD73 and CD90, and lack of expression of CD45, 
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CD34, CD14 or CD11b, CD79alpha or CD19 and HLA-DR surface molecules; and iii) the 

ability to differentiate to osteoblasts, adipocytes and chondroblasts in [24]. The above 

criteria seems to be non-exhaustive as new features are constantly being added or the 

existing parameters are debated. For instance, Riekstina et al. described expression of 

embryonic stem cell markers Oct4, Nanog, alkaline phosphatase and SSEA-4 in bone 

marrow derived MSCs [25]. By definition, MSCs are expected to possess clonogenicity and 

tri-lineage potency, but only a fraction exhibits multipotency, indicating that MSCs are 

comprised of a heterogeneous population [26]. In an in vitro study, after 6d of culture, 

50% of progeny cells were found to have originated from 9% of the initial population [27]. 

One of the earliest descriptions of population heterogeneity was provided by Mets and 

Verdonk who showed existence of two MSC subtypes: type I and II, where type I cells were 

smaller and "fibroblastic" morphologically while the type II cells were more "epithelial" 

and larger. They also reported that the type I cells divide rapidly and their proportion 

declines with sub-culturing in conjunction with increased type II cells [28]. Another 

standard property of MSCs is the ability to form colonies when seeded at low density.  The 

enumeration of colony forming unit fibroblasts (CFU-F) is frequently used to determine 

their clonal expansion and plastic adherence [29]. The most common and longest utilized 

adult source tissue for human MSCs is the bone marrow [23, 30]. This thesis is primarily 

centered around MSCs, so the following section is dedicated to provide a broader overview 

regarding their diverse properties and functions.  

1.1.2 Properties and Significance of MSCs 

Despite years of extensive research focused on MSCs, the MSCs pose challenges to ready 

classification and functional definition. This multi-faceted problem exists partly due to a 

complex characterization based on combination of physical, phenotypical and functional 

properties. The problem of poor characterization is also attributed to inherent 
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heterogeneity at multiple levels between: donors, tissues of origin, clones derived from 

single colonies (interclonal heterogeneity) and intra-population (within cultured cells) 

[31]. Furthermore, MSCs can vary significantly based on isolation protocol, 

cryopreservation method, and culture condition across different laboratories [32]. For 

instance, comparison of MSC-like cells from testis biopsies, ovary, hair follicle and 

umbilical cord Wharton’s jelly for the expression of surface markers to verify stemness 

revealed heterogeneity in the expression of different standard markers: CD105, CD90 

associated with differential osteogenic  potential and proliferation [33]. The problem of 

heterogeneity of MSC populations makes it challenging to develop standard MSC 

preparations and raises concerns about safety/efficacy for clinical usage.  

When described initially, MSCs were thought to differentiate to make bone and 

cartilage tissues only, but gradually the number of cell types kept growing [22]. In addition 

to tri-lineage potency, MSCs have also been shown to differentiate to other lineages such 

as myocytes, cardiomyocytes, hepatocytes and neurons [34]. Of these, only the typical tri-

lineage fates have been explored in this thesis. Theoretically, osteogenesis and 

adipogenesis are usually considered to have a reciprocal relationship in terms of 

differentiation pathways and functionality [35]. The cell fate decision involves numerous 

overlapping signaling pathways that regulate the primary transcription factors, Runt-

related transcription factor 2 (Runx2) and peroxisome proliferator-activated receptor-γ 

(PPARγ) during adipogenesis and osteogenesis, respectively [36]. In vitro differentiation 

on typical cell culture dishes can be stimulated with induction media for both lineages, 

with appropriate plating density of the cells. In addition, appropriate biomechanical 

stimulation could further help cells to differentiate [37]. For instance, adipocytes are 

favored by soft substrates, unlike bone formation favored by stiff substrates [38]. For 
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chondrogenesis, cells are cultured in 3D pellets to allow proper organizational 

stratification required for cartilage formation [39].  

In addition to providing restorative support, MSCs also have cytokines and growth 

factors in their therapeutic repertoire. MSCs hinder the proliferation of activated T cells 

and the formation of cytotoxic T cells [40]. MSCs modulate immune response from major 

cell types involved in alloantigen recognition and elimination, including antigen 

presenting cells, T cells and natural killer cells and also reduce inflammatory response 

[41]. MSCs also enjoy the immune privileged status that favors their allogenic application. 

MSCs influence the immune system by secreting a variety of factors including 

transforming growth factor beta, prostaglandin E2, tumor necrosis factor stimulated gene-

6 protein, indoleamine 2,3-dioxygenase, and nitric oxide [42]. MSCs have the ability to 

home to the site of injury and release anti-inflammatory cytokines [43]. Recent findings 

indicate that apart from the cytokine-mediated effects, apoptotic, metabolically 

inactivated, or even fragmented MSCs possess an immunomodulatory potential showing 

cytokine independent mechanisms [44]. Previously it was thought that discrete signaling 

pathways are involved in differentiation, cell morphological change and 

immunomodulation. It is possible that these pathways might be mutually exclusive.  For 

instance, treatment of equine adipose tissue-derived stem cells (ADSCs) with interleukin-

1β and/or TNF undermined their tenogenic properties partly by reducing expression of 

the tenogenic transcription factor, Scleraxis [45]. Paracrine factors from MSCs might be 

important even without providing cells for restoration, e.g. paracrine signaling from 

injected MSCs resulted in improvement of cardiac function after infarction [46]. Further 

studies are required to design culture conditions to achieve a desired cellular response or 

a particular clinical indication.  
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MSCs possess the ability to attach to the tissue culture dish and keep replenishing 

the pluripotent cells, however prolonged in-vitro maintenance may lead to spontaneous 

differentiation resulting in constant diminishing pool of proliferating multipotent cell 

population [47]. Furthermore, increase in passage results in decline in tri-lineage 

differentiation potential which could be exacerbated by donor age [48]. The impact of 

aging in MSCs was demonstrated by Rombouts et al. in a time-course in-vivo study after 

engraftment. They reported better homing efficiency in freshly isolated MSCs (55-65%) 

compared to cultured cells with 10% after 24 hours, and close to 0% homing efficiency 

after 48 hours of cell culture [49]. Proteomic profiling of in vitro aged cells revealed 

decline in Fas ligand, CD98, CD205, and CD106 along with increase in expression of 

CD49c, CD63, and class 1 and 2 major histocompatibility complex molecules, along with 

the expression of early senescence marker CDKN2A p16 [50]. Phenotypic changes arising 

from donor age or in-vitro culture have been reported along with concurrent decline in 

clonogenicity and differentiation potential, therefore, it is important to focus on 

phenotypic markers as an early predictor of aging [51]. Synthetically designed biomaterial 

based interventions and modified tissue culture systems have shown some promise in 

prolonging the functionality of MSCs in vitro [47, 52]. There is a need to establish quality 

control standards to ensure adequate MSC functionality prior to therapeutic usage.   

1.1.3 Clinical Applications of MSCs 

MSCs have gained widespread usage in the field of regenerative medicine. Keyword search 

on pubmed yields ~64,000 results and over 1,100 registered clinical trials using the phrase 

“mesenchymal stem cells”. MSCs exhibit multipotency, pro-angiogenic activity, paracrine 

signaling and immunomodulation making them a suitable candidate for regenerative 

medicine.   MSCs have shown some promising results in clinical studies for a few diseases 

including: graft versus host disease, Crohn’s disease, osteogenesis imperfecta, diabetes, 
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neurological disease, bone injury, cartilage damage, myocardial infarction, hematological 

disease, graft-versus-host disease and inflammatory diseases, and autoimmune diseases 

[53]. The new paradigm of MSC based therapeutics relies on paracrine and 

immunomodulatory activity of MSCs in addition to providing reparative function.   

Improvement in tissue culture technique could further improve therapeutic 

functions of MSCs.  For instance, Rosova et al. demonstrated that hypoxic pre-

conditioning (cell culture in the presence of 1-3% O2 instead of the normoxic 21%) resulted 

in increased motility along with increased expression of increased growth factor 

expression and revascularization in vivo [54]. The notion of preconditioning MSCs based 

on the intended application is getting support from diverse research labs of late. Interested 

readers are directed to a recent review paper that describes improved efficacy of MSC 

based therapies following priming with hypoxia, pharmacological drugs, biomaterials 

cytokines, growth factors, and culture conditions [55]. Some of the main challenges to 

MSC based therapeutics include,  tumorigenicity, heterogeneity, poor characterization, 

and in vitro senescence [56]. Usually a target dose of 100-150 million cells can be 

generated from 25 mL of bone marrow after 3 week long cell culture [57, 58]. As 

mentioned previously, 3 weeks of cell culture might be too long, because cells start losing 

their functional attributes as soon as the cell culture begins. Newer biomaterials 

(composite hybrid scaffolds, biomimetic 3D scaffolds etc.) are being tested to prolong the 

proliferation and differentiation potential of these cells [59].  

Alternative approaches to the usage of MSCs have been explored to avoid issues 

including poor characterization, immunogenicity, and tumorigenicity. One way to prevent 

cell-cell interaction induced reaction in the host is to encapsulate MSCs and rely on their 

paracrine secretion of cytokines to upregulate anti-inflammatory factors and suppress 

pro-inflammatory cytokines in activated macrophages[60]. Another approach involves 
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harnessing MSCs mediated paracrine effect to some extent via extracellular vesicles 

carrying a cargo of miRNA, mRNA, bioactive lipids and proteins [61]. Due to their superior 

safety profile compared to whole cells and relatively safe prolonged storage compared to 

whole cells, the extracellular vesicles might offer novel therapeutic edge [61]. For instance, 

when cultured in MSC-conditioned medium, cardiomyocytes were protected from 

mitochondria-mediated apoptosis through reduced cytochrome C release and caspase-3 

activation [62]. Exosomes, a type of extracellular vesicle, have the size in the range of 40-

150nm nanoparticle range and are currently examined as new therapeutic paradigm for 

diseases of liver, kidney, heart and brain [63]. The emerging field of exosome based cell 

therapy needs to address a few concerns such as: variability in cargo based on MSC tissue 

origin, culture condition, and intercellular interaction making it necessary to establish 

quality control standards for consistent production [64].  

Lastly, MSCs need to be better characterized and utilized based on the intended 

therapeutic application.  For instance, Boregowda et al. reported CLIP scale where high 

TWIST1 expression was predicted to be beneficial in diseases where angiogenesis is 

required, such as stroke or limb ischemia and low TWIST1 expressing populations were 

predicted to be better suited for treating inflammatory and immune-related disorders, 

such as acute tissue or organ injury and graft-versus-host disease (GVHD) [65]. Thus, 

prior to employing MSCs for GVHD treatment, it should be important to validate anti-

inflammatory capacity of the MSCs and the immune-compatibility should be matched 

with appropriate donor. 
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1.2. Methods to evaluate MSC functionality 

1.2.1 Traditional terminal assays 

Typically, the assessment of MSC functionality involves analysis of proliferation, 

differentiation, immunomodulation, and paracrine activity using assays for protein 

expression, gene expression and labeled or unlabeled cell analysis (for example, cell or 

tissue imaging). Given the large heterogeneity among MSCs, there is a need to identify 

more precise yet general cellular markers to standardize the MSC cultures prior to clinical 

applications. The classical methods for phenotypic evaluation of MSC differentiation 

include: alkaline phosphatase (ALP) and alizarin red S staining for osteoblasts, oil red O 

staining for adipocytes, and alcian blue staining for chondrogenesis [66]. The protein 

expression level of differentiation related genes could be assayed by immunostaining [67, 

68]. Transcriptome (cDNA microarray) and proteome expression (MALDI-TOF-MS) 

profiles of MSC preparations have been described to define MSC preparations, and could 

illustrate the differences in cells functional attributes due to culture conditions [34, 69]. 

Cell proliferation can be assessed by expression of proliferation markers (e.g. Ki67) or 

CFU-F (clonogenic capacity) assay [70].  The immunomodulatory effect of MSCs can be 

assayed based on transwell co-cultures with immune cells such as human peripheral blood 

mononuclear cells (PBMC) under T cell stimulatory condition (or other cell types such as 

macrophage, natural killer cells etc.), followed by quantitative analysis of T cell 

proliferation.  The aforementioned methods require 1-4 weeks of cell culture and 

associated supplementation of growth factors for validating differentiation; making them 

expensive, tedious and time-consuming. These assays yield average results from cell 

population overlooking heterogeneity.  However, the tested MSCs cannot be recovered for 

further testing, as these are terminal assays that require cell fixation or lysis.  
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Several researchers have realized the importance of addressing heterogeneity 

among stem cells to develop their predictive methods. Marklein et al. conducted 

functionally relevant morphological profiling (FRMP) using machine learning to identify 

morphological subpopulations, based on nuclei and whole cell morphology descriptors, to 

predict immunosuppressive quality of MSCs during regulation of activated CD4+ and 

CD8+ T cells [71]. During osteogenesis, the early gene expression and ALP activity was 

found to be highly variable and poorly correlated with long term maturation and 

osteogenesis of MSCs as shown by mineralization. Therefore, a multivariate approach has 

been suggested to complement the traditional methods [72]. Yao et al. elucidated 

paracrine activity of MSCs by single cell gene profiling (high through-put qPCR) after 

injecting MSCs and showed elevated secreted factors in infarcted murine heart [46]. 

Metabolic changes during adipogenic differentiation were studied in vitro using nuclear 

magnetic resonance spectroscopy [73].  

Although traditional methods have been modified to perform analysis at the level 

of a single cell such as western blot, qPCR, and mass spec methods [31], these methods do 

not lend themselves to preparative workflow for the use of cells for regenerative or clinical 

applications.  By the time the assessment of MSC functionality in a small batch of cells is 

performed, the majority of cells undergo senescence, further exacerbating the levels of 

heterogeneity, thus leading to a disconnect between the phenotypic quality of the test and 

the applied batch of cells. In addition, fixed-cell assays result in loss of information 

regarding long term or short-term instantaneous responses. Therefore, it is important to 

develop a real-time cell tracking method to probe MSC characteristics. 

1.2.2 Live cell assays 

Real time monitoring of evolving morphological changes is needed for MSCs to indicate 

cellular response to extracellular cues instead of fixed-cell assays because of non-linear 
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phenotypic divergence. For instance, upon treatment with growth factors in a 

heterogeneous population, each cell follows a different timeline to reach the intended 

functionality, and even if two identical clones were exposed to an extracellular cue, the 

spatiotemporal interaction remains stochastic. In this example, the analytics precision will 

further benefit from single cell profiling instead of bulk methods that largely overlook the 

outlier cells that deserve special attention to develop the understanding of stem cell 

biology further. Some of the known live gene expression analysis could be performed by 

quantifying mRNA abundance measurement using molecular beacons, spherical nucleic 

acids and fluorescent reporters. For live cell protein analysis, fluorescent reporters can be 

used via fluorescence readers or imaging [31]. 

For industrial applications, high throughput automated platforms need to be used 

to promote both quality of results and cost-effectiveness. Label-free imaging platforms are 

able to forecast osteogenic potential in MSCs [74]. The label free approach excludes the 

staining step which itself might create unwanted morphological changes in the cells [75].  

A few multi-parametric approaches have been attempted to automate analysis, for 

instance, high dimensional flow cytometry coupled with machine learning methods have 

been evaluated to assist with gating and avoid manual analysis. Combining multiple tools 

for flow cytometry makes it a promising bioinformatics strategy for high-dimensional 

single cell analysis [76]. Their method distinguished initial sub-populations, revealed cell 

subsets, and characterized subset features. In another hybrid approach cytonuclear whole 

cell high content machine learning based analysis suggested that cytoskeletal 

rearrangement could predict immunosuppressive capacity [71]. 

Recently, live cell microarrays were generated by patterning cells to characterize 

cell-cell interactions, reaction to stimuli and cell interactions with microenvironment. 

Such a method can visualize the results either label-free by electrochemical detection 
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methods [e.g. magnetic resonance imaging (MRI)] or by fluorescent/bioluminescent 

probes for specific biological targets [77].  Live cell imaging approach enables constant 

monitoring of cell sub-populations multiple times, thereby it can help to determine cell 

functionality and forecast their behavior by matching with the traditional methods. In 

chapter 3 and 4 of this thesis, we will introduce a novel live cell imaging method to probe 

MSC functions. 

1.2.3 Predictive markers to MSC functionality  

Immunophenotypic markers on MSC have been characterized extensively to predict 

differentiation potential. In section 1.1, we described the defining surface markers for MSC 

sub-populations, and newer candidate markers including Stro-1, SSEA-4, CD271 and 

CD146 have been added to the list, but the expression of these markers varies largely 

depending on the tissue of origin [78].  Maleki et al. compared expression of CD105 across 

MSC surface marker positive cells from 4 different tissues (testis, ovary, hair follicle and 

Wharton’s jelly) and found it was associated with osteogenic potential in 3 out of 4 sources, 

while high expression of CD90 was associated with higher growth and differentiation 

potential only in 2 out of 4 sources [33]. MSCs from bone marrow, adipose tissue and skin 

demonstrate differences in surface markers and differentiation potential [79, 80]. The 

large panel of surface markers makes it impossible to come up with a straightforward and 

high throughput method to reliably predict MSC functionality.  

Live cell imaging-based approaches can allow spatiotemporal monitoring of MSCs 

in response to extracellular cues. Li et al. developed fluorescent RNA-based probes to 

assess transcriptional regulation of Runx2 and Sox9 mRNA during MSC differentiation 

[81]. Yang et al. described a fluorescence transgene expression system to probe kinetics of 

chondrogenesis in rabbit MSCs [82]. Some newer approaches involve non-invasive and 

label free analysis of live cells, for instance, Quinn et al. used quantitative metabolic 
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imaging using endogenous fluorescence of live cells [83]. Markelein et al. proposed 

another composite nucleo-cytoskeleton based profiling method that was able to correlate 

3rd day morphology to mineralization of MSCs after 35 days in culture, but this method 

was performed with fixed cells. Matsuoka et al. described a label free phase-contrast 

imaging approach where they were able to predict bone differentiation (ALP activity and 

calcium deposition) after 3 weeks of cell culture within 3 days of initiation of cell culture 

[74]. Our lab previously described a high-content imaging-based approach using actin 

morphometric features to forecast MSC differentiation within 24 hours of stimulation 

[84]. However, at the time this work was conducted with fixed cells. In addition, most of 

the aforementioned predictive imaging-based tools showed change in cell shape during 

MSC differentiation. Therefore, we hypothesized that live imaging of actin might be able 

to provide a richer dataset and the ability to discern subtle phenotypic variations in MSCs 

for predicting their behavior and understanding the kinetics of differentiation.  

The next section is focused on a review of the significance of actin cytoskeleton in 

MSC biology and the role of cytoskeletal dynamics in providing valuable insights to probe 

MSC diverse functions. 
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1.3. Biology of the Actin Cytoskeleton  

Actin is one of the most abundant and highly conserved proteins found in all eukaryotic 

organisms. By virtue of its ability to form versatile architectures in a dynamic fashion, 

actin provides mechanical support and generates force, which could be used in a variety 

of essential cellular activities, such as motility, maintenance of cell shape, cytokinesis, 

endocytosis, intracellular transport, mechanotransduction, transcription regulation, cell-

 

Fig. 1.1. Actin architecture in a motile in a motile cell: schematic showing 

major actin structures in a moving cell: i) the cell cortex; ii) stress fiber; iii) the 

lamellipodium; and filopodia. Figure adapted from Blanchoin et al. [1] (License 

number: 4883180904610) 
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cell communication, differentiation and biochemical signaling. Actin cytoskeleton 

mediates the formation of cellular structures such as lamellipodia, filopodia, stress fibers 

and focal adhesions in a dynamic manner during these processes [85]. Lamellipodium at 

the leading edge of the cells is formed by branched and crosslinked networks drive the cell 

migration by generating force by polymerizing against the cell membrane [86]. Parallel 

bundles of actin constitute finger-like filopodium that plays an important role in cell-cell 

signaling, responding to chemoattractants, and adhesion to extracellular matrix (ECM) 

[87]. Cell shape is primarily driven by a thin actomyosin layer, cortex, that lies underneath 

the plasma membrane [88]. The actomyosin is formed by interaction of bipolar myosin II 

filaments with anti-parallel actin filaments that convert chemical energy of (ATP) into 

mechanical energy to generate contractile forces [89]. Another category of contractile 

structures is formed by anti-parallel bundles of actomyosin arrays called stress fibers [90]. 

 

Fig. 1.2. Actin treadmilling: schematic of active actin filament dynamics, showing 

the steady state conditions in the presence of ATP where ADP dissociates mainly from 

the -end of the actin filament, the monomer exchanges the nucleotide from ADP to 

ATP, and then ATP-G-actin attaches primarily at the +end. ATP hydrolysis and 

addition of G-actin units, the inorganic phosphate (Pi) is retained, creating an 

intermediate ADP-Pi state before its release to the ADP-bound form [5]. The 

coexistence of filaments with actin monomers at a steady state is termed as 

treadmilling [9]. These steps involve a diverse set of actin binding proteins to regulate 

actin filament turnover. Figure adapted from Kudryashov et al. [10] (License number : 

4874331209204). 
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Cells usually consists of 3D network of the aforementioned structures interspersed with 

contractile bundles that assist the cell cytoskeleton interaction with ECM via focal 

adhesion sites [Fig. 1.1, for detailed review, refer to [1]].  

A cell has a pool of monomeric actin (G-actin) that can polymerize to make polar 

double helical filaments (F-actin). The initial formation of F-actin involves assembly of 

stable multimer of actin monomers, defined as nucleation, is a rate limiting step due to 

energetically unfavored actin dimer intermediates and activity of other actin binding 

proteins (ABPs, discussed later). Actin polymerization takes place by reversible 

noncovalent assembly of G-actin units involving hydrolysis of adenosine 5’-triphosphate 

(ATP)[2]. After ATP hydrolysis, the release of inorganic phosphate(Pi) takes place at a 

slower rate that creates 3 nucleotide bound states: ATP state, intermediate ADP-Pi state 

and the final ADP state [91]. 

The final F-ADP state and concurrent Pi release destabilize the actin-actin 

interaction. The resulting actin filaments are polar as addition or removal of G-actin takes 

place more readily at the pointed (also known as “-end”). ATP-G-actin addition is favored 

at the fast-growing barbed end (also known as “+end”).  At steady state, removal of 

monomers from the –end is balanced by elongation of +end, this dynamic process, known 

as actin treadmilling, results in ongoing turnover of actin, even in resting cells [Fig. 1.2, 

[10]].  At the whole cell level, equilibrium state of polymerizable actin monomers is 

established by the composite dynamics of all networks, to define the size and turnover 

kinetics of coexisting actin networks [9]. However, in addition to treadmilling, there are 

other protein-mediated processes that not only play a role in actin turnover but dictate the 

actin assembly right from the initial nucleation step. 
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1.3.1 Role of actin binding proteins in regulation of cytoskeletal 

microfilaments 

Actin cytoskeleton structures are highly dynamic and require multiple proteins to regulate 

every step right from initiation of polymerization to depolymerization for maintaining the 

G-actin pool. The actin monomer consists of 2 major domains with two large clefts, the 

upper cleft binds the nucleotide (ATP/ADP), while the lower cleft undergoes nucleotide 

associated conformational change to facilitate interaction with actin binding proteins 

(ABPs) [92]. Within a cell, spontaneous and uncontrolled actin polymerization is inhibited 

by G-actin binding proteins such as profilin and β-thymosin actin [93]. Actin monomers 

can exist in 3 forms: free G-actins, profilin-actin and β-thymosin actin; of these only the 

first two represent the polymerizable pool of monomers while b-thymosin-actin is 

sequestered and hence remains unavailable. β-thymosin prevents monomeric actin from 

joining actin filaments but participates in exchanging actin with profilin to facilitate 

regulated actin polymerization [94]. Profilin is considered as a general actin housekeeping 

factor as it binds G-actin to prevent spontaneous actin nucleation and elongation of 

filaments at +end [95].  Nucleation or de novo actin filament formation requires assembly 

of a G-actin trimer, an energetically unfavored step, but in vivo it is crucial to execute this 

step rapidly [96]. Subsequent addition of monomers is more stable, likely due to 

complementary intermolecular interactive forces [3]. Arp2/3 complex, the first actin 

nucleator to be discovered, by itself is an inefficient nucleator, but when coupled with 

nucleation promoting factor (NPF) catalyzes new filament formation from the side of an 

existing filament to generate a branched structure. Some of the well characterized NPFs 

include Wiskott-Aldrich Syndrome protein (WASP) and WASP Verprolin homologs 

(WAVEs). These NPFs utilize allosteric modulation to activate Arp2/3 complex to promote 

efficiency of actin nucleation [97]. Another group of nucleating proteins, formins, are 
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multidomain, homodimeric proteins featuring a formin homology2 (FH2) domain that 

interacts with the barbed end of an actin filament and serves dual purpose as actin 

nucleators and elongation factors [98]. Formin FH1 domains bind profilin-actin 

complexes and transport them quickly to the +end associated with the FH2 domain [99]. 

Formins aid in formation of linear actin filaments and play a key role in structuring stress 

fibers, actin rings and actin cables [100]. In addition to formins, some other family of 

nucleating proteins such as, Cobl, TARP, Lmod, JMY, act by stabilizing dimer or trimer 

[3]. These nucleating proteins regulate the spatiotemporal origin and structural 

organization of actin networks. After overcoming the rate limiting nucleation step, 

filament elongation takes place processively by formin activity at the barbed end, and also 

by a dedicated family of proteins such as Ena/VASP [93]. Ena/VASP antagonize capping 

proteins and act as processive actin polymerase [101]. Therefore, Ena/VASP promote 

Arp2/3 complex generated branches at lamellipodia and in filopodia or focal adhesions, 

promote formation of unbranched F-actin bundles [102]. The filaments can grow freely at 

the barbed ends until monomer pools are exhausted or capping proteins interfere with 

elongation. In vivo, capping proteins have a higher association rate constant, therefore 

filaments will be shorter unless provided support from actin elongation factors that shield 

capping proteins while moving along with the growing +end [100]. The actin filaments can 

also be combined together to produce higher order structures such as meshworks or actin 
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bundles by the activity of actin crosslinking proteins such as α-actinin, filamin, fascin, 

fimbrin,scruin and some formins [103].   

In contrast to elongation factors, capping proteins obstruct filament growth by 

direct binding at the +end [104]. The activity of capping proteins is regulated by 

competition with Formins and ena/VASP to bind the positive end, and also by direct 

binding with other proteins such as V-1 or WASH(WASP and SCAR homologue) complex, 

CARMIL (capping protein, Arp2/3 and myosin linker), and CD2AP (CD2-associated 

protein) via allosteric hindrance [105]. Lastly, along with the slow disassembly during 

actin treadmilling described previously, there are additional ABPs that lead to actin 

filament depolymerization. Actin depolymerizing factor (ADF)/cofilin family of proteins 

can accelerate actin disassembly by promoting filament turnover to restore the G-actin 

pool. ADF/cofilin preferentially binds ADP-F-actin sub-units instead of newly formed 

ATP-F-actin at the +end and induce structural change causing destabilization which leads 

 

Fig. 1.3. Actin binding proteins and their activity: schematic showing family of 

actin binding proteins. Figure excludes tropomyosin which binds sides of filaments. 

Figure adapted from [3] with permission from Dr. Thomas Pollard. 
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to filament severing [9].  Following the filament severance by ADF/cofilin activity, the 

monomers can be recycled back by synergistic activity of cyclase-associated protein (CAP) 

[106]. In order to generate force and cell membrane movement, actin assembling proteins 

(such as Arp2/3 complex) collaborate with other proteins such as capping protein, cofilin 

and profilin to assemble and disassemble  motile actin networks [107]. The actin 

architecture, dynamics and activity of ABPs is largely driven by Rho family of GTPases, 

described in the next section.  

1.3.2 Rho GTPases and signaling networks shape the Actin cytoskeleton 

The regulation of actin cytoskeleton at different locations is highly controlled for precise 

actin reorganization based on the cellular activity (for instance locomotion, changing cell 

shape, etc.). It is now well established that the family of Rho GTPases act as molecular 

switches to merge signaling inputs from cell surface receptors via chemical messengers 

such as cytokines, growth factors are transduced to generate a coordinated output for 

effector proteins to regulate spatial actin polymerization [85, 108]. The extracellular signal 

is received by the cell surface receptors (ligand binding to tyrosine kinase receptors, 

GPCRs), adhesive interactions (ECM and cell-cell adhesion, integrin signaling), or 

mechanical stress [109]. These stimuli induce Rho-GTPases cycle between two 

conformations: GTP-bound active state and GDP-bound inactive state. GTPases recognize 

target proteins when “on” and generate a response by GTP hydrolysis to return to the “off” 

state [110]. RhoA, Rac1 and cdc42 are considered primary regulators of actin dynamics 

[111]. RhoA promotes stress fiber formation mediated by effector proteins, mDia1 

(mammalian Dia1) and Rho-associated protein kinase (ROCK), where the former 

facilitates bundling of parallel filaments to make dorsal stress fibers, while the latter 

activates LIM domain kinase 1 (LIMK1) to hinder ADF/cofilin mediated actin 

depolymerization [112]. Besides, ROCK mediated phosphorylation inactivates myosin 



22 
 

 

 

light chain phosphatase to engage myosin II for the assembly of contractile actomyosin 

filaments [113]. In lamellipodia, Rac GTPase stimulates WAVE [WASP (Wiskott–Aldrich 

syndrome protein) verprolin homologous] protein to produce branched protrusions by 

activating Arp2/3 complex [114]. Cdc42 GTPase also activates Arp2/3 complex through a 

separate activator, N-WASP (neuronal WASP). Cdc42 promotes filopodia formation after 

Arp2/3 complex facilitates initiation and mDia mediates elongation [115]. Rho GTPases 

play a key role in multiple signaling pathways, where they can work synergistically or 

interfere with the activity of other GTPases. Following is an example of Rho GTPase 

crosstalk in the context of modulation of actin dynamics.  As mentioned previously, RhoA 

can regulate LIMK via ROCK-dependent phosphorylation to inhibit cofilin mediated actin 

filament disassembly, in addition, Rac and cdc42 also regulate LIMK activity via a separate 

effector (PAK1) to phosphorylate cofilin [116]. Furthermore, Rho-actin cytoskeleton 

interaction also plays an important role in mechanosensing ability of the cell. Dupont et 

al. reported that Rho and actin cytoskeleton are required to maintain nuclear localization 

of transcription factors YAP (Yes-associated protein)/TAZ(transcriptional coactivator 

with PDZ-binding motif) in MSCs, and inhibition of either Rho or actin cytoskeleton 

sequestered YAP/TAZ in cytoplasm thereby blocking their transcriptional activity [117]. 

When active, YAP/TAZ can interact with genes such as RUNX2, TBX5 and p73 to regulate 

gene expression [118]. Therefore, Rho-GTPases work together in modulating actin 
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cytoskeleton network to fine tune cellular activities such as adhesion, migration and 

differentiation [116].  

 

Fig. 1.4. Rho GTPases and downstream effectors: schematic showing three 

major Rho GTPases, RhoA, Rac and Cdc42 and the function of their effector proteins 

to regulate actin organizational dynamics. Figure adapted from Hanna et al. [4] 

(License number: 4874340640701) 
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1.4. Role of actin cytoskeleton in guiding cellular 

activities beyond motility 

1.4.1 Actin during stem cell differentiation 

Cytoskeletal contractile forces play an important role in guiding differentiation. Kilian et 

al. demonstrated that the cell shape, independent of soluble factors, influences MSC 

differentiation by involving focal adhesion and myosin-generated contractility [119]. 

MSCs on soft substrate have less spreading, fewer stress fibers and favor adipogenesis or 

chondrogenesis; in contrast on stiff substrates, Rho-induced stress fiber formation and 

actin assembly favors myogenic or osteogenic differentiation  [120, 121]. How biophysical 

cues influence transcription is an important question to understand stem cell response to 

the microenvironment. Connelly et al. employed micropatterned surfaces to guide 

epidermal stem cell differentiation but found that differentiation was not affected by ECM 

composition, but rather the actin cytoskeleton shape regulated the activity of a 

transcription factor serum response factor (SRF). SRF activity in nucleus induced genes 

FOS and JUNB correlated with the differentiation to keratinocytes [122]. Cytoskeletal 

changes are translated to nucleus by shuttling of ABPs. For instance, mDia1 shuttles to 

nucleus when cytoskeleton is disrupted, to join intranuclear mDia2 and promote filament 

formation and also induces branching by Arp2/3 complex recruitment to modulate 

adipogenesis and osteogenesis [123]. Inhibiting gene expression of another ABP, 

cofilin/ADF or hindering its activation through LIMK1 inhibition in MSCs enhanced cell 

viability and osteoblastic differentiation, while cytoD mediated inhibition of actin 

polymerization had the opposite outcome [124]. At molecular level, actin 

depolymerization reduced FAK, p38 and JNK activation that play an important role in 

osteogenic differentiation [124].  
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Even in ESCs, several researchers have reported modulation of cell fates by actin 

cytoskeleton. In murine embryonic stem cells, cytoskeletal disruption by cytochalasin D 

resulted in upregulated expression of chondrogenesis markers: type II collagen, Sox9, 

aggrecan while downregulating stemness markers [125]. Cytoskeletal rearrangement 

following ROCK inhibitor, Y-27632,  promoted neuronal differentiation in embryonic 

stem cells by extracellular signal-regulated kinase (ERK) maybe activated via 

Ras/Raf/MEK, the PI3K/PKC or the Cdc42/Rac signaling pathways [126]. Poor survival 

of human ES cells was considered an obstacle to research due to no option for subcloning, 

but application of ROCK inhibitor (Y-27632) modulates cytoskeleton which resulted in 

diminished dissociation-induced apoptosis, promoted survival, increase cloning 

efficiency, and permitted differentiation to telencephalic progenitors [127, 128]. shRNA-

mediated knockdown of serine/threonine kinases or LIMK2 increased mesenchymal to 

epithelial transition, reduced cofilin phosphorylation and disrupted actin filaments during 

reprogramming of mouse embryonic fibroblasts, suggesting that kinase networks regulate 

pluripotency and have a role in cytoskeletal remodeling during somatic cell reprograming 

[129]. In human ESCs, ROCK inhibition decreases myosin light chain, to promote cloning 

efficiency of ESCs after dissociation [130]. Y27632 treatment of fibroblast feeder cells 

induced epithelial reprogramming of cells so they could multiply indefinitely [131].  

Similar to ESCs, ROCK inhibition mediated cytoskeletal regulation in iPSCs also 

promoted plating efficiency with anti-apoptotic effect and also promoted ECM-cells 

interaction [132]. Cytoskeletal rearrangements were reported to drive the morphogenesis 

of neuronal precursors and migrating/mature neurons in iPSCs [133]. As another 

example, Toyoda et al. showed Rho-associated kinases and non-muscle myosin II activity 

inhibited differentiation of human IPSCs to pancreatic endoderm [134]. Besides in vitro 

studies, iPSCs pretreatment with ROCK inhibitor resulted in increased transplantation 
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efficiency of induced cardiomyocytes [135]. Therefore, cytoskeletal remodeling plays a key 

function during iPSC reprogramming, initiation of differentiation and modulation of cell 

fates.  

In general, cells display actin morphological changes during differentiation.  In a 

study that compared mouse embryonic stem cells (ESCs), reprogrammed iPSCs, and 

embryonic fibroblasts, stem cells showed less developed cytoskeleton in stem cells 

compared to fibroblasts. Thus, expression levels for SMA, vimentin, lamin A, and nestin 

were distinctly lesser for ESCs than MEFs. When analyzed, iPSC samples were found to be 

heterogeneous, with most cells displaying similar patterns of cytoskeletal proteins to ESCs 

and a small subpopulation alike MEFs. Therefore, dedifferentiation results in return to a 

less developed state of cytoskeletal remodeling [136].  Besides the aforementioned cells, 

several studies have shown participation of actin cytoskeleton in guiding differentiation;  

for example, the expression of actin bundling protein, Fascin in human dendritic cells was 

found to correlate with dendritic morphology and cell differentiation [137]. Human 

pluripotent stem cells derived MSCs showed rapid differentiation to neural-like cells when 

treated with ROCK inhibitor showing characteristic post-mitotic neurons, extensive 

dendritic growth and neuron-specific marker expression i.e. differentiation was enhanced 

by cytoskeletal rearrangement [138]. Neuronal differentiation proceeds via substantial 

reorganization of cytoskeleton and the reorganization is time-dependent [139].  

Given the heterogeneity of expression of cytoskeletal markers and actin regulated 

differentiation in MSCs and iPSCs, a systematic investigation of cytoskeletal dynamics and 

evolution may provide a rich set of insights into the active differentiation and lineage 

restriction processes. In chapter 3 and chapter 4, we have explored the potential of actin 

dynamics as a live-cell profiling marker during MSC differentiation. 
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1.4.2 Actin mechanotransduction 

Mechanical cues direct complex cell behaviors by influencing cellular processes including 

but not limited to cell spreading, migration, differentiation, and cell division. In-vivo, cells 

are surrounded by an ECM composed of proteins including laminins, collagens, and 

fibronectin. Cells have the ability to sense ambient mechanical environment and 

cytoskeleton plays an important role in responding to the external forces. The term 

mechanotransduction encompasses overall process of how cells detect a mechanical 

stimulus and translate it to intracellular biochemical response [140].  Cells interact with 

ECM proteins using integrins during mechanotransduction to stimulate downstream 

signaling. For example, in smooth muscle cells, RhoA- regulation of the actin cytoskeleton 

selectively controls SMC differentiation marker gene expression by influencing serum 

response factor mediated transcription [141]. Similarly, when MSCs are cultured on stiff 

substrates, SMA accumulates at stress fibers and transfers the forces to the nuclear 

membrane via direct physical signaling from linkage proteins and results in upregulated 

lamin-A, which is associated with increase in osteogenesis [142]. Mechanosensors, 

YAP/TAZ also localize to nucleus on stiff substrates resulting in upregulation of genes 

responsible for osteogenic differentiation. YAP/TAZ act as mediators of actin induced 

downstream  signaling as shown in a study where inducing α-SMA overexpression resulted 

in YAP translocation to the nucleus, while knockdown of YAP rescued the reduced 

adipogenesis  [143]. Liu et al. demonstrated that actin cytoskeleton can influence nuclear 

mechanics via SUN1, a component of LINC complex (linker of nucleocytoskeleton and 

cytoskeleton) by physical pairing of nucleus with the cytoskeleton. In the paper, disruption 

of actin with cytochalasin D led to reduced nuclear area and stiffness, while stabilizing 

with jasplakinolide had the inverse effect, and SUN-1 was found to play an important role 

in cell migration [144].  
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The principles of mechanotransduction mediated by actin cytoskeleton can be 

dissected in detail through the use of engineered biomaterials. By varying nanotube 

dimensions of self-assembled TiO2 nanotube arrays on Ti substrates, Oh et al. were able 

to promote cell adhesion and elongated stem cells showed increase in cytoskeletal stress 

fibers and osteoblastic differentiation [145].   When cultured on nanoscaled surface 

patterns, ESCs increased proliferation and colony formation, and the size of 200-280nm 

patterns drastically promoted cardiomyocyte differentiation and expressed early cardiac 

marker gene Mesp1 and cardiomyocytes. These patterned ESCs elicited vinculin and p-

cofilin-mediated cytoskeleton reorganization, showing a strong involvement of the 

cytoskeletal dynamics [146]. Similarly, when cultured on groove ridge structures with 

periodicity in micrometer range, iPSCs elongate and rearrange the actin filaments. 

Subsequent, BMP-4 induced differentiation was enhanced in elongated colonies, and led 

to spatial modulation of YAP/TAZ (mechanosensors) activity upon induction [147]. In 

vitro cultures of human pluripotent stem cells are marked by the actin fence encircling the 

colony, which exerts extensive Rho-ROCK-myosin-dependent mechanical stress to 

instruct colony morphology, pluripotency, compaction, and mitotic spindle orientation 

[148]. Interestingly, engagement of mechanotransduction pathways by cytoskeletal 

manipulation is also capable of reprogramming HEK293 cells, simply by culture on soft 

substrate without using transcription factors, then after replating on glass (rigid surface), 

led to redifferentiation, i.e. cells showed close association of stemness to actin tension 

[149]. Understanding the importance of actin cytoskeleton and mechanotransduction is 

particularly important in selecting biomaterials for promoting therapeutic efficiency of 

MSCs. For instance, Abdeen et al. performed single cell micropatterning to prime MSCs, 

within 2 days, activated cells showed elevated pericyte markers and association with 

endothelial cells in co-culture [150]. Understanding mechanotransduction principles is 
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important for developing tissue culture protocols and platforms for MSC applications, for 

instance, cell culture on rigid tissue culture ware shows limited myogenic differentiation 

(1-2% positive for desmin and myosin heavy chain proteins) [58]. Biomaterials can be used 

to closely mimic mechanical microenvironment.   Ferlin et al. described a dynamic stem 

cell culture platform by combining a biomimetic scaffold with a perfusion bioreactor 

where scaffold chemistry and stiffness is changeable [151]. New culture systems have 

started to focus on involving actin cytoskeleton modulation to control MSC differentiation. 

Sart et al. harnessed gelatin-based microcarriers to control actin cytoskeleton during MSC 

expansion and achieved efficient MSC differentiation demonstrating promise for this 

approach in a microcarrier based bioreactor [152]. Realizing the importance of instructive 

mechanical environment, new high throughput hydrogel arrays have been reported with 

3D configuration and adoptable stiffness in a high throughput design [153].   Our lab has 

published several studies that involved mechanotransductive biomaterials to alter 

cytoskeleton. When cultured on polymer films with varied polyethelyene glycol 

composition, the cells reorganized their cytoskeleton in a distinct manner. Furthermore, 

cell culture on more hydrophilic self-assembled monolayer resulted in loss of stem cell 

marker (CD90) and concurrent increase in adipogenic differentiation[154]. In another 

study, we engineered micropatterned substrates in collaboration with Kohn laboratory 

(Rutgers University), where cells on co-continuous patterns that enabled cell spreading 

showed increased osteogenesis whereas discontinuous islands led to reduced MSC 

differentiation[155]. Therefore, altering surface geometry engages mechanosensory 

mechanisms in cells primarily via actin cytoskeleton modulation.  

1.4.3 Actin in aging 

Actin cytoskeleton has been reported widely to be altered during the course of aging in 

cells. Gourlay et al. reported that an increase in actin dynamics by genetic manipulation 
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resulted in increase in cellular lifespan by over 65% while decreased actin dynamics 

resulted in compromised mitochondrial membrane, increased ROS production and 

increased cell death [156].  In human skeletal muscle, -actin levels were found to decline 

as a result of aging [157]. Cells derived from aged animals also showed decline in actin 

dynamics, abnormal ABPs and Rho signaling. Old liver-specific p38α MAPK knock out 

mice displayed decreased F-actin polymerization along with a marked deterioration of 

actin cytoskeleton. This was linked with unusually high activity of RhoA and Cdc42 

GTPases. Prolonged p38α deficit resulted in inactivation of HSP27, causing actin 

cytoskeleton damage, manifesting in decreased number and length of actin filaments in 

isolated hepatocytes [158]. Even in budding yeast, increase in retrograde actin cable flow 

promoted mitochondrial and cellular fitness and extended lifespan, therefore, actin 

dynamics influence mitochondrial quality control during aging [159]. Aging induced 

neurodegeneration has been associated with altered actin cytoskeleton. Rat hippocampal 

cultures showed abnormal cofilin-actin aggregates which disrupted dendritic microtubule 

integrity, by blocking intracellular transportation of both mitochondria and early 

endosomes [160]. Furthermore, cofilin rods were detected in aging rat brains suggesting 

that cofilin aggregation may lead to neurodegeneration and brain aging by impeding 

intracellular trafficking and inducing synapse loss [160].  

Lastly, Kasper et al. harnessed functional annotation clustering to reveal that age-

affected biomolecular signals are connected with cytoskeleton organization and 

antioxidant function. These proteome screening results were in agreement with lowered 

actin turnover and antioxidant power in aged MSCs. Therefore, aging related cytoskeletal 

aberrations resulted in diminished sensitivity to biomechanical signals due to a less 

dynamic actin cytoskeleton. Since MSCs are susceptible to senescence in vitro, and 
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involvement of actin cytoskeleton has ample evidence [161], we specifically explored how 

actin dynamics changes during in vitro aging of MSCs.  

Thesis overview 

Chief among the barriers to the widespread use of stem cells in therapy and tissue 

engineering are the poor characterization of these cells in their living state and the single 

cell heterogeneity inherent to their functionality.  MSC populations display heterogeneity 

at multiple levels: intra-population, intra-clonal, inter-donor. This raises an important 

question:  how to predict the behavior of MSCs in culture and after large scale expansion 

prior to clinical applications? Unfortunately, most of the standard methods to determine 

the biological properties of MSCs are terminal assays that overlook population level 

variations among the cells. Further, due to inherent heterogeneity of stem cell sub-

populations, cellular response to extracellular cues (growth factors, mechanical cues etc.) 

remains non-uniform, with each cell following a different chronological trajectory towards 

the ultimate desired phenotype. Thus, there is an urgent need to develop innovative assays 

that enable continuous monitoring of live cells to illustrate distinct cellular states.  To this 

end, we have advanced a novel fluorescence imaging-based platform that is 

straightforward by design yet enriched with temporal data to generate a comprehensive 

profiling tool-box for dissecting phenotypes and functions of evolving stem cell 

populations. Our method employs probing of dynamic changes via an F-actin specific 

probe, sir-actin, which offers a unique opportunity to use actin turnover as a marker. Prior 

to this work, the majority of literature pertaining to stem cell research has focused 

primarily on visualizing cytoskeleton after fixing the cells that allowed data acquisition at 

discrete time-interval. The question that largely remains unaddressed is, what new 
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insights, ideas, and regenerative strategies can emanate from the live imaging of actin 

cytoskeleton in stem cell research? 

Actin cytoskeleton and associated signaling pathways are clearly involved in 

determining stem cell behavior during differentiation, mechanotransduction and 

immunomodulation. All these factors govern the translatability of stem cells for clinical 

usage. We believe that by describing early phenotypic divergence during stem cell 

specialization towards a tissue phenotype, it might be possible to forecast their behavior 

much earlier compared to traditional time-consuming and end-point biochemical assays.  

We hypothesized that temporal characterization of actin dynamics can be used as a 

surrogate marker to track function specific kinetic changes in cells. For example, 

previously, our laboratory utilized high content image analysis using multiple cyto-nuclear 

markers such as SC35 (serine/arginine rich splicing factor 35)[37, 162], NuMA (nuclear 

mitotic apparatus, protein)[163, 164] and histone epigenetic marks[165]  along with 

actin[84, 154, 164].  Despite the progressive advances in our ability to gain early insights 

into the evolution of cell states, the earliest we could reliably discern the differentiating 

cells from the naïve cells was after 24 hours of stimulation to the soluble cues. The 

cytoskeletal dynamics based imaging approach that this thesis proposes can shrink the 

time window further.  In chapter 3, we were able to demonstrate the effect of cell state 

transition in response to soluble cues as early as few minutes. Another hurdle for stem cell 

applications (particularly for MSCs) is the issue of ongoing in vitro senescence. Here 

again, actin turnover probing allowed us to parse aged cells from young cells within one-

hour. In chapter 4, we conducted deeper studies to establish the relationship between actin 

turnover and gene expression during lineage divergence. In addition to MSCs, even iPSCs 

showed co-occurrence of change in actin turnover along with the lineage specific markers. 

To our knowledge, actin dynamics have yet to be used as a determinant to isolate 
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phenotypically variant stem cells. Using sir-actin, we were able to collect cells on the basis 

of their inherent actin turnover which allowed us to investigate the role of cytoskeletal 

dynamics in determining MSC differentiation potential. A concerted insight from our 

studies is the concept of “cytoskeletal memory” in the sorted cells, where even after 

passaging, the cells retained the elevated differentiation potential compared to the 

heterogeneous populations. 

The approach of fluorescence labeling of actin for live-cell probing is amenable to 

several fluorescence-based assays such as live-cell imaging, multiplex immunolabeling, 

flow cytometry and cell sorting. This thesis supports the use of actin-turnover as a versatile 

marker by adding the temporal dimension to stem cell phenotypic analysis.  
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Chapter 2: Dynamic fluorolabeling of cytonuclear 

mechanoreporters for temporal profiling of live cells 
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2.1 Abstract 
 
In recent decades, stem cells have widely examined for their functional versatility in 

therapeutic applications. The traditional methods used for characterization of cellular 

functions, such as differentiation, are inadequate as they rely on assays that are not 

suitable for live cells and fail to capture the intrinsic heterogeneity among the cell 

populations. To address these limitations, we examined the feasibility of various live-cell 

compatible fluororeporters to monitor dynamic changes in single cells. This approach 

would be particularly useful to the characterization of mesenchymal stem cells whose early 

kinetics of the lineage specific changes are still unexplored. To this end, plasmid constructs 

were genetically manipulated to produce fluorescently labeled panel of nuclear (HP1α and 

SC35) and cytoplasmic (actin, YAP, TAZ) reporters in a regulated manner to generate a 

rich data set for high content image analysis. The constructs were successfully delivered 

via lentiviral vectors. Following lentivirus mediated transgene insertion in cells, we were 

able to eliminate non-transduced cells by puromycin selection to select only the 

fluororeporter expressing cells. Despite the successful generation of stable fluororeporter 

expressing cells, we observed that the lentiviral treatment interfered with MSC 

differentiation. Still, the platform developed could be useful in other applications 

involving mechanobiological pathways.  
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2.2 Introduction 
 

Mesenchymal stem cells (MSCs) are stromal cells that have the ability to self-renew 

and exhibit multi-lineage differentiation potential. Although there is a lack of consensus 

for defining MSCs from various sources, yet the widely accepted minimum criteria of 

MSCs include: i) plastic adherence during standard culture conditions; ii) expression of 

CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79alpha 

or CD19 and HLA-DR surface molecules; and iii) ability to differentiate to osteoblasts, 

adipocytes and chondroblasts in vitro [24]. MSCs could be expanded ex vivo and induced, 

either in vitro or in vivo, to differentiate to other lineages namely tenocytes, myotubes, 

neural cells and hematopoietic-supporting stroma as well [166, 167]. The ease of 

harvesting and expansion of MSCs from these sources make them highly suitable for in 

vitro research and clinical applications [167].  MSC based therapeutics in tissue 

engineering is also supported because of their paracrine, immunosuppressive, pro-

angiogenic and immunomodulatory effects [168, 169]. MSCs have been employed 

extensively for transplantation studies in animals and clinical trials for regenerative 

medicine [170]. By definition, MSCs should demonstrate clonogenicity and tripotency, but 

only a small subset exhibits multipotency, indicating that MSCs are comprised of a 

heterogeneous population [26].  

The classical methods for phenotypic evaluation of MSC differentiation include: 

alcian blue staining for chondrogenesis, ALP and alizarin red S staining for osteoblasts, 

and oil red O staining for adipocytes [66]. The protein expression level of differentiation 

related genes could be assayed by immunostaining [67, 68]. The transcriptional activation 

of differentiation related genes could be assessed by quantitative qPCR with common 

osteogenic (such as RUNX2, ALP), adipogenic (e.g., PPAR, CEBP), chondrogenic 

(COL2A1, SOX9) genes [66, 171]. Quantitative biochemical assays are also available for 
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various lineages: osteogenesis (ALP enzyme activity) [172], chondrogenesis  (sulfated 

glycosaminoglycan) [173] and adipogenesis (triglyceride accumulation) [174]. These 

methods have several limitations. qPCR is destructive, reagent intensive and tedious. 

Immunostaining is qualitative in nature and requires expensive antibodies. All of these 

assays require 1-4 weeks of growth factor mediated induction in cell culture which adds to 

the overall cost [175, 176]. Moreover, these classical methods are end-point assays so the 

MSCs cannot be recovered for further testing. Thus, there is a need to develop new 

methods for assessment of MSC differentiation to overcome these challenges.  

 

Our research group has published multiple studies on a high content image 

informatics based platform of key protein reporters to track the state of single cells at early 

time points in response to extracellular cues [37, 84, 163, 165, 177]. In spite of the insights 

these investigations enabled, all these studies were performed with fixed cells, which limits 

the data informatics to discrete timepoints. We hypothesized that a diverse array of 

reporters compatible with live cells might be better suited for dynamic assessment of stem 

cell behavior and cell states during differentiation. To this end, we designed lentiviral 

particles to introduce fluorescently labeled panel of reporter proteins to MSCs. Lentiviral 

vectors are a type of retrovirus that possess the  capacity  to  efficiently  infect  non-dividing  

cells,  carry  large coding sequences,  and  provide stable  long-term  transgene  expression 

making them suitable for gene delivery [178]. 

 

The candidate reporters used in this study included mechano-sensory proteins 

such as, actin, SC-35, YAP, TAZ, , and HP1α. The dynamics and organization of cytoskeletal 

actin network are well known to play a role in cell differentiation [179]. YAP (Yes-

associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) act as 
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sensors and mediators of mechanical cues instructed by cellular microenvironment during 

MSC differentiation [117]. Splicing factor, SC-35, is a sub-nuclear protein that possess 

organizational domains with textural attributes that could be used for classifying emergent 

stem cell phenotype during MSC differentiation [37]. HP1α (Heterochromatin protein-1α) 

is an important epigenetic regulator of heterochromatin-mediated gene silencing and 

differentiation specific transcriptional activation [180]. These fluororeporters were 

genetically synthesized and lentiviral particles were generated. The lentiviral vectors were 

successful in generating fluororeporter expressing cell lines. The fluororeporter 

expression array was further characterized during lineage divergence in MSCs, however 

the transduced cells showed a decline in cell differentiation. Nonetheless, our array of 

reporters showed promise to monitor phenotypic organizational changes in live cells.  

2.3 Material and Methods 
 
 
2.3.1 Generating inducible tet-on plasmid system  

 
The inducible plasmid system was engineered by cloning TRE (Tet Response 

Element) from GenScript on to the plasmids carrying the reporters SC35, HP1α, YAP and 

TAZ within the MyoD-T2A-dsRedExpress2 backbone (Courtesy of Dr. Rick Cohen and Dr. 

Anandika Dhaliwal, Rutgers University).  Briefly, 3 μg TRE (Tet Response Element) 

sequence carrying plasmid from GenScript was restriction digested with XhoI and NheI, 

and the resulting linearized fragment was run on 1% agarose gel prepared in 

Tris/Borate/EDTA (TBE) buffer. The fragment was extracted from the gel. The TRE 

sequence was ligated on the plasmid carrying the MyoD backbone. The resulting product 

was transformed in One Shot™ Stbl3™ Chemically Competent E. coli and plated on agar 

plates in the presence of Carbenicillin antibiotic overnight. Single colonies were picked 

and plasmids were isolated using QIAGEN Miniprep Kits. The final fluororeporter 
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construct was validated by sequencing from Macrogen using two primers specific to all 4 

plasmids: CMV-MM-P-F (5’-atccacgctgttttgacctc-3') and TURBOGFP-R (5’-

GATGCGGCACTCGATCTC-3) [Integrated DNA Technologies].  

 

2.3.2 Cell culture 

 
Human mesenchymal stem cells (hMSCs) were obtained from Texas A&M University 

(College Station, TX). Cells were cultured in the presence of 5% CO2 at 37 oC. The cells were 

maintained in basal growth media (BA) [Minimal Essential Media alpha (MEM, 

ThermoFisher Scientific), 10% Fetal Bovine Serum (Atlanta Biologicals), 0.1% Penicillin-

streptomycin (GibcoTM)]. Cells were received at passage 1 and used for up to 8 passages. 

Cells were sub-cultured upon reaching 70-80% confluence by lifting the cell monolayer 

with trypsin and seeded at 2000-3000 cells/cm2 for maintenance. For differentiation 

studies, a density of 10,000 cells/cm2 was used in 96 well dish. Cells were allowed to attach 

overnight, then stimulated with differentiation media for up to 14 days unless specified 

otherwise. Adipogenic media was prepared by supplementing BA with insulin, 

dexamethasone, indomethacin, and 3-isobutyl-1-methyl-xanthine.  Osteogenic media was 

formulated from BA supplemented with dexamethasone, L-ascorbic acid-2-phosphate, 

and β -glycerophosphate.  

HEK293 cells [293FT, Invitrogen, gift from Dr. Cohen, Rutgers University] were 

cultured in Dulbecco's Modified Eagle Medium (GibcoTM), supplemented with 10% fetal 

bovine serum, 1X non-essential amino acids (GibcoTM), 1% Penicillin-streptomycin 

(GibcoTM) and 500μg/mL G418, Geneticin (ThermoFisher Scientific). Upon reaching 70-

80% confluence, the cell monolayer was disrupted by trypsin and cells were passaged at 

the seeding density of 20,000-50,000 cells/cm2 in T-75 cm2 flask. 



40 
 

 

 

 

2.3.2 Preparing lentivirus particles carrying the inducible reporter system 

 
 

Lentiviral particles were generated by co-transfecting lentiviral components along with 

the inducible reporter system in Human embryonic kidney 293 (HEK293) cells.  We used 

a 2nd generation lentiviral system consisting of psPAX (packaging plasmid), pMD2.G 

(envelope plasmid), and pCEP4-TAT (transcription transactivator plasmid). After 

transfections, the supernatant carrying the lentivirus was harvested for 2 consecutive 

days. Successful transduction of difficult to transduce cells (such as MSCs) require 

preparation of highly concentrated viral stocks [181]. The lentiviral particles were 

concentrated 100-fold by pooling the supernatants from the two time-points and 

subjected to ultra-centrifugation [181].  The lentiviral particles were frozen and stored at -

80 degrees until further use. 

 

2.3.3 Lentiviral transduction of cells 

 
HEK293 and MSCs were seeded their respective growth media as mentioned in “cell 

culture” and allowed to attach overnight. Viral infections were performed in Opti-MEM™ 

(GibcoTM) for HEK293 cells or serum free media without antibiotics for MSCs for 8-12 

hours. Then regular growth media was added on top for another 12 hours to ensure high 

transduction efficiency. The TET-on fluororeporter expression was induced by adding 1 

μg/mL doxycycline (tetracycline derivative[182]) for 48 hours. For late MSC 

differentiation studies (14 days), doxycycline was added one day prior to imaging (13th day) 

to get optimal fluororeporter expression. Stably transduced cells were selected by 

supplementing the growth media with 1 μg/mL puromycin.   

 

2.3.4 Cell viability assay  
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The CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) was 

conducted to evaluate the effect of lentiviral transduction on MSC viability. Briefly, cells 

were cultured at a density of 10,000 cells/cm2 in a 96 well plate and transduced with 

lentiviral particles via introduction to the growth media as described previously. The 4 test 

groups included virus +doxycycline, virus-doxycycline, doxycycline only and untreated 

cells. Cell viability was assessed by adding Aqueous One Solution in each well after 1, 2 

and 3 weeks of initial treatment and incubated for 1 hour. Subsequently, the absorbance 

was measured with a multi-well plate reader at 490 nm. 

2.4 Results 
 

2.4.1 Engineering inducible plasmid system for live-cell profiling 

 
Our objective was to express mechano-sensitive fluororeporters in a regulated 

manner to study temporal organizational changes in live cells. Tetracycline-inducible 

plasmid constructs were created that express fluororeporter upon addition of tetracycline 

(TET-ON). The reporters used in this study included actin, YAP, TAZ, SC-35, and HP1α. 

As described previously, the aforementioned diverse panel of mechanosensitive proteins 

possess the potential to be a dynamic marker for induced differentiation and cytoskeleton 

tension in hMSCs. To engineer the constructs, each reporter plasmid was cloned on human 

MyoD-T2A-dsRedExpress2 backbone (Courtesy Dr. Rick Cohen and Dr. Anandika 

Dhaliwal, Rutgers University). To add the TET-ON sequence, TRE (Tet Response 

Element) carrying plasmid from GenScript was restriction digested and cloned on to each 

reporter plasmid. Fig. 2.1 depicts the general construct synthesized for each reporter. The 

final construct was RFP labeled for one of the four reporters: YAP, TAZ, SC35 and HP1α 

along with Lifeact-TurboGFP for actin. The plasmids were expanded by maxi-preps and 

sequencing was conducted with fluororeporter specific primers to ensure the correct 
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sequence of the constructs. Furthermore, an insert specific restriction digestion reaction 

was performed with NheI and the resulting products were run on gel to validate the 

constructs.  
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2.4.2. Generating inducible fluororeporter expressing cells for live-cell 
imaging 

 

 

Fig. 2.1. Design of Tet-inducible construct for reporter genes: the plasmid 

consists of sequence for LifeAct-TurboGFP and one of the four mRFP-reporter genes 

(SC-35, HP1α, YAP or TAZ). The expression of fluororeporters was dependent on 

Tetracycline Response Element (TRE) that requires tetracycline to turn on gene 

expression. Puromycin resistance was imparted by PuroR fragment that could be used 

for stable cell selection. 
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Initial validation of the fluororeporter expression of the lentiviral constructs was 

conducted with HEK293 cells. After 24 h of lentivirus infection, the reporter transgene 

was activated by doxycycline (DOX) stimulation, and fluorescent images were taken after 

2 days of stimulation [Fig.2.2]. In the preliminary study, we used same titers of the 

 

Fig. 2.2. Inducible fluororeporter expression in HEK293 cells: HEK293 cells 

were transduced with RFP labeled HP1α (A), SC-35(B), TAZ(C), or YAP (D) and 

LifeAct-TurboGFP was present in all reporters. The panel show fluororeporter 

expression with or without doxycycline treatment for 48 hours. 
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concentrated virus to determine the relative expression of each fluororeporter. SC35 and 

YAP showed brighter fluororeporter expression compared to HP1α and TAZ after DOX  

 

treatment. The expression of Lifeact-TurboGFP (actin) was lower compared to all other 

fluororeporters.  The cells without DOX treatment showed basal level expression of the 

fluororeporter, but overall, a comparison of the basal expression compared to +DOX 

group showing the successful generation of inducible reporter system for live cells.   The 

cells with integrated lentiviral expression were subsequently selected by cell culture in the 

presence of 1μg/mL puromycin containing media. The puromycin selected cells upon 

 

Fig. 2.3. Fluororeporter expression in MSCs after puromycin selection: 

Representative images showing fluororeporter expression (LifeAct-TurboGFP in 

green, YAP-RFP in red) in puromycin selected MSCs after Doxycycline stimulation for 

48 hours.  
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stimulation with DOX showed stable expression of fluororeporters demonstrating the 

successful generation of a stable fluororeporter cell line [Supplementary Fig 2.1].   

 After successful generation of stable HEK293 cell line that stably expressed the 

fluororeporters, we sought to create analogous transgene expressing human Mesenchymal 

 

Fig 2.4. Adipogenic differentiation following lentiviral transduction: 

Representative images showing AdipoRed stained cells to mark adipocytes after 14 

days of cell culture in AD media following lentiviral transduction. Regardless of 

fluororeporter transgene activation by doxycycline, diminished adipogenesis was 

observed after transduction. 
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stem cells (MSCs). After lentiviral infections, the MSCs were cultured in the presence of 

puromycin (1 g/mL), which resulted in extensive cell death. The surviving cells were 

maintained in growth media to acquire adequate cells for future experiments. However, 

after reaching the density of 70-80% confluence, the cells were unable to expand any 

further. In addition, the cells had a distorted morphology indicative of senescence [183]. 

Doxycycline stimulation resulted in expression of the fluororeporters, but these cells were 

not used for subsequent experiments as they failed to proliferate. Therefore, the 

subsequent live cell studies were conducted after transient lentiviral infections without 

puromycin selection.  

 

2.4.3. Dynamic cell profiling during MSC differentiation after lentiviral 

infections 

 
The primary objective of this study was to characterize the dynamic changes in the 

mechanotransducive reporters to characterize temporal changes in cell states during 

cellular processes, particularly during lineage stratification. As mentioned in the above 

section, the stable cell lines failed to grow, so we focused on transient transfection of 

lentiviral particles prior to initiation of cell differentiation. Cell viability after viral 

transduction was assessed by MTS assay after 1, 2 and 3 weeks of transgene activation by 

DOX treatment [Supplementary Fig. 2.2]. The later timepoints showed slightly reduced 

cell viability in the cells with lentiviral particles but the viability was still >75% compared 

to untreated control cells. Next, the influence of lentiviral particles on MSC differentiation 

was assessed. Cells were exposed to the viral particles for 24 hours, then cells were 

cultured in BA, AD or OS media for 2 weeks. The adipogenic differentiation was assessed 

by AdipoRed staining which labels the lipid droplets in the adipocytes. Both virus+DOX 

or virus only groups showed reduced number of cells with lipid droplet accumulation 
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compared to the uninfected group. Given that adipogenic differentiation is favored by high 

cell density, reduced cell number after 2 week of lentiviral treatment might also have 

contributed towards reduced adipogenesis (Fig. 2.4) [184]. Fluorescent imaging showed 

lack of expression of HP1α and actin in the cells with lipid droplet accumulation 

[Supplementary Fig. 2.3], suggesting that successful lentiviral infection of MSCs interfered 

with adipogenesis. Additionally, osteogenic differentiation was assessed after fast blue 

staining to mark the osteoblasts. Qualitatively, all experimental groups had similar fast 

blue staining, however no overlap between fast blue staining and the expression of Lifeact-

TurboGFP was observed (Fig. 2.5). Typically, osteogenic differentiation is expected to 

 

Fig. 2.5. Osteogenic differentiation following lentiviral transduction: 

Representative images showing Fast blue stained cells to mark alkaline phosphatase 

positive cells (osteoblast marker) after 14 days of cell culture in OS media following 

lentiviral transduction. The brightfield images shows the actual fast blue staining. In 

the bottom panel fast blue image was inverted and pseudocolored in red, while 

lentiviral LifeAct-TurboGFP reporter is shown in green. The lack of co-occurrence of 

the two reporters suggest that successful expression of lentiviral reporter interfered 

with osteogenesis.  
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demonstrate extensive network of intertwined actin fibers [185]. Similarly, other lentiviral 

reporters also showed no overlap with fast blue staining cells (data not shown). The lack 

of fluororeporter and fast blue co-staining demonstrated that MSCs that were stably 

infected by the lentivirus lost their ability to undergo osteogenic differentiation. 

2.5 Discussion 
 

In this study, our objective was to develop a live cell fluororeporter platform that 

would lend itself to a cell-fate predictive system capable of tracking temporal change in 

cell states. Our approach involved design and introduction of fluorescence tagged 

mechanosensory panel of reporters via lentiviral mediated transgene integration in MSCs. 

To this end, we were able to create stably transduced cell lines for HEK293 and MSCs. The 

modified MSCs were subsequently characterized for live-cell imaging during lineage 

stratification. 

We developed a robust live cell profiling platform with several desirable features 

attributed to the inducible fluororeporter expression. Usually, stromal cells such as MSCs 

are considered difficult to transfect [186], but with our system we were able to achieve 

high levels of fluororeporter expression. Previously, our first generation of lentiviral 

constructs were designed sans the inducible element, which led to overexpression of the 

reporter proteins that negatively affected the cells. The modified TET-on lentiviruses 

allowed a regulated expression of the reporter proteins, which was found to be inducible 

for at least up to 3 weeks in live cells (data not shown). These reporters had the potential 

to monitor the morphometric temporal changes in the mechanosensory reporters from 

immediate early stages during differentiation up to a lineage committed cell state.  During 

live-imaging, photobleaching of the fluororeporter presents a challenge during prolonged 

imaging, but our platform overcame this limitation as reinduction with doxycycline 

allowed expression of the fluororeporter at will. Our lentiviral particles were able to 
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successfully integrate within the host cells, and the cells could be selected by puromycin 

treatment as demonstrated by two different cell lines in this study, HEK293 and MSCs, 

showing that they could be used in other human cells as well.  

We report that the array of inducible lentiviral particles used in this study 

interfered with MSC differentiation. One of the possible reasons could be that our viral 

transduction protocol involved Polybrene (hexadimethrine bromide), a cationic polymer, 

a widely used chemical to increase the efficiency of retroviral transduction [187]. Lin et al. 

reported that polybrene severely inhibits MSC proliferation, even with growth factor 

supplementation and also potentially hinder MSC differentiation [188]. Without 

polybrene, transduction efficiency is reduced [188]. Therefore, alternative transduction 

protocol or an alternative chemical to aid transduction could potentially alleviate reduced 

MSC differentiation.  A few studies have reported that doxycycline could influence in vitro 

differentiation. For instance, doxycycline treatment was found to antagonize BMP2-

mediated osteogenesis with human periodontal ligament cells [189].  Another study 

harnessed microarray analysis after doxycycline treatment to report upregulation of 

differentiation but downregulation of proliferation genes [190]. In our study, the 

expression of transgenes was observed at detectable levels even after 7 days of withdrawal 

of doxycycline under the microscope. It is possible that an improved system capable of de-

inducing the fluororeporter expression sooner might be better for MSC differentiation. 

But, even without doxycycline stimulation, we observed a decline in MSC differentiation 

(Fig. 2.4). Lastly, the integration of viral gene fragments in MSCs could pose a genetic 

hindrance to differentiation. Perhaps, optimizing our lentiviral protocol by titrating the 

viral dosage, doxycycline concentration and polybrene might improve MSC differentiation 

overall, but the absence of fluororeporter expression in differentiated cells provided little 
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impetus to use this platform any further for dynamic profiling of MSCs during 

differentiation.  

 As an alternative to the inducible lentiviral reporter system, a pilot study was 

undertaken to explore the use of fluorescently labeled antigen-binding fragments (Fabs) 

to visualize endogenous histone modifications in MSCs [191]. Previously, our lab 

demonstrated that the phenotypic divergence in stem cells is associated with alteration of 

gene organizational domains which can be detected and quantified to forecast lineage 

specific changes in MSCs. The two co-occurring epigenetic markers in that study were 

trimethylations of lysine residues 4 and 27 on histone 3 (H3K4K27me3)[165].  We have 

previously shown that these epimarks have the predictive ability to forecast stem cell 

differentiation. The levels of the bivalent epimarks was able to distinguish naïve cells from 

differentiated MSCs [165]. We hypothesized that Fab-conjugate labeling of live cells would 

allow to develop a more sensitive and comprehensive image informatics platform to show 

different textures emerging during MSC differentiation compared to our previous study 

conducted with fixed cells. We obtained the fluorescent Fabs as a gift from Dr. Hiroshi 

Kimura (Tokyo Institute of Technology, Japan). The Fabs were introduced in live cells 

using the glass-bead loading method as described in [191]. We expected fluorescent 

labeling of the epimarks within nuclei, but confocal imaging revealed that the localization 

of reporters showed a high background due to non-specific cytoplasmic localization 

(Supplementary fig. 2.4). In addition, the glass bead loading method was found to perturb 

cell morphology and resulted in reduced the cell numbers which could potentially 

influence MSC differentiation. Therefore, we decided not to pursue this method any 

further for live-cell profiling.  
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2.6 Conclusion 
 

The primary objective of this study was to engineer MSCs for dynamic profiling via 

fluorolabeled mechanosensitive proteins associated with differentiation. To this end, 

inducible plasmids were constructed for expression of fluorescent actin, HP1α, SC35, YAP, 

and TAZ by molecular cloning. We generated lentiviral particles capable for genetic 

introduction of the constructs. These constructs allowed generation of stable cell lines with 

HEK293 and MSCs after puromycin selection. However, successfully transduced MSCs 

demonstrated hampered differentiation, therefore our lentiviral array was not used any 

further for this project.  Genomic analysis of the site of the transgene insertion and 

concurrent pathway analysis might help to determine the cause of MSC differentiation 

impediment.  
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2.7 Supplementary Figures 

 

Supplementary Fig 2.1. Fluororeporter expression in HEK293 cells after 

puromycin selection: Following lentiviral transduction, HEK293 cells were 

cultured in puromycin to select cells with integrated transgene expression. The cells 

were found to possess doxycycline inducible fluororeporter expression of LifeAct-GFP 

and RFP-labeled reporter (YAP in this figure). The panel shows fluororeporter 

expression with or without doxycycline treatment for 48 hours. 
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Supplementary Fig. 2.2. MTS assay to assess cell viability after lentiviral 

transduction and doxycycline stimulation: MSCs were transduced with 

lentivirus and after doxycycline treatment, and the cell viability was assessed by MTS 

assay after 7 (A), 14 (B) or 21 (C) days. The experimental groups were: Virus+DOX 

(TET-on group), Virus-DOX (Tet-off group), DOX (no virus, but DOX added), NT (no 

treatment control).  
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Supplementary Fig. 2.3. Lentiviral fluororeporter expressing cells showed 

no accumulation of lipid droplets: upon adipogenic differentiation the cells 

accumulate lipid droplets. Representative images showed lack of co-expression of 

fluororeporters (LifeAct-TurboGFP in green, RFP-HP1α in red) within adipocytes.  
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Supplementary Fig. 2.4. Live cell Fab-labeling of histone epimarks: Live 

MSCs were labeled with fluorescently labeled H3K4me3 or H3K27me3 following glass 

bead loading method [36]. We observed a high background indicating non-specific 

labeling (H3K4me3) or poor labeling (H3K27me3) with this method. As a positive 

control, cells were fixed and immunostained with the appropriate antibodies to show 

the benchmark labeling for developing a live-cell image informatics platform.  
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Chapter 3: Fluorescence Imaging of Actin Turnover 

Parses Early Stem Cell Lineage Divergence and 

Senescence  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Note: this chapter has been reproduced from the following publication:  

Prakhar Mishra, Daniel C. Martin, Ioannis P. Androulakis, Prabhas V. 

Moghe. Fluorescence Imaging of Actin Turnover Parses Early Stem Cell Lineage 

Divergence and Senescence. Scientific Reports 2019 Jul 17;9(1):10377. 
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3.1 Abstract 

This study describes a new approach to discern early divergence in stem cell lineage 

progression via temporal dynamics of the cytoskeletal protein, F-actin.   The approach 

involves real-time labeling of human mesenchymal stem cells (MSCs) and longitudinal 

tracking of the turnover dynamics of a fluorogenic F-actin specific probe, SiR-actin (SA).  

Cells cultured in media with distinct lineage factors and labeled with SA showed lineage 

specific reduction in the actin turnover shortly after adipogenic (few minutes) and 

chondrogenic (3-4 hours) commitment in contrast to osteogenic and basal cultured 

conditions. Next, composite staining of SA along with the competing F-actin specific 

fluorescent conjugate, phalloidin, and high-content image analysis of the complementary 

labels showed clear phenotypic parsing of the sub-populations as early as 1-hour post-

induction across all three lineages. Lastly, the potential of SA-based actin turnover 

analysis to distinguish cellular aging was explored.  In-vitro aged cells were found to have 

reduced actin turnover within 1-hour of simultaneous analysis in comparison to cells of 

earlier passage. In summary, SiR-actin fluorescent reporter imaging offers a new platform 

to sensitively monitor emergent lineage phenotypes during differentiation and aging and 

resolve some of the earliest evident differences in actin turnover dynamics.  
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3.2 Introduction 

Mesenchymal stem cells (MSCs) have been widely used for their ability to self-renew and 

differentiate into cells of distinct lineages including adipocytes, osteoblasts, and 

chondrocytes [192].  As a cell type that can be harvested from multiple sources and are 

easily expanded in-vitro, MSCs have become a valuable tool for experimental and clinical 

cell based regenerative applications [167]. One of the challenges for using cells with multi-

lineage potential is the ability to track and control their lineage-specific differentiation. 

Given the possible heterogeneity that a population of MSCs adopts, methods to distinguish 

single cell lineage staging within a population would be extremely advantageous for 

selecting cells that have potential utility in regenerative medicine. 

 

MSC differentiation is accompanied by a significant degree of reorganization of the 

intracellular cytoskeleton [179, 193-195].  Both the dynamics and architecture of the actin 

network play a vital role in differentiation [179]. Disrupting actin cytoskeleton by 

cytochalasin D (actin polymerization inhibitor) results in reduced osteogenesis but 

increased adipogenesis and chondrogenesis [195, 196]. Sliogeryte et al. reported that MSC 

differentiation led to overall increase in actin organization and slower turnover after 7 days 

of induction [197]. Actin cytoskeletal organization and dynamics play a determining role 

in regulating MSC differentiation and could be used as a marker for assessment of stem 

cell behavior. Treiser et al. used organizational features of F-actin to forecast emergent 

MSC lineages based on high-content image analysis [84].  Despite the new insights these 

reports reveal about the heterogeneity of the cytoskeleton in lineage diverging culture 

conditions, these studies were based on phalloidin staining of fixed cells, and thus were 

largely restricted to static comparisons of cell phenotypes and long-range shifts in these 
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phenotypes (over days).  Some of the earliest known changes in the cytoskeletal 

morphology during MSC differentiation to date have been described as early as 24 hours 

post-induction even with flow cytometric analysis [84, 185]. Little is known about the 

dynamic changes in the actin cytoskeleton during the initial, emergent stages of lineage 

divergence. We propose that early reorganization of actin precede the lineage specific 

morphological changes. Therefore, the dynamics of the actin network could act as a 

sensitive marker of lineage divergence.  

 

Fig. 3.1. Schematic showing F-actin interaction with SiR-actin (SA): SA is a 

cell permeable probe that fluoresces when bound to F-actin. Actin monomers are 

assembled/disassembled at either ends of the filament with different rates creating the 

fast growing “+” end and the slow growing “–” end. SA binds F-actin with high 

specificity, but upon removal from the filament due to actin turnover, the probe loses 

>100 fold in fluorescence. Probe binding is inversely correlated with actin 

turnover[6] .  
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Fig. 3.2. Probing altered actin dynamics in live-cells based on an F-actin 

specific fluorogenic probe:  SiR-Actin based Measurement of Actin Turnover 

(SMAT) involves prolonged live cell staining in the growth media with SA, removal of 

staining media, addition of cytoskeleton influencing cues and simultaneous time-lapse 

imaging.  The loss of SA due to altered actin dynamics is quantified via the ratiometric 

decay of intensity in the image series captured during time “t” and normalized to the 

first timepoint (t0). Further, subtle phenotypic variations in the actin cytoskeleton are 

parsed via high content image analysis (HCIA), based on dual imaging of SA and F-

actin specific fluorescent probe, phalloidin (ph-488). 

Image 
“t0”

Time-lapse
till “t”

Prolonged staining 
in culture media

Wash to remove 
staining media

Induce cytoskeletal 
perturbation

Slow actin 
turnover
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turnover
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HCIA classification
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MSCs require in-vitro expansion to generate adequate cell numbers for most 

clinical or research-based applications.  Unfortunately, MSCs are susceptible to 

senescence during prolonged cell culture leading to reduced proliferation, and 

differentiation potential [198]. MSC aging also results in altered expression of actin-

associated proteins and decreased actin [199]. Similar to MSC differentiation, actin 

reorganization plays a role in aging as well, therefore it is important to elucidate the 

kinetics of actin turnover in both differentiation and senescence phenomena. 

 

In this study, we employed an F-actin specific cell permeable probe, SiR-actin (SA), 

for real-time assessment of the kinetics of actin turnover during early stages of 

differentiation and cellular aging. The highly dynamic actin filaments undergo the 

addition or removal of the monomers (G-actin) at unequal rates on either end (Fig. 3.1). 

The addition of G-actin is favored at the more dynamic plus end, while the monomers are 

turned over at the minus end [200]. Milroy et al. proposed that SA binds F-actin only at 

the sites with three contiguous G-actin monomers, and the rate of actin turnover is faster 

than the rate of SA binding. Therefore SA incorporation is favored at the F-actin sites with 

slow dynamics (Fig. 3.1) [6]. Detachment of SA from its binding site due to filament 

turnover results in 100-fold decline in the fluorescence [201]. Because of this property, the 

highly dynamic actin structures (such as lamellipodia or filopodia) are weakly stained by 

SA while the more complex and long lived structures (such as ventral stress fibers and 

transversal arcs) are strongly labeled with SA (Fig. 3.1) [6].  

 

The key premise for this paper is that distinct actin turnover rates can be resolved 

and quantified through imaging of SiR-actin probe binding behaviors, a method we call 
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SiR-actin based measurement of actin turnover (abbreviated as “SMAT”). The SMAT 

workflow (Fig. 3.2) involves prolonged incubation of cells in SA supplemented growth 

media, wash/removal of the staining media, introduction of the cytoskeleton-perturbing 

cue, time-lapse epifluorescence/confocal fluorescence imaging and image processing and 

data analysis and modeling. Change in actin turnover exhibits altered SA staining, which 

can be measured as a function of time by ratiometric intensity plot of the image series. 

Morphological reorganization of the cytoskeleton can be further benchmarked against F-

actin specific probes, such as Phalloidin (P). SA stained cells (red) with more dynamic F-

actin regions offer more binding sites to enable P binding (green) and show increased 

green color intensity compared to the less dynamic regions. This dual SiR-actin-Phalloidin 

(S-P) imaging protocol was used in conjunction with high-content image analysis to 

elucidate temporal lineage specific alterations in actin cytoskeleton during lineage 

progression (Fig. 3.2).  

 

The focus of this paper was to first calibrate SMAT with cytoskeletal drugs to 

validate actin turnover dependent loss of SA staining.  Next, we characterized and 

quantitatively modeled the temporal profiling of MSC lineage divergence to identify actin 

turnover with lineage specific kinetics.  We also developed a composite staining framework 

with competing F-actin probes to further profile, via high content imaging, minute 

phenotypic changes in the actin cytoskeleton underlying the lineage specific changes. 

Lastly, as a potential application to regenerative medicine, SMAT was deployed to discern 

between later and earlier passaged cells.  
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3.3. Materials and methods 

3.3.1 Mathematical model for SA decay kinetics 

SA binding with F-actin sites is dependent on the actin dynamics. The observed change in 

intensity of the SA probe in the time-lapse images can be illustrated using a ligand-

receptor binding model, where the unbound probe (ligand, L) associates with the F-actin 

site (Receptor, R) resulting in 100-fold increase in fluorescence of the probe (C) in a 

reversible manner. 

𝐿 + 𝑅 ↔ 𝐶 

𝑘𝑓and 𝑘𝑟 represent the rate constants for forward and backward reaction. C0 is the initial 

total fluorescent probe bound with F-actin. Due to the inherent actin dynamics, there is a 

net dissociation of SA probe as it comes off from F-actin and loses fluorescence by 100 

fold. But, the rate constants 𝑘𝑓 and 𝑘𝑟  dependent on the lineage progression towards AD, 

OS or CH. Hence, we observed different lineage specific decay rates. The decay kinetics in 

Fig. 3.4a can be described as follows: 

𝑑𝐶

𝑑𝑡
= 𝑘𝑓𝑅𝑇(𝐶0 − 𝐶) − 𝑘𝑟𝐶 

Where 𝐶0 − 𝐶 denotes the concentration of free ligands while the available binding sites 

are denoted by 𝑅𝑇  and are assumed to be in excess. Fitting the dissociation kinetics 

enabled us to deconvolute the values of the parameters: 𝑘𝑟 and 𝑘𝑓
𝑑 = 𝑘𝑓𝑅𝑇 

On the other hand, Fig. 3.4b describes a scenario where the net effect is the association of 

SA resulting in increase in the intensity with time. Now, we assume LT, the total number 

of probe molecules, to be constant. The association kinetics, assuming an excess on 

unbound ligands (𝐿𝑇), in Fig. 3.4b can be described as follows: 

𝑑𝐶

𝑑𝑡
= 𝑘𝑓𝑅𝑇𝐿𝑇 − 𝑘𝑟𝐶 
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The effective rate of association, 𝑘𝑓
𝑎 = 𝑘𝑓

𝑑𝐿𝑇  , depends on the media to reduce actin 

turnover. Therefore, using the association data we can estimate 𝐿𝑇.  The SA association 

described in Fig. 3.4b initiates with the abundant availability of the SA ligand, which 

results in rapid increase in C.  

 

The model parameters were successively estimated using the dissociation data. We 

determined 𝑘𝑓
𝑑  and 𝑘𝑟

𝑑  and subsequently using the association data we determined 𝐿𝑇 .   

Fig. 3.6 shows the plots of estimated and the experimental data, except CH in the 

association study, the estimated plots corroborated with the observed data. The ratio of 

kr/kf could be used as a parameter to describe the simulated dissociation kinetics of SA at 

equilibrium. 

 

3.3.2 Cell culture 

Human bone-marrow derived MSCs were a kind gift from Dr. Rick Cohen (BME, Rutgers 

University). Cells were cultured in Corning® T-75 tissue culture flasks in humidity-

controlled 5% CO2 atmosphere at 37 °C. After the initial expansion of the cells in the 

peprotech media, cells were maintained in the basal growth media (BA) composed of 

Gibco Minimum essential medium α (MEMα) supplemented with 10% premium-select 

fetal bovine serum (Atlanta Biologicals), and penicillin-streptomycin 0.1% v/v (Lonza). 

Cells were received at passage 3 and were used till passage 8 unless specified otherwise. 

The growth media was changed every third day and cells were passaged when the 

monolayer reached 70-80% confluence. For dissociating the cells, TrypLE™ express 

enzyme (Gibco) was used and seeding density for maintenance was typically 3,000-4000 

cells per cm2. Adipogenic media (AD) was prepared by supplementing BA with final 

concentrations of 1M dexamethasone, 10g/mL insulin, 500M isobutyl-1-methyl-
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xanthine and 200M indomethacine. Osteogenic media (OS) were prepared by 

supplementing BA with 500M L-ascorbic acid-2phosphate, 1M dexamethasone, and 

10nM b-glycerophosphate. Chondrogenic media bullet kit was obtained from Lonza. For 

inducing differentiation, cells were passaged to 96-well dish, allowed to attach overnight 

and induction media was added next day and subsequently changed every third day. The 

cytoskeletal drugs, jasplakinolide and cytochalasin D were purchased from Cayman 

chemicals, and nocodazole from Sigma Aldrich.  

 

3.3.3 Live cell staining with SA and imaging 

MSCs were seeded on 96 well tissue culture treated imaging dishes (Corning) and allowed 

to attach for 2 hours. Then 100nM SiR-actin (Cytoskeleton, Inc.) was added to the BA 

media for overnight staining of live cells. For time-lapse imaging, Zeiss LSM780 laser 

scanning confocal microscope was used. The tissue culture dish was placed on the 

microscope equipped with a stage-top incubator and staining media was aspirated, 

followed by quick media change to remove residual SiR-actin. Immediately, the first 

image-set was taken for all the test conditions as base intensity reference picture. The cells 

were then treated based on the experimental setup and time-lapse imaging was performed 

to capture the same fields at multiple time points. Imaging was done with the 10x objective 

in triplicates for all test conditions and 4 distinct fields were imaged in each replicate.  

3.3.4 Measurement of intensity and data analysis   

After image acquisition, the intensity of SiR-actin was quantified by measuring mean gray 

value on ImageJ. The mean gray value for all the image sets for a specific field of view were 

normalized to the first timepoint, and the values were averaged by the number of 

replicates and fields of view for each condition. The averaged mean gray value was plotted 

with time to quantify actin dynamics using SMAT.  
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3.3.5 F-actin dual staining based high content image analysis 

Following prolonged SA staining in BA, the cells were stimulated with AD, OS or CH media 

and stained with phalloidin-488 (Ph). 10x 10 Tile scans of single cells were generated with 

the 20x objective with the confocal microscope. The images were analyzed on CellProfiler, 

and single cells were identified based on Hoescht as reference; while the cytoskeletal 

segmentation was performed based on Otsu thresholding. 41 morphometric features 

describing the cell shape, intensity of the fluorophores (s-p) and texture (Haralick 

features) of the cytoskeleton were obtained for each cell. The descriptors are listed in 

Supplementary table 1.  Linear discriminant analysis (LDA) was performed on JMP 

software for dimensional reduction to categorize the differentiating cells. Briefly, linear 

combination of 41 variables were used to derive canonical variables that represent the 

variations among BA, AD, OS and CH groups (Supplementary table 1). The percent of 

correctly classified cells was calculated based on the specified data set. In the canonical 

plot, an ellipse that contains 50% of the data sets were drawn where the center represents 

the 95% confidence region for the means of the canonical variables. Wilk’s Lambda test 

was performed to compare the means of the covariates (41 features) across groups. In 

addition, the Predictor screening platform on JMP was utilized to identify the significant 

predictors of differentiating cells based on bootstrap forest model.  

3.3.6 Phalloidin staining 

MSCs were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 15 

minutes, permeabilized with 0.1% Triton X-100 (Sigma) in PBS. To visualize F-actin, Alexa 

Fluor™ 488 Phalloidin (Life technologies) was used after dilution in PBS.  

3.3.7 Cell differentiation assay 

After 14 days of induction with differentiation media, the cells were fixed and stained with 

fast blue RR (Sigma) and AdipoRed (Lonza) reagents to stain for alkaline phosphatase 
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(osteoblast) and intracellular triglycerides (adipocyte). AdipoRed and fast blue were 

quantified on the Tecan microplate reader by measuring fluorescence with excitation at 

485 and emission at 535nm. Fast blue absorbance was measured at 572nm. 

3.3.8 Cell proliferation assays 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) was 

performed to assess the effect of SA staining on cell viability. Briefly, cells were cultured 

at a density of 10,000 cells/cm2 in a 96 well plate and labeled with 100nM SA in either 

complete basal media (BA) or serum deprived media (SDM) for 18 hours. After overnight 

staining, the media was replaced with fresh media and the assay was performed along with 

unstained cells after 24 or 48 hours of initiation of SA labeling. To assess cell viability, 

Aqueous One Solution was added in each well to be assayed and incubated for 1 hour. The 

absorbance was measured using a plate reader at 490 nm.  

3.3.9 Immunofluorescence analysis of ki67 

The expression of ki67 in MSCs was quantified by immunofluorescence. Cells were 

cultured at a density of 3,000 cells/cm2 in 96 well plate and labeled with 100nM SA in 

either complete basal media (BA) or serum deprived media (SDM) for 18 hours. After 

overnight staining, the media was replaced with fresh media and the cells were fixed with 

4% paraformaldehyde in PBS for 10 minutes after 24 or 48 hours of initiation of SA 

labeling. Fixed cells were incubated in the blocking buffer (10% normal goat serum, 1% 

BSA, 0.1% Triton-X100 in PBS) for one hour at room temperature. Cells were incubated 

in the primary antibody for ki67 (Abcam:15580) overnight at 1:200 dilution in 4 degrees, 

followed by three 5 minute washes.   Subsequent, secondary antibody (Invitrogen, A-

11010) staining was done at dilution of 1:500 for 1 hour at room temperature. After three 

5 minute washes, nuclei was stained with Hoescht in PBS for 5 minutes. For quantification 
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of ki67 expression in single cells, confocal imaging was performed. Nuclei was used to 

designate ROI for ki67, intensity was measured with ImageJ. 

3.3.10 Statistical analysis 

Statistical analysis for SMAT data was done with GraphPad 5 software. The analysis of the 

changing probe intensity from live-imaging was performed by two-way ANOVA followed 

by Bonferroni post-hoc correction of p-values. While, with the fixed cells, one-way 

repeated measures ANOVA was done followed by Turkey’s multiple comparison test. 

Asterisks were used to show the significance with the following p-values: p<0.05, 

**p<0.01, ***p<0.001 . Statistical analysis for LDA was done on JMP software as 

described above using the Wilks’ Lambda test to compare the means of the covariates (41 

features) across groups (BA, AD, OS and CH) based on the approximate p-values, pF. 

3.4 Results   

3.4.1 Validation of SiR-Actin Labeling for quantification of actin turnover 

with cytoskeleton-perturbing drugs  

The cytoskeletal drugs with known effects on actin dynamics were used to validate the SiR-

Actin labeling. Initially, the effect of cytoskeletal drugs on actin morphology was 

determined. The three drugs were, cytochalasin D (CYTO, actin polymerization inhibitor), 

nocodazole (NOC, microtubule polymerization inhibitor) and jasplakinolide (JASP, actin 

polymerization promoter).  Typically, MSCs are elongated spindle-shaped with defined 

stress fibers. SA stained cells treated with the high dose of cytoskeletal drugs 

demonstrated distorted actin cytoskeleton after two hours (Fig. 3.3a). Treatment with 8 

uM NOC diminished the cell size, but the SA staining was intact and appeared similar to 

untreated cells.  Both 1uM CYTO and 1uM JASP treatments disrupted the actin 
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cytoskeleton to an amorphous mass with no stress fibers. However, CYTO treated cells 

preserved the SA stain in the collapsed cytoskeleton, while JASP treated cells lost the SA 

 

Fig. 3.3. Characterizing the influence of cytoskeletal perturbations on SiR-

actin staining: A. Change in actin morphology 2 hours of treatment with low or high 

dose of drugs. Conditions include: untreated, nocodazole (8nM, 8uM; NOC), 

cytochalasin D (1nM, 1uM; CYTO) and jasplakinolide (1nM, 1uM; JASP) B. Change in 

SA staining due to altered actin turnover by low dose of cytoskeletal drugs. For each 

group, values are mean+standard error (n=3). *p<0.05, **p<0.01, ***p<0.001 vs the 

untreated group. C. Change in SA staining due to serum deprivation. BA: basal media, 

SDM: serum deprived media, BA->SDM: SA staining performed in BA, then switched 

to SDM, SDM->BA: SA staining performed in SDM, then switched to BA. Inset: SA 

intensity at 15 minutes. For each group, values are mean ±standard error (n=3). 

***p<0.005 for BA vs SDM, ***p<0.01 for SDM-> BA vs SDM, *p<0.05 for BA vs BA-

>SDM, n.s. for BA->SDM vs SDM after 120 min. 
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staining entirely (Fig. 3.3a). This pronounced effect on SA staining stems from the 

differences in the mechanisms of action of the two drugs. CYTO induced actin cytoskeleton 

collapse preserved the SA bound on actin filaments, whereas JASP, owing to its structural 

similarities to SA, liberated the probe during cytoskeletal collapse. These observations 

provided the evidence for actin dynamics-dependent SA staining. 

 

In order to test the sensitivity of the SMAT pipeline, very small doses of 

cytoskeletal drugs were identified to alter actin turnover without any apparent changes in 

the cell shape. For SMAT analysis, the lowest drug concentrations that led to no gross 

changes in actin morphology were 1:1000 dilution of the drugs (1nM CYTO, 1nM JASP, 

8nM NOC) (Fig. 3.3a, Supplementary Fig. 3.1).  1nM CYTO showed slower decay of SA 

intensity which emerged after 30 minutes of treatment, then reached significance after 1 

hour (p<0.05), while JASP and NOC showed no statistical significance compared to 

untreated cells (Fig. 3.3b). These results are in agreement with the observations in Fig. 

3.3a with 1uM CYTO treatment, because 1nM CYTO interfered with actin turnover 

resulting in prolonged SA staining. Interestingly, SMAT analysis discerned changes in the 

actin turnover caused by low dose of cytoskeletal drugs even with no apparent changes in 

actin morphology (Supplementary Fig. 3.1).  

As another approach to explore our workflow for dynamic assessment of actin 

turnover, SMAT was performed with cells cultured in serum deprived media (SDM) (Fig. 

3.3c). Serum depletion during cell culture is known to induce a cell growth arrest along 

with actin depolymerization [202]. Indeed, SMAT analysis showed that cells in SDM 

showed significantly slower SA decay compared to the complete basal (BA) media (SDM 

vs BA: p<0.001 at 30 min). The serum induced growth arrest can be reversed by 

reintroduction of serum in the culture media causing an increased actin polymerization 

[202]. Reintroducing serum containing BA in cells (SDM->BA), resulted in rapid decline 
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in SA intensity due to accelerated actin turnover (SDM vs SDM->BA, p<0.001 at 120 min). 

Similarly, initiation of serum deprivation showed concurrent reduction in SA decay rate 

(BA->SDM vs BA, p<0.05 at 30 min). High sensitivity of SMAT to the changing actin 

turnover was demonstrated by early emergence of differences in SA intensity among the 

groups as early as 15 minutes (Fig. 3.3c, inset). In summary, SMAT analysis demonstrated 

the ability to monitor dynamics of actin turnover.  

3.4.2 Live-profiling of differentiation induced cytoskeletal reorganization   

 

MSC differentiation invokes extensive cytoskeletal reorganization in response to 

the soluble cues [179]. Previously, our lab demonstrated that higher order organizational 

features of actin cytoskeleton could be used to distinguish cells in adipogenic or osteogenic 

media after 72 hours of initial exposure [84]. We hypothesized that evaluation of kinetics 

of actin turnover via SMAT would enable faster temporal resolution of distinct cell fates. 

SA-stained cells in basal growth media (BA) were stimulated with adipogenic (AD), 

osteogenic (OS) or chondrogenic (CH) media and subsequently imaged for ~15 hours. All 

soluble cues demonstrated a unique SA decay profile due to slow down of actin turnover 

albeit at different times (Fig. 3.4a). AD demonstrated slowest probe decay compared to all 

other conditions and reached significance within minutes, followed by CH and OS (Fig. 

3.3a). Therefore, SMAT enabled parsing the live MSCs undergoing differentiation within 

minutes to few hours. The SMAT approach entails SA based dissociation (off-rate) and 

imaging-based profiling.  We also undertook a complementary SA association kinetics 

approach by initiating the live-imaging with unstained cells and subsequent addition of 

BA, AD, OS and CH supplemented with SA. Here, the increase in SA staining indicates 

slower actin turnover while the dynamic actin sites are poorly stained as mentioned 

earlier. Similar to SMAT analysis, the SA kinetics followed an exponential behavior. Again, 
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AD showed the  slowest actin turnover, with more rapid kinetics in CH and OS conditions 

(Fig. 3.4b). The SA kinetics showed variations and did not resolve the trendlines for OS 

and CH from BA.  Therefore, the dissociation kinetics  approach in SMAT was found to be 

more sensitive for re solving changes in actin turnover. 

3.4.3 Determining temporal responsiveness of actin cytoskeleton by 

switching soluble cues 

Initiation of differentiation leads to extensive changes in the cytoskeletal organization. But 

the cytoskeletal plasticity during the course of MSC differentiation is not well understood. 

Next, we explored the temporal responsiveness of the cytoskeleton to the lineage specific 

 

Fig. 3.4. Temporal profiling of actin turnover in MSCs in response to 

differentiation: A. SMAT analysis enabled early parsing of MSCs exposed to 

adipogenic (AD), chondrogenic (CH), and osteogenic (OS) from basal (BA) growth 

media.  For each group, values are ratiometric mean± standard error of SA intensity 

normalized to the first timepoint within the respective group. *p<0.05, **p<0.01, 

***p<0.001 vs the BA group (n=3).  B. Alternative approach to SMAT with unstained 

MSCs showed distinguished rates of increase in SA intensity when introduced with BA, 

AD, OS and CH media. The statistical analysis was done similar to A. 

a b
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cues by swapping the medias with concurrent SMAT analysis. SA stained cells were 

induced with AD for 3.5 h, which showed similar trends as seen previously (Fig. 3.4a). The 

 

Fig. 3.5. Temporal profiling of actin turnover in lineage committed MSCs: 

A. SMAT analysis showed temporal sensitivity of cytoskeleton during media switch. 

After 4 hours of initial induction with AD, media swap resulted in switched probe decay 

profiles within minutes. For each group, values are ratiometric mean± standard error 

of SA intensity normalized to the first timepoint within the respective group. P values 

were calculated after the media switch. *p<0.05, ***p<0.001 BA vs BA->AD and 

**p<0.01, ***p<0.001 BA vs BA->AD group (n=3) 

B. SMAT analysis demonstrates cytoskeletal plasticity after lineage commitment: after 

15 days of adipogenic induction switching to BA resulted in faster SA decay. P values 

were calculated similar to A. C. Adipored stained cells showed a reduction in the 

number of adipocytes after 3 days of media swapping from AD to BA (15+3 days)    
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media was swapped at 4 h timepoint and imaging was done from 4 to 8 h. The switch from 

AD->BA showed significantly faster SA decay compared to the AD group (p<0.01 after 32 

minutes of media switch), while BA->AD switch showed slower actin turnover vs BA 

(p<0.05 after 120 minutes of media switch) (Fig. 3.5a). Also, SMAT analysis remained 

sensitive to the change in actin turnover over the course of this study, particularly for BA 

vs BA-> AD group, which had already lost most of the SA at the media switch. A similar 

longer-term media swap experiment and SMAT analysis was done after 14 days of 

adipogenic induction.  Several cells with intracellular lipid droplets were seen under the 

bright field microscope in AD (data not shown), while cells in BA were mostly elongated 

and spindle shaped. At Day 14, cells were stained with SA and the media switch was 

performed on the following day. BA->AD showed significantly slower SA decay compared 

to the BA group (BA vs BA->AD p <0.05 at 44 min), while AD->BA showed faster SA decay 

compared to the AD group (p<0.05 at 14 min) [Fig. 3.5b]. The rapid response from BA-

>AD and AD->BA groups shows that the cytoskeleton remains plastic and responds 

instantly to the soluble cues even in lineage committed cells. After the media switch, cells 

were cultured for 3 more days. On 18th day, the cells were fixed and stained with adipored. 

BA->AD group showed emergence of lipid droplets and AD->BA group showed 

reduction in the number of adipocytes compared to the AD group (Fig. 3.5c). While other 

groups have described dedifferentiation for MSCs[203], here we have demonstrated that 

the actin cytoskeleton remains plastic and responds rapidly to the lineage specific soluble 

cues, even with lineage committed MSCs.   
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3.4.4 F-actin composite staining based high content image analysis for 

assessment of morphological changes during lineage progression  

SA staining of single stem cells also enables higher content analysis of the temporal 

progression of the cytoskeleton morphology during differentiation. A single cell 

morphometric approach was employed to quantitatively profile cytoskeletal changes 

during the early lineage divergence. The workflow as described in Fig. 3.6 involved 

differentiation induction of SA-stained cells, followed by complementary Phalloidin 

staining and confocal imaging. Single cell images were analyzed and high content image 

informatics (HCIA) was performed to allow classification of single cells in BA, AD, OS and 

CH groups using linear discriminant analysis (LDA) (Fig. 3.6). Each point on the plot 

represents the data from a single cell, the contour plots envelope roughly 50 % of the cell 

 

Fig. 3.6. Workflow describing F-actin dual staining based high-content 

image analysis: SA stained cells were cultured in AD, OS or CH media for 1, 8, or 24 

hours. The cells were fixed and stained with a competing F-actin stain, phalloidin (Ph) 

and images were acquired using confocal microscopy. A total of 41 shape, intensity and 

texture-based features were extracted from single cells. These features or descriptors 

were used as the input to derive canonical covariates using linear discriminant analysis 

(LDA) to classify the individual cells. 
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population, and the center of the contours approximates the mean values of the canonical 

variables (Fig. 3.7a, b). Examination of tri-lineage progression showed temporal 

divergence in the cytoskeleton (Fig. 3.7a). After 1 h of induction, all medias had largely 

 

Fig. 3.7. F-actin dual staining coupled with high-content analysis for 

parsing MSC differentiation: A. Simultaneous comparison of cells cultured in AD, 

OS and CH media to show early divergence in the cytoskeleton during differentiation. 

Each point represents a cell. Contour plot encompasses roughly 50% of the cells in a 

given media, while its center approximates the mean canonical values. B. Binary 

classification of cells highlight temporal divergence of cytoskeleton during 

differentiation. Wilks’ lambda test was employed to calculate the p-value, pF to 

compare the means of the covariates among the groups.  
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overlapping contour plots, and the number of correctly classified cells was 51.2%. The data 

from 8 h timepoint demonstrated increased separation of the contours with improved 

classification of 58.7%. After 24 h, the contour plots were more separated, as evidenced by 

improved classification of 70.9%. These results demonstrate that the early stage 

cytoskeletal changes during MSC differentiation can discern lineages within 24 h in a 

lineage specific manner. In the interest of decluttering the data, each lineage was also 

individually compared with the basal condition (Fig. 3.7b). 70-80% of the cells were 

correctly classified with significant differences in the mean values of the covariates as early 

as 1 h.  At 8 h, the cells clustered more distinctly except in the OS media. At 24 h, ~95%, 

74%, 87% of the cells were classified in separate lineage groups, AD, OS and CH, 

respectively. Note that the difference in the mean canonical values were significant in all 

conditions at all timepoints, while the single cell classification was a function of time. The 

high-content image analysis demonstrated that MSC differentiation involves temporal 

morphometric changes in the actin cytoskeleton, which are evident as early as one-hour 

post-induction.     

 

3.4.5 Quantifying altered actin dynamics in MSCs following aging in culture 

 

 Cellular aging is a complex phenomenon which is associated with reduced telomere 

length, altered transcriptional profile, DNA damage and epigenetic deregulation[204]. 

Aging in MSCs leads to a reduction in the proliferative capacity and differentiation 

potential. Since we were able to detect subtle changes in actin turnover in response to the 

lineage specific cues, we hypothesized that SMAT could be harnessed to detect changes in 

the actin turnover due to in vitro aging. The effect of in vitro cellular aging on actin 

turnover was evaluated by simultaneous SMAT profiling with early (P5) and late (P12) 

passage MSCs. P12 cells exhibited slower SA decay compared to the P5 cells, and the data 
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reached statistical significance after 1 h (p<0.01 at 62 min, p<0.001 at 77 min after SiR-

actin removal) (Fig. 3.8a). In a parallel study, P5 and P12 cells were evaluated for 

adipogenesis and osteogenesis for 14 days. P12 cells showed significantly reduced 

adipocytes (cells with lipid droplet accumulation) and osteoblasts (fast blue stained cells) 

compared to P5 cells (Fig. 3.8 b,c). Therefore, SA decay could be used as a marker to 

evaluate and forecast diminished differentiation potential in MSCs due to in vitro 

senescence.  

 

Fig. 3.8. Assessment of altered actin turnover kinetics and differentiation 

due to in-vitro aging: A. SMAT analysis discerned early passage cells (P5, blue 

curve) from late passage (P12, red curve) cells. Values are ratiometric mean± standard 

error of SA intensity normalized to the first timepoint within the respective group. 

**p<0.01, ***p<0.001 vs the P5 group (n=3). B. Quantification of Fast Blue (FB) and 

Adipored (AR) from B. For each group, values are mean+ standard error of AR or FB 

normalized to Hoechst staining. *p<0.05, **p<0.01 vs the P5 group (n=3). C. Late 

passage (P12) cells showed minimal lipid droplet accumulation after adipogenic 

induction (AD) and reduced fast blue staining after osteogenic induction (OS) 

compared to early passage cells (P12). 
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Discussion  

The actin cytoskeleton plays a pivotal role in guiding MSC differentiation [179, 194]. The 

mechanobiology, signaling pathways, and morphology of the actin cytoskeleton have been 

extensively studied in the context of MSC differentiation [119, 194, 205-207] but the 

kinetics of the actin reorganization are mostly unexplored. We reasoned that change in 

cell shape begins by a highly organized and complex restructuring of the network of actin 

filaments. Given that actin reorganization is accompanied by a change in actin turnover 

[202, 208, 209], the actin turnover has the potential to be a real-time indicator of the 

inherent cytoskeletal dynamics. In this study we developed a novel approach to monitor 

the actin turnover and parsed the kinetics of actin turnover during chemically induced 

MSC differentiation and in-vitro senescence. The key reagent for the proposed method is 

a fluorogenic probe, SA, which binds select F-actin sites depending on in situ cellular 

dynamic states[201]. 

Initial validation of SA based quantification of changing actin turnover was conducted 

with the cytoskeletal drugs that are known to perturb the actin cytoskeleton. NOC was 

used as a negative control as it induces depolymerization of microtubules without 

interfering with actin assembly,[210-212]. At high dose (8uM), NOC resulted in reduced 

cell size, but had no effect on SA staining. Treatment with actin perturbing drugs showed 

more dramatic effects on SA staining. CYTO binds the plus end of F-actin, thereby 

interferes with addition of G-actin leading to arrested actin dynamics[213-215].  At high 

dose (1uM), CYTO caused the cytoskeleton to collapse, whereas SA was retained due to 

encumbered actin turnover. In contrast, high dose (1uM) of JASP caused rapid decline in 



81 
 

 

 

SA staining by promoting de novo filament formation and possibly due to the structural 

similarity with the probe  [216]. Treatment with low drug dose showed that SA staining is 

capable of detecting actin cytoskeletal perturbations even without any observed change in 

cell shape. Furthermore, we also investigated the influence of serum deprived media 

(SDM) on SA staining. We were able to detect changes in actin turnover during both serum 

reintroduction (SDM->BA) and initiation of serum deprivation in the complete media 

(BA->SDM) (Fig. 3.3c) as early as 15 minutes.  

 

 

Fig. 3.9. The lineage-specific divergence of normalized SA kinetics was 

modeled in live MSCs: Kinetic data for SA decay (Fig. 3.4a), and SA association (Fig. 

3.4b), were plotted in the LEFT and RIGHT panels, respectively, and denoted using 

varied symbols for different treatment conditions above (BA: basal; AD: adipogenic; 

OS: osteogenic; CH: chondrogenic).  Kinetic parameters were estimated using a simple 

ligand-receptor binding model to fit the data and used to generate simulated kinetics 

(bold curves). The table in the left panel shows the values of the two rate constants, 

kr(dissociation) and kf (association). The ratio kr/kf indicates lineage specific 

dissociation kinetics for SA. [See materials and methods for details]. 

kf kr kr/kf

BA 2.00E-04 3.24E-03 16.21838

AD 7.41E-04 1.75E-03 2.367199

OS 1.83E-04 3.29E-03 18.01566

CH 6.69E-04 2.81E-03 4.198149
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The primary goal of this study was to discern possible temporal changes in actin 

turnover during MSC differentiation. Using imaging of SA actin-based turnover 

(abbreviated as SMAT) and dual-staining based HCIA, we report altered actin dynamics 

and organization much earlier than seen using conventional methods. The earliest 

changes in the cytoskeleton during differentiation have been reported based on 

mechanobiology (Change in young’s moduli at day 10[217], morphometric descriptors 

(after 1 day [84]) and phalloidin intensity (after 1 day; flow cytometry [185]). With SMAT, 

we discerned changes in actin turnover as early as few minutes upon the induction of 

lineage differentiation. To establish that the observed change in actin turnover is related 

to the lineage commitment, we employed a converse approach by inducing 

dedifferentiation. Within minutes of a differentiation media swap (by removing lineage 

differentiation factors), we observed a switch in the SA decay rate, as lineage committed 

cells assumed decay profiles of cells in basal media, which subsequently led to reduction 

in the number of adipocytes compared to the group with no media change (Fig. 3.5b, c). 

The media swap study provided evidence for high responsiveness and plasticity of the 

actin cytoskeleton. Therefore, SMAT has the potential to be used as a robust early indicator 

for actin turnover, and the tested cells can be used for subsequent assays to verify the 

functionality. As a potential application, we showed a correlation between a down-tick in 

actin turnover with MSC differentiation due to in-vitro aging (Fig. 3.8). 

 

Using the SMAT profiling, we could effectively discern between AD, OS and CH 

lineages, but the differences between BA and OS remained insignificant. This could be 

potentially due to similar actin dynamics of BA and OS during the time course study.  

Previously, we employed high content informatics to parse BA from OS by 24 hours but 

on fibronectin coated surfaces that are conducive to osteogenesis. While, with uncoated 
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surface, it took 48 hours to discern the two [84]. The analogous approach to our 2009 

paper in this study is the s-p dual staining based descriptor analysis where unlike SMAT 

we could extract an array of descriptors that enabled us to correctly classify osteogenic 

cells with ~70% accuracy as early as one hour of induction [Fig. 3.7b]. Due to dual 

chromatics of phalloidin and SiR-actin, we generated more richer descriptors that enabled 

an earlier classification. Simultaneous staining with complementary probes, SA and Ph, 

provides a new strategy by which the F-actin sites can be labeled based on the inherent 

turnover dynamics. After removing the SA media, the residual SA stain represents the F-

actin sites that were not turned over. Subsequent staining with Ph will specifically 

highlight the unoccupied F-actin sites. We also confirmed the competitive nature of the 

probes in a dose response study (Supplementary Fig. 3.3b). The dual-actin image 

informatics demonstrated the temporal drift of single cells during lineage progression that 

eventually was able to cluster cells in all 3 lineages (AD, OS, and CH) simultaneously after 

24 hours of induction. A binary juxtaposition of each lineage with the basal condition 

improved the correct classification, and also displayed the actin structural divergence that 

accompanies lineage progression. The features that enabled the classification of cells were 

identified by a predictor screening on JMP to rank the features. SA intensity and haralick 

features were the top 5 predictors across all conditions [Supplementary Table 2], while 

notably the shape descriptors did not feature as the influential ones. Therefore, high 

content image informatics enabled identification of phenotypic variations in the 

cytoskeleton in advance of the role of the cell shape. High content image informatics-based 

parsing improved with time, indicating that the cytoskeleton undergoes progressive 

reorganization during lineage commitment. Unlike SMAT which is based on a 

unidimensional analysis, high content image informatics benefits from multi-variate 

approach that enables better classification. However, the two major limitations of high 
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content informatics are that it is based on discreet timepoints and requires complex data 

analysis. On the other hand, SMAT is suitable for dynamic profiling of actin turnover for 

prolonged duration.  

 

In an attempt to explain the observed SA kinetics during lineage progression we 

proposed a simple ligand-receptor equilibrium model simulating the observed data (Fig. 

3.6). First, the kinetic parameters were fitted to the SA dissociation kinetics in Fig. 3.4a, 

and then used to determine the SA association in Fig. 3.4b (Fig. 3.6), showing that both 

association and dissociation can be adequately described by a consistent set of kinetics 

parameters. The proposed model supports a ligand-receptor interaction model of SA with 

F-actin (Fig. 3.6). After removal of SA from the growth media, the initial fast decay is likely 

the result of rapid loss of SA primarily from the dynamic structures within the actin 

cytoskeleton, such as podosomes and filopodia. On the contrary, stress fibers show SA 

staining even after several hours. We suggest that the least dynamic regions are primarily 

responsible for lineage specific changes in the turnover, as they are the prime sites 

responsible for the change in SA. The SMAT analysis of early changes during adipogenic 

and chondrogenic differentiation show a major decrease in actin turnover, whereas 

osteogenic differentiation is accompanied with a rapid actin turnover. This observation is 

supported by the previous findings where osteogenic differentiation leads to extensive 

reorganization of actin filaments to create a disordered mesh with thick stress fibers [179]. 

In contrast, adipogenic differentiation showed disrupted network, which may be the result 

of arrested actin dynamics [194, 218]. The proposed model suggests the need in the future 

for a more detailed biophysical analysis of the interaction of SA with F-actin during MSC 

lineage progression, and the overall role of actin cytoskeleton during immediate early 

stages of MSC differentiation.  
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MSCs possess the ability to proliferate and differentiate, but because of their low 

frequency, it is necessary to expand them in vitro for clinical applications. During in vitro 

expansion, these cells are susceptible to a decline in the proliferative capacity along with 

reduced differentiation potential [7]. Given that increasing passage number leads to an 

altered cell morphology we hypothesized that SA label could be used as a dynamic function 

for evaluation of change in actin turnover due to in vitro aging [198].  Using SMAT, we 

could detect altered actin turnover in late passage cells within one hour of the assay. Thus, 

SA decay-based evaluation of actin turnover could be used as a potential tool for 

benchmarking the actin turnover to evaluate in vitro aged MSCs or from aged donors to 

predict their differentiation potential. 

 

The influence of SA on MSC morphology and differentiation was also examined 

(Supplementary Fig. 3.2, 3.3). Complex structures within the actin cytoskeleton with slow 

actin turnover (such as stress fibers) showed bright staining unlike the dynamic regions 

towards cellular periphery that are involved in motility (Supplementary Fig. 3.3a). Due to 

structural similarity with JASP, SA has the potential to influence actin dynamics and 

morphology[201]. We compared the area of SA stained and unstained cells after fixing and 

independent phalloidin staining (Supplementary Fig. 3.3c). At 100nM, SA treated cells 

displayed increased cell area but the difference was not significant. However, a higher SA 

dose (500nM) resulted in distinct change of cell shape from elongated spindle to a 

rounded morphology along with more pronounced stress fibers in comparison with the 

low SA dose (100nM) (Supplementary Fig. 3.3a, c). Therefore, low SA dose was found to 

be suitable for the live imaging of MSCs.  Thus, SMAT has the potential to assess actin 

turnover over the course of several hours with a simple low magnification imaging 
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protocol.  Further, SMAT analysis may be suitable for bulk cell populations where single 

cell segmentation analysis may be challenging. Most of the conventional methods for in 

vitro MSC quality control, such as analyzing the gene expression [219], 

differentiation[23], immunostaining [220] and senescence [221], are difficult to 

implement with live MSCs, and thus cannot be used in preparative processing of cells prior 

to therapy.  At low dose (100nM), transient labeling with SA, is suitable for live 

characterization of MSC behaviors without adversely affecting the innate MSC ability to 

proliferate or differentiate (Supplementary Fig. 3.2, 3.4).   We note the caveat that at 

higher concentrations, SA staining could induce cytoskeletal reorganization, and as such, 

the effect of labeling should be independently investigated to determine its influence on 

cytoskeletal dynamics and other cellular functions.  Additionally, supplementation of 

100nM SA with verapamil, a broad-spectrum efflux pump inhibitor recommended by the 

SA manufacturer to improve signal, caused prolonged retention of the probe resulting in 

poor or delayed resolution of decay plots, and hence was not used in this study. 

 

Most of the information about actin dynamics in live cells has come from assays 

based on FRAP (fluorescence recovery after photobleaching) based experiments [49]. The 

recovery of fluorescence is driven by intrinsic diffusion kinetics of depolymerization of 

bleached monomers and addition of new non-bleached monomers on the filaments 

[222][50]. On the other hand, the SMAT approach is primarily driven by SA dissociation 

from F-actin sites during depolymerization and a slow association rate of the probe, 

leading to a net temporal decline in number of labeled actin sites[6]. While both methods 

measure actin turnover, these approaches could offer complementary information about 

the actin dynamics. FRAP is well characterized for monitoring specific region of interest 

within a single cell for short duration (up to few minutes), while SMAT could be used to 
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monitor the global actin dynamics of cell populations for long-term (several hours). In 

addition, due to the low magnification imaging protocol and ease of data analysis, SMAT 

could be readily applied for high-throughput analysis of multiple cell populations.  

 

This study revealed the early changes in the kinetics and organization of actin 

turnover in response to differentiation induction and in vitro aging. The earliest reported 

change during adipogenic differentiation involved altered expression of 46 genes as early 

as 30 minutes[223].  Subsequent analysis in the same paper and other studies have also 

demonstrated upregulation of adipogenic transcription factors in the C/EBP family and 

MYC [224, 225]. Notably, using imaging of the SA turnover, we observed an even earlier 

decrease in actin turnover during cell culture in the adipogenic media. This raises the 

question about the causality i.e. whether the change in actin dynamics is a result of altered 

transcriptional profile or whether the actin dynamics initiate MSC differentiation via 

downstream signaling. In the latter scenario, actin might influence the immediate-early 

gene expression with integrin, Rho and YAP/TAZ signaling pathways [220, 226]. Actin 

monomers have been shown to be a part of the transcriptional apparatus that modulate 

gene expression[227]. Also, the proportion of G to F actin determines the activity of a 

transcription cofactor, serum response factor (SRF) along with its cofactor MKL1 [228], 

which have been shown to be an important regulator of MSC differentiation. On the other 

hand, if the actin-transforming signal emanates from the nucleus then the focus would be 

on immediate early genes that have been reported to be associated with both MSC 

differentiation and the cytoskeleton. Our previous gene expression analysis shows several 

clusters of genes upregulated early during lineage divergence, including cell cycle genes 

and nuclear splicing factor genes, especially Nuclear mitotic apparatus protein, 
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NuMA[164]. Morphotextural descriptors of NuMa were able to distinguish phenotypes 

with greater efficacy when combined with descriptors for actin filaments in MSCs[163]. 

 

In summary, we have described an approach to study actin turnover and 

organizational features using the probe, SA. First, we validated SA dissociation turnover 

dynamics by quantifying the early effects of cytoskeletal perturbation on actin turnover. 

Next, we found that MSC differentiation involves change in actin turnover that precedes 

change in the cell shape and has the potential to be used as a dynamic reporter of lineage 

progression. A single-cell F-actin dual-staining based high content image informatics 

approach enabled parsing emergent phenotypes much earlier than the previously reported 

studies. Finally, as a potential application, we applied the SA turnover image analysis to 

detect slow actin turnover as a result of in-vitro aging, which could be a potential 

discriminant of early aging effects in stem cell cultures.  
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Supplementary Figures 

 

Supplementary Fig. 3.1. Cytoskeletal drug treatment at low dosage had no 

appreciable effect on cell morphology: SA stained cells were treated with the 

cytoskeletal drugs NOC, CYTO and JASP after washing off the staining media and 

imaged for 60 minutes.   
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Supplementary Fig. 3.2. Effect of SA staining on MSC differentiation: Cells 

were either stained once (day 0) or twice (day 0 and 7) overnight during 14 days of AD or 

OS differentiation. Adipogenesis (adipored) and osteogenesis (fast blue) were compared 

vs unstained group. For each group, values are mean +standard error (n=3). 
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Supplementary Fig. 3.3. Characterization of the effect of SA on actin 

morphology and co-staining with Phalloidin: (A) Live cell images after staining 

with SA (green) at 100nM and 500nM. 100nM SA showed poor staining of protrusive 

dynamic structures such as filopodia (white arrows) but brighter staining of stress fibers. 

The dashed rectangle is the zoomed-in region to show single cells. 500nM SA stained cells 

affected the cell morphology accompanied by increase in stress fibers. (B) Phalloidin (P) 

staining is inversely correlated with SA. Cells stained with high(500nM) or low (100nM) 

SA were subsequently stained with high (132nM) or low (26.4nM) concentration of P. The 

mean intensity of P + standard error shown in blue bars. ***p<0.001 vs the single stained 

group (n=130-170) (C) SA labeling led to increase in cell area, but the differences were not 

significant at 100nM. For each group, mean area± standard error is shown in blue bars. 

**p<0.01 was calculated within groups with Turkey’s multiple comparison test (n=130-

170) 
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Supplementary Fig. 3.4: Effect of SA staining on cell proliferation: 

Cells were stained with SA for 18 hours in either basal media (BA+SA) or serum deprived 

media (SDM+SA). Cell proliferation and viability were assessed by comparing (A) ki67 

expression and (B) MTS assay respectively, with unstained cells (BA or SDM) after 24 and 

48 hours of initial staining. Cells in serum deprived media (SDM) were used as negative 

control. No significant differences were observed in either assays due to SA labeling in 

either media. Mean Ki67 intensity (black bars) was higher in both BA and BA+SA as 

determined by one-way ANOVA (p<0.001 vs SDM or SDM+SA, n=400-742 cells). Similar 

results were obtained with MTS assay (p<0.001 vs SDM or SDM+SA, n=5) 
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Supplementary Fig. 3.5. SA vs. Phalloidin (s/p) staining demonstrates 

cytoskeletal plasticity after media switch during MSC differentiation:  

Cells were cultured in basal (BA) or adipogenic media (AD) for 3 or 14 days prior to media 

switch. A night before the media switch, cells were stained with SA and after 3 hours of 

media switch cells were fixed and stained with phalloidin.  

A, B. s-p dual stained cells after 3 days (A) or 14 days of induction (B)  

C, E. S/P intensity ratio for figures A and B respectively. For each group, values are mean 

+standard error (n=3). ***p<0.001 within groups with Turkey’s multiple comparison test 

D, F.  SMAT analysis after media switch at 3 days (C), and 14 days (F) post-differentiation 

induction. For each group, values are ratiometric mean ± standard error of SA intensity 

normalized to the first timepoint within the respective group. *p<0.05, **p<0.01, 

***p<0.001 vs the BA group (n=3). 
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 Category Feature Canon1 Canon2 Canon3 

Shape Area -0.0921 0.638692 0.07808 

Compactness 0.15783 0.194831 0.243956 

Major Axis Length -0.3228 0.231322 -0.68679 

Max Feret Diameter 0.13517 -0.82015 0.766212 

Min Feret Diameter 0.03169 -1.0574 0.975473 

Minor Axis Length -0.2893 0.964815 -0.90758 

Perimeter 0.11993 0.517484 -0.26398 

Solidity -0.0592 0.171664 0.230162 

Intensity Manders_Correlation -0.0014 0.038961 0.185267 

Integrated Intensity_ph 0.13481 -0.47987 0.825335 

Integrated Intensity_sir -0.3033 -0.58467 -0.51118 

Mean Intensity_ph -0.5487 0.161539 -0.33304 

Mean Intensity_sir 1.23095 0.556185 0.286562 

Haralick 
texture 
features 

Angular Second Moment_ph -0.1563 -0.89925 -1.60342 

Angular Second Moment_sir -1.016 -0.79401 3.917558 

Contrast_ph 0.2882 0.856925 0.295049 

Contrast_sir 1.41222 -0.3294 -3.03077 

Correlation_ph 0.39667 0.348032 -0.15778 

Correlation_sir 0.22622 -0.30291 0.718908 

Difference Entropy_ph -0.115 -0.17024 1.3306 

Difference Entropy_sir 1.61033 -1.57163 -2.69159 

Difference Variance_ph 0.22155 -0.17868 -0.73826 

Difference Variance_sir -0.9047 0.872723 4.074608 

Entropy_ph 1.50682 1.96433 -1.98281 

Entropy_sir 1.20014 -2.43656 -0.53744 

Gabor_ph 0.07984 -0.06236 -0.1117 

Gabor_sir -0.085 0.111228 0.10126 

Info Meas1_ph -0.1352 0.675782 -0.24977 

Info Meas1_sir 0.12777 0.235886 0.471895 

Info Meas2_ph -0.8357 0.557415 0.293982 

Info Meas2_sir 0.36221 0.981438 -0.11777 

Inverse Difference Moment_ph 2.51235 1.488451 -0.44691 

Inverse Difference Moment_sir 0.94972 -0.39215 -1.72053 

Sum Average_ph -0.2489 0.442019 1.445709 

Sum Average_sir 0.63978 0.760079 -0.07606 

Sum Entropy_ph 0.84754 -2.19042 -2.93634 

Sum Entropy_sir -3.4428 1.624043 6.033163 

Sum Variance_ph 0.03547 -0.25562 -0.03139 

Sum Variance_sir -0.5988 -0.97964 -1.37346 

Variance_ph -0.0363 -0.18666 0.96231 

Variance_sir -0.078 0.091542 -0.39858 
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Supplementary Table 3.1: A list of 41 features along with a set of example canonical 

covariates used for LDA based classification of s-p dual stained MSCs after 24 hours of BA, 

AD, OS and CH (Fig. 3.4b). 
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Supplementary Table 3.2: Predictor 

screening analysis to show the 

contribution of individual features for 

lineage classification. Data shown only 

for 24 hr timepoint (Fig 3.4b). SA 

intensity and texture features were in 

the top 5, but not the shape descriptors 

for parsing the cells  

Predictor Portion Rank 

Mean Intensity_sir 0.3195 1 

Integrated Intensity_sir 0.1389 2 

Difference Entropy_sir 0.0379 3 

Info Meas2_sir 0.0331 4 

Info Meas1_sir 0.0286 5 

Entropy_sir 0.0286 6 

Integrated Intensity_ph 0.0254 7 

Area 0.0226 8 

Sum Entropy_sir 0.0214 9 

Max Feret Diameter 0.0192 10 

Manders_Correlation 0.0179 11 

Info Meas1_ph 0.0174 12 

Correlation_sir 0.0173 13 

Angular Second Moment_sir 0.0167 14 

Solidity 0.016 15 

Mean Intensity_ph 0.0154 16 

Compactness 0.0154 17 

Info Meas2_ph 0.0147 18 

Correlation_ph 0.0145 19 

Difference Variance_sir 0.0141 20 

Major Axis Length 0.0139 21 

Min Feret Diameter 0.012 22 

Minor Axis Length 0.0118 23 

Contrast_sir 0.011 24 

Sum Average_sir 0.0102 25 

Difference Variance_ph 0.0099 26 

Variance_sir 0.0098 27 

Inverse Difference Moment_sir 0.0093 28 

Gabor_sir 0.0086 29 

Sum Variance_sir 0.0075 30 

Variance_ph 0.0075 31 

Perimeter 0.0072 32 

Sum Variance_ph 0.0063 33 

Sum Average_ph 0.0062 34 

Gabor_ph 0.0059 35 

Difference Entropy_ph 0.0059 36 

Inverse Difference Moment_ph 0.0056 37 

Contrast_ph 0.005 38 

Sum Entropy_ph 0.0049 39 

Angular Second Moment_ph 0.0036 40 

Entropy_ph 0.0033 41 
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Chapter 4: Fluorescence-based actin turnover 

dynamics of stem cells as a profiling method for stem 

cell functional evolution, heterogeneity and 

phenotypic lineage parsing  

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter has been reproduced from the following publication: 

Prakhar Mishra, Rick I. Cohen, Nanxia Zhao, Prabhas V. Moghe. Fluorescence-

based Actin Turnover Dynamics of Stem Cells as a Profiling Method for Stem Cell 

Functional Evolution, Heterogeneity and Phenotypic Lineage Parsing.  

Methods. 2020 May 28;S1046-2023(20)30026-8. doi: 10.1016/j.ymeth.2020.05.020. 

Online ahead of print. 
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Graphic Summary of chapter 4: Multiple methods to employ SiR-actin 

(SA) labeling of actin cytoskeleton in live cells: SA is a fluorogenic actin 

filament specific probe that can be used as a surrogate marker of live-cell actin 

dynamics. Fluoro-labeled cells can be assayed in several ways, including: live cell 

imaging (quantification of actin turnover), Immunofluorescence (high content image 

analysis to correlate actin turnover with other cellular processes), Flow Cytometry 

(rapid analysis of cell population distribution of actin turnover along with other 

biomarkers), Cell Sorting (isolation of cell sub-populations based on actin turnover). 
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4.1 Abstract 

Stem cells are widely explored in regenerative medicine as a source to produce diverse cell 

types. Despite the wide usage of stem cells like mesenchymal stem cells (MSCs) and 

induced pluripotent stem cells (iPSCs), there is a lack of robust methods to rapidly discern 

the phenotypic and functional heterogeneity of stem cells.  The organization of actin 

cytoskeleton has been previously used to discern divergent stem cell differentiation 

pathways. In this paper, we highlight the versatility of a cell profiling method for actin 

turnover dynamics.  Actin filaments in live stem cells are labeled using SiR-actin, a cell 

permeable fluorogenic probe, to determine the endogenous actin turnover.  Live MSC 

imaging after days of induction successfully demonstrated lineage specific change in actin 

turnover. Next, we highlighted the differences in the cellular heterogeneity of actin 

dynamics during adipogenic or osteogenic MSC differentiation. Next, we applied the 

method to differentiating iPSCs in culture, and detected a progressive slowdown in actin 

turnover during differentiation upon stimulation with neural or cardiac media.  Finally, as 

a proof of concept, the actin dynamic profiling was used to isolate MSCs via flow cytometry 

prior to sorting into three distinct sub-populations with low, intermediate or high actin 

dynamics.  A greater fraction of MSCs with more rapid actin dynamics demonstrated 

increased inclination for adipogenesis, whereas, slower actin dynamics correlated with 

increased osteogenesis. Together, these results show that actin turnover can serve as a 

versatile biomarker to not only track cellular phenotypic heterogeneity but also harvest 

live cells with potential for differential phenotypic fates.  
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4.2 Introduction 

 

Mesenchymal stem cells (MSCs) have been widely explored for cell based regenerative 

applications. Knowhow and control of differentiated MSCs are integral to the cell 

therapeutic efficacy following cell transplantation but the clinical outcomes can be 

challenged by the innate heterogeneity and lineage propensity of MSCs. Typically, the 

phenotypic classification of MSCs is defined by their ability to demonstrate plastic 

adherence, self-renewal and tri-lineage differentiation potential, along with expression of 

CD105, CD90, CD73 and lack of CD45 [24]. However, several studies have recommended 

the consideration of novel surface markers such as CD146, CD271 given that these 

biomarkers correlated with increased differentiation or proliferation capacity [229, 230]. 

Yet, the expression of these newly reported markers varies depending on the donor or the 

tissue of origin, and the relevance of these markers during dynamic cycles of lineage 

differentiation and dedifferentiation remains to be fully validated. Thus, there is a need to 

identify a robust and universal phenotypic determinant to simplify the processability of 

MSC characterization. 

 

The cytoskeleton has been shown to possess the ability to both influence and 

correlate with MSC differentiation [194]. Naïve MSCs have a fibroblastic spindle shape 

morphology with actin cytoskeleton organized as thin, parallel microfilaments spread 

across the cytoplasm [179]. When naïve MSCs differentiate, they undergo distinct 

cytoskeletal changes depending on the final cell type  [84, 179, 193]. Osteogenic 

differentiation results in increased actin polymerization leading to an intertwined 

patterning of actin filaments with thickened stress fibers [179, 193]. In contrast, 

adipogenic differentiation results in a rounded cell morphology, with reduced focal 
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adhesions and a disrupted actin network [185, 231]. Differentiation induced actin 

reorganization takes place over the course of several days to attain a distinct lineage 

specific cell shape. Interestingly, much before the appearance of gross morphological 

changes in the differentiated cells, higher order variations in cell shape and cytoskeletal 

organization have been shown to have the ability to forecast the lineage fates in MSCs 

within few hours of induction [84, 164]. In addition to being a morphological marker of 

differentiation, the actin cytoskeleton actively regulates differentiation. In their seminal 

study, Mcbeath et al. demonstrated that manipulation of cytoskeletal morphology 

conveyed mechanical cues that influenced lineage commitment of MSCs. Furthermore, 

several studies have also shown that disruption of actin cytoskeleton can modify cell 

differentiation [119, 179, 206, 232]. For instance, modulation of actin network using 

cytoskeletal drugs results in downregulation of osteogenesis [232], while the inhibition of 

actin polymerization results in promotion of adipogenesis [232].  

 

Another major stem cell source for cell-based therapies are human pluripotent 

stem cells. These include but are not limited to human embryonic stem cells (hESC) and 

induced pluripotent stem cells (iPSC) [233-238].  Many protocols have been advanced to 

optimize the differentiation process to generate cells belonging to the three possible 

lineages: endoderm, ectoderm, and mesoderm (reviewed in selected publications: [239-

248]). However, a major challenge is the ability to establish a highly differentiated 

population of cells without significant phenotypic heterogeneity.  Cytoskeletal markers, 

such as alpha and beta tubulins, are among the earliest proteins that emerge during iPSCs 

differentiation to become cardiomyocytes or neurons [133].  Similarly, proteins including 

alpha- and beta- MHC appear when IPSCs adopt cardiac phenotype [249]. Several 

retrospective studies have more broadly investigated cytoskeletal changes [133, 136, 249-
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253].  The role of the immediate morphological changes and the relation to differentiation 

has also been examined with greater focus [251]. While these studies will help understand 

how spontaneous differentiation, or particular signals alter the cytoskeleton and 

associated pathways, they do not afford the ability to address the heterogeneity within a 

cell population during differentiation. 

 

The actin cytoskeleton has been largely studied as a static marker in the context of 

stem cell differentiation, as exemplified by the gold standard F-actin probe, phalloidin, 

which requires cell fixation. For visualization of actin in live cells, some of the widely used 

methods involve administration of  fluorescent actin-binding proteins (e.g. LifeAct), actin-

directed nanobodies (e.g. Actin-Chromobody) or fluorescent-labeled actin (e.g. GFP-actin 

derivatives) in live cells [254]. Recently, we showed a new approach to benchmark actin 

turnover using SiR-actin (SA), a fluorogenic live-cell F-actin specific probe [255]. Unlike 

the aforementioned live F-actin reporters, SA offers a unique feature since its fluorescent 

labeling correlates with the endogenous filament actin turnover in live cells. Therefore, 

cells with high levels of actin polymerization or pronounced stress fibers demonstrate 

brighter staining with SA, whereas cells with low actin polymerization level or high actin 

turnover display dimmer probe labeling. Quantitative image analysis of the changing SA 

fluorescence intensity as a result of actin reorganization could be used as a metric of the 

real-time actin turnover [255]. 

 

In this study, we highlight the use of SA intensity based live stem cell profiling 

method in terms of harnessing actin turnover in multiple ways, from assessing stem cells 

during differentiation to isolating MSC sub-populations to achieve enhanced 

differentiation. By using SA imaging, we found a correlation between actin turnover and 
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differentiation in a heterogenous cell population. Similarly, SA labeling was found to 

correlate with the expression of lineage specific markers when differentiating to 

cardiomyocyte or neuronal lineages. Lastly, we employed cell sorting to isolate and 

characterize MSC sub-populations for their inclination to differentiate. Given the 

universal nature of actin cytoskeleton, we suggest that our method could serve as a proxy 

marker for probing live cell differentiation or for selective enhancement of stem cell 

differentiation.  

4.3 Materials and methods 

4.3.1 MSC culture 

Human bone-marrow derived MSCs were provided by Dr. Rick Cohen (Rutgers 

University). Cells were maintained in VWRTM T-75 or Corning® T-175 tissue culture flasks. 

After the initial expansion of the cells in Peptrotech® MSC media, cells were cryopreserved 

at passage 3 (P3). Upon thawing, cells were maintained in basal growth media (BA) 

prepared with Gibco Minimum essential medium α (MEMα) supplemented with 10% Fetal 

Bovine Serum-premium select (Atlanta BiologicalsTM) and 0.1%v/v penicillin-

streptomycin (Lonza). The growth media was changed every third day and passaged when 

70-80% confluence was reached.  For passaging, MSCs were dissociated with TrypLE™ 

Express (Gibco) and a seeding density of 3000-4000 cells/cm2 was used. Flow cytometric 

isolation of cells based on actin turnover was conducted at P6 or P7 upon reaching cell 

count of at least 5 million cells. Post-sort cells were allowed to attach and grow. 

Subsequent proliferation and differentiation studies were done for 2 more passages. 
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Adipogenic media was prepared with BA media supplemented with 1 M 

dexamethasone, 10 g/mL insulin, 500 M isobutyl-1-methyl-xanthine and 200 M 

indomethacine. Osteogenic media was prepared by adding 500 M L-ascorbic acid-

2phosphate, 1 M dexamethasone, and 10 nM b-glycerophosphate to the BA media. 

Chondrogenic media bullet kit was obtained from Lonza. Cell differentiation experiments 

were conducted on 96-well multi-well dish at 10,000 cells/cm2 seeding density.   

 

4.3.2 iPSC culture  

Human foreskin Fibroblasts (HFFs) were derived from discarded tissue (CHTN) using the 

protocol similar to Bryne and coworkers  using optimized media conditions to support the 

expansion of Skin Derived Precursors [256].  All cell culture is carried out in 5% O2, 

5%CO2 atmosphere. The HFF cultures were electroporated (NEON, ThermoFisher) with 

a single EBNA1/Ori plasmid containing a polycistronic vector with Oct4, Sox2, KLF4, L-

Myc and a fusion of mRFP and Blasticidin S Deaminase using conditions similar to Okita 

and coworkers [257].  iPSC colonies appeared within 30 days and were subcultured using 

standard enzyme free techniques onto vitronectin (PeproTech) coated plasticwear with 

albumin free low protein culture media (PeproTech).  Under these conditions, the IPS cells 

were Oct4+/SSEA4+/SSEA1-, and Nanog+/Lin28+/Tra-1-60+, and found to reliably 

form both neurons [258] and cardiomyocytes (TnT1+, beating clusters) using standard 

protocols [259, 260].  A more detailed protocol is included in the supplementary material. 

 

4.3.3 Immunostaining pre-SA labeled MSCs to determine actin turnover 

correlation with differentiating MSCs 

MSCs were stained with 100 nM SA overnight in BA followed by 7 day culturing in BA, AD 

or OS media. Then cells were fixed in 4% PFA and permeabilized with 0.1% triton-X100. 
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PPARG and RUNX2 specific antibodies (Cell Signaling Technology, Inc.) were used as 

differentiation specific markers for AD and OS were labeled respectively  [36, 261, 262]. 

To evaluate differentiation specific dynamics of actin turnover, cells in AD and OS were 

compared separately against cells in BA. For image analysis, Hoescht 33342, InvitrogenTM 

(nuclear stain) was used to mark single cells. For BA vs AD, PPARG intensity was plotted 

against SA after normalization using the highest value of SA and PPARG among both 

media. Similar approach was followed for BA vs OS, but with RUNX2 quantification 

instead of PPARG. Adipogenesis and osteogenesis were assessed by plotting PPARg or 

RUNX2 intensities respectively against SA after normalization using their highest 

intensity values and compared to BA media. 

 

4.3.4 Flow cytometry for isolation of MSC sub-populations 

MSCs were labeled with 100nM SA overnight, then transferred to the sorting buffer (2% 

fetal bovine serum, 0.5mM EDTA, 20 g/mL DNaseI (Worthington Biochemical, 

Lakewood, NJ) in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12. Prior to 

sorting, cells were filtered through a 40um nylon mesh to eliminate cell aggregates. BD 

Biosciences Influx High Speed Cell Sorter equipped with 100m nozzle was used for 

aseptic isolation of MSC sub-populations. 640nm solid-state laser was used to sort MSCs 

based on SA probe intensity.  DAPI staining was done to determine the gating for 

excluding dead cells. The sorted cells were collected based on SA intensity gradation into 

3 sub-populations: dim, intermediate and bright.  
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4.3.5 SA quantification based on live iPSC imaging  

Live iPSCs were labeled with 100nM SA overnight in iPSC growth media (IGM) following 

the methodology described by 2019 Mishra et al. [255]. The SA staining media was 

aspirated, and a quick media change was done to remove residual SA. The cell culture dish 

was placed on Zeiss LSM780 laser scanning confocal microscope equipped with a stage-

top incubator. The reference intensity images were captured for all test conditions. Time-

lapse imaging was performed following induction with IGM, cardiac differentiation media 

(CDM) or neural differentiation media (NDM) for 4 hours.  Imaging was done with the 

10x objective in triplicates for all test conditions and 4 distinct fields were imaged in each 

replicate. Subsequent image analysis was done using ImageJ to measure the changing SA 

intensity of the cell populations compared to the reference images. The mean gray values 

of SA were plotted against time to quantify changing actin turnover.    

 

4.3.6 Flow cytometry analysis to determine the correlation between SA and 

iPSC pluripotency/differentiation markers 

iPSCs were labeled with 100nM SA overnight, then the cells were cultured in label free 

IGM, CDM or NDM for up to 3 days. At day 0, 2 and 3, cell monolayer was dissociated 

with TrypLE™ Express (Gibco) and cells were fixed using 2% paraformaldehyde in PBS. 

Subsequently, cells were permeabilized and immunostained with primary labeled SOX-1 

(early neuronal or ectodermal marker) [263-265], SSEA-1 (general early differentiation 

marker) [266-269], OCT3/4 (stemness marker) [270] and BRACHYURY (early cardio or 

mesodermal marker) [271-273] antibodies (BioGems). The correlation between SA and 

iPSC markers was assessed by FACS analysis of the immunolabeled cells using BD 

Biosciences Influx High Speed Cell Sorter.  
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4.3.7 Differentiation assay for MSCs 

MSCs were seeded at the density of 10,000 cells/cm2 and allowed to attach overnight in 

96-well dish. MSC differentiation were induced with adipogenic or osteogenic media for 7 

or 14 days. The cells were fixed with 4% paraformaldehyde and stained with fast blue RR 

(Sigma) and AdipoRed (Lonza) reagents to stain for alkaline phosphatase (osteoblast) and 

intracellular triglycerides (adipocyte) respectively. For cellular enumeration, Hoechst dye 

(33342, Invitrogen) was used to label nuclei. Subsequently, to scan the entire wells, 

automated confocal images were taken of 3 wells per condition, and fast blue RR and 

AdipoRed fluorescence intensity signals were normalized to the number of cells in each 

well. 

4.4 Results   

4.4.1 Method for tracking actin dynamics during stem cell differentiation 

induction 

 

Actin filaments (F-actin) are dynamic structures that rapidly polymerize and 

depolymerize, with the addition and detachment of actin monomers driven by ATP 

hydrolysis and several cellular factors [274]. SA binds F-actin at sites with 3 contiguous 

monomeric units and increases its brightness by 100-fold [201]. When the F-actin 

undergoes depolymerization, the bound probe comes off resulting in loss of fluorescence 

[6]. Our approach to assessment of actin turnover involves temporal analysis of changing 

SA labeling. A workflow for the method is illustrated in Fig. 4.1.  Briefly, the F-actin in live 

cells is probed with SA in basal growth media overnight to allow maximal SA labeling in 

all cells. Subsequent removal of staining media followed by addition of a cytoskeletal 
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perturbation results in varying loss of SA from cells based on their actin turnover status. 

In this paper, the cytoskeletal perturbation was induced with differentiation media, but it 

is possible to influence cell dynamics in other ways as well. For instance, cytoskeleton 

perturbing drugs that arrest actin dynamics (e.g. cytochalasin D) result in prolonged 

retention of SA probes on actin filaments compared to untreated cells [255]. High SA label 

indicates a slow actin turnover and vice versa. SA labeled cells can be subsequently 

evaluated by various methods for qualitative or quantitative assessment of actin turnover 

in cell populations.   

 

Fig. 4.1. Workflow for SiR-actin (SA) labeling protocol enables live cell 

actin turnover analysis and cellular profiling: 1) Cell seeding and adhesion in 

basal media, followed by SA labeling in basal media; 2) Repeated washes with basal 

media followed by introduction of cytoskeletal perturbation cues; 3) With time, cells 

with high actin turnover display lower SA fluorescence (a, c) compared to the cells with 

low actin turnover (b,d); 4) The variable SA labeling can be assessed qualitatively or 

quantitatively, and used as a basis for further cell analysis or cell sorting. 
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4.4.2 Live tracking of actin dynamics during MSC differentiation 

 

In order to monitor how differentiating cells modulate their actin turnover, cells were 

stained with SA in basal media (BA) followed by stimulation with adipogenic (AD), 

osteogenic (OS) and chondrogenic (CH) media (Fig. 4.2). In BA, the cells demonstrated 

elongated spindle morphology with less defined stress fibers, indicating a dynamic actin 

cytoskeleton as this group demonstrated lowest SA intensity at all time-points. Adipogenic 

induction begins with dramatic reduction in actin turnover at day 2 as evident by the SA 

 

Fig. 4.2. Multiday live cells imaging of MSCs showed lineage specific 

changes in SA labeling: Representative images showing changing SA staining 

during induction for 7 days with basal (BA), adipogenic (AD), chondrogenic (CH) or 

osteogenic (OS) media. The imaging settings were kept consistent Day 2 onwards 

(calibration bar unit: mean gray value). Higher SA brightness indicates a slowdown in 

actin turnover. 
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brightness. The cells in AD continue to show slow actin turnover like the chondrogenic 

induction till day 7. Similar to AD, CH showed high retention of SA during 1 week of 

induction with relatively brighter staining of stress fibers indicating reduced actin 

turnover i.e. less dynamic cytoskeleton. OS induction demonstrated higher SA labeling of 

actin stress fibers compared to BA at day 2, but the subsequent loss of SA staining indicates 

a higher level of cytoskeletal reorganization unlike AD and CH.   

 

4.4.3 Correlating changing actin turnover with differentiation specific 

markers to highlight heterogeneity of MSC states 

 

After discerning an early slowdown in actin turnover in MSCs upon differentiation 

induction, next we sought to understand how actin turnover dynamics correlate with MSC 

differentiation. MSC differentiation was induced after initial overnight SA labeling in BA 

media, followed by cell culture in BA, AD or OS media for 7 days. After 7 days, the 

differentiated cells were fixed and immunostained for lineage specific reporters, PPARG 

(master regulator of adipogenesis[262]) or RUNX2 (master regulator of osteogenesis 

[36]). Cells in BA showed minimal expression of PPARG or RUNX2 (Fig. 4.3.1 A-D). To 

determine the correlation between SA labeling due to MSC differentiation markers, SA 

intensity was plotted against PPARG (AD marker) or RUNX2(OS marker). The intensity 

of fluorophores in single cells were normalized with the highest mean gray value within 

BA vs AD or BA vs OS groups. An ellipse was drawn encompassing all the datapoints in 

BA to define the basal level of reporter intensities for the undifferentiated cells (Fig. 4.3.2 

A, C). In AD media, the average SA intensity was higher compared to BA (Fig 4.3.1 B, 4.3.2-

A,-B,-E). PPARGhigh cells exhibited low levels of SA labeling (Fig. 4.3.2 B-ii). A possible 

explanation could be that adipogenic induction results in slowdown in actin-turnover (Fig. 
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4.2) but as the adipocytes mature, SA is eliminated due to the loss of actin filaments [185]. 

Cells in OS also showed elevated levels of SA labeling compared to BA (Fig. 4.3.2 D, F). 

either AD or OS lineages demonstrated a more uniform range of SA expression, while the 
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undifferentiated cells had a more variable SA labeling (Fig. 4.3.2 B, D).  Taken together, 

the SA dynamics reveals actin turnover heterogeneity during MSC  

 

Fig. 4.3.1 Immunofluorescence based correlation of differentiation and 

actin turnover in MSCs: After SA labeling, MSCs were cultured for 7 days in 

BA, AD or OS media. Subsequently, cells were fixed and immunostained. The 

representative images show differences in expression of SA (actin turnover 

marker), Hoechst (nuclei), PPARG [adipogenic marker (A) BA media, (B) AD 

media) or RUNX2 (osteogenic marker (C) BA media, (D) OS media]. 

SA HoeschtPPARGA

C

BA Merged

SA HoeschtPPARG AD Merged

SA HoeschtRUNX2 BA Merged

SA HoeschtRUNX2 OS Merged

B

D



114 
 

 

 

 

 

Fig. 4.3.2. Immunofluorescence based correlation of differentiation and 

actin turnover in MSCs: The correlation plots for PPARG (A, B ) and RUNX2 

(C, D) intensities are shown along with best-fit line. In addition, an elliptical 

region was marked for AD (A, B) and OS (C, D) based on corresponding BA 

plots to mark the undifferentiated cells. The single cell scatter plots for SA and 

PPARG (E) or RUNX2 (F) are also represented along with means to summarize 

differences among cell populations……. Continued on next page 
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differentiation. Thus, intrapopulation heterogeneity during lineage commitment based on 

actin dynamics.     

4.4.4 Early cardiomyocyte or neuronal differentiation of iPSCs involve 

reduction in actin turnover 

 

iPSC maturation towards distinct lineages involves extensive cytoskeletal reorganization 

[133, 249] but the early changes during differentiation are not reported. Therefore, the 

SA-labeling based approach was extended to assess the early changes in actin turnover 

during iPSC differentiation. The naïve cells were SA stained in iPSC growth media (IGM), 

followed by stimulation with either neural differentiation (NDM) or cardiac differentiation 

media (CDM).  Differentiation induction resulted in elevated retention of SA staining in 

both NDM and CDM compared to the basal growth media (Fig. 4.4.1 A). After 2 days, cells 

cultured in CDM showed highest probe retention with well-defined actin filaments 

marking the periphery of cells but with diffused cortical actin. Cells cultured in NDM 

showed a more dispersed SA staining but at an elevated level compared to cells cultured 

in growth media (Fig. 4.4.1 B).  

 

Continued from previous page: …during AD and OS differentiation 

respectively compared to BA. Two-tailed Pearson correlation test for A and C 

showed p<0.001, but n.s. for B and D. [n=315(A), 285 (B), 252 (C) and 350 (D)]. 

Comparison of means of BA vs AD or BA vs. OS of RUNX2, PPARG, and SA was 

done using unpaired student t-test method (p<0.001 ***, p<0.01 **). 
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Fig. 4.4.1. Early changes in actin 

dynamics during iPSC 

differentiation. A. Intensity 

quantification of SA labeling during 

Cardiac and neural differentiation B. 

Representative images to show lineage 

specific SA retention after 2 days of 

stimulation following removal of SA 

staining media. 

 

Next, FACS analysis was performed at 

different timepoints to assess the 

correlation between SA staining (actin 

dynamics) and early differentiation 

markers. Cells were cultured in NDM or 

CDM and fixed and immunostained at  

Day 0, 2, and 3. Day 1 was not included in 

this study as the expression early 

differentiation markers has not been 

reported previously [271]. As early as 2 

days of stimulation, cells in NDM resolved 

into two populations and high SA expressing cells were found to be positive for Sox-1 

(neuroprogenitor marker) and SSEA-1 (general differentiation marker). Oct-4 

(pluripotency marker) expression declined after 2 days of stimulation compared to naïve 
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 cells and resolved into two distinct cell populations similar to SOX-1 and SSEA-1  

 

Figure Caption on next page 
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(Fig. 4.4.2 A). A possible explanation for 2 sub-populations could be that the 

initiation of neural differentiation induced a slowdown of actin turnover resulting in 

elevated SA levels while naïve cells lost more SA due to relatively higher actin dynamics. 

Upon stimulation with CDM, cells showed higher levels of SA compared to basal media or 

NDM indicating slower actin turnover. Unlike NDM, CDM did not resolve the iPSCs in 2 

populations. However, at both timepoints (Day 2, 3), SAhigh cells were found to have a 

higher expression of Brachyury (mesoderm marker, early cardiomyocyte) and SSEA-1 

compared to IGM (Fig. 4.4.2 B). Interestingly, the expression of OCT-4 did not decline 

from day 2 to day 3. Therefore, SA labeling was found to correlate with the expression of 

early neural or cardiac markers indicating that iPSC differentiation initiates with slowing 

down of the actin turnover.  

 

4.4.5 Actin turnover based sorting of MSCs results in sub-populations with 

distinct proclivities for differentiation 

 

SA labeling is indicative of the actin cytoskeleton dynamics in live cells. Cells with more 

dynamic actin structures are poorly labeled while the cells with long-lived, less dynamic 

actin cytoskeleton demonstrate weak labeling [6, 201]. We hypothesized that the intensity 

of SA probe could be used as a predictive marker to isolate cells based on the dynamic 

status of the actin cytoskeleton. MSCs were stained with SA in basal growth media. Cell 

Fig. 4.4.2. Early changes in actin dynamics during iPSC differentiation: 

FACS analysis to show expression of stemness and differentiation markers for neural 

(A) and cardiac (B) lineages [x-axis: SiR-actin, y-axis: iPSC markers] 
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sorting was done based on SA intensity into three sub-populations, designated for 

 

Fig. 4.5. SiR actin intensity-based cell sorting of MSCs into three potential 

sub-populations for enhanced MSC differentiation potential: A. Cell sorting 

strategy. SA intensity based sorted cells showed distinct proclivities after cell culture 

in  OS (B, C) or AD (D, E) media for 2 weeks. For image analysis, fast blue- and 

adipored (AR) staining were normalized (continued on next page) 



120 
 

 

 

simplicity as: Dim, Intermediate, and Bright cells (i.e. high, intermediate and low actin 

turnover of single cells, respectively) (Supplementary Fig. 1). Post-sorting, cells were 

cultured in basal media. Next day after sorting, MSCs were evaluated for their cytoskeletal 

features. “Dim” cells displayed a spindle shaped cell body with smaller area. While, the 

“Bright” cells had larger surface area, and more stress fibers. “Intermediate” cells were 

closer to “Dim” cells morphologically, but the SA intensity was much higher 

(Supplementary Fig. 2). Therefore, SA labeling could be used to resolve MSCs into distinct 

sub-populations based on their actin dynamics.    

 

Next, we investigated whether SA sorted naïve MSC populations demonstrate a higher 

intrinsic proclivity for cell differentiation. The sorted cells were expanded, and 

differentiation studies were conducted for 2 consecutive passages. “Dim” cells with faster 

actin dynamics showed highest adipogenesis among all groups (Fig. 4.5D). A possible 

explanation for this observation could be that adipogenesis involves gradual degeneration 

of the actin cytoskeleton and the “Dim” cells with a less complex cytoskeleton and fewer 

stress fibers might have a higher proclivity to make adipocytes. On the contrary, “Bright” 

cells with slower actin dynamics showed highest osteogenesis among all groups (Fig. 

4.5B). During osteogenesis, actin cytoskeleton leads to increase in actin stress fibers and 

actin cytoskeleton [185]. Since, the “Bright” cells have an inherently actin filament rich 

cytoskeleton, they might be inclined to become osteoblastic. Next, we allowed the cells to 

grow for another passage to test if the differentiation proclivity maintains in the sub-

populations. Upon OS induction, “Bright” cells showed highest differentiation among all 

Continued from previous page: with hoescht  (n+1: after one passage, n+2: after 

two passages following cell sorting). The mean values were compared using one-way 

analysis of variance (ANOVA) *p<0.05, **p<0.01 vs Unsorted cells.   



121 
 

 

 

groups (Fig. 4.5C). While, after AD induction, both “Dim” and “Bright” groups showed 

higher differentiation compared to unsorted groups (Fig. 4.5D). Therefore, actin turnover 

has the potential to be harnessed as a single marker for not just isolation of cells based on 

their inherent actin dynamics but also to isolate sub-populations with a higher proclivity 

for distinct lineages.  

4.5   Discussion  

The actin cytoskeleton plays a vital role in diverse cellular functions and has been 

extensively correlated with stem cell differentiation for regenerative medicine [84, 179, 

232, 275].  In this paper, we highlight a live stem cell tracking methodology focused on 

harnessing the dynamics of the actin reorganization in the context of stem cell 

differentiation. We have described multiple ways in which SA labeling based actin 

turnover tracking can be used for long-term evaluation of actin dynamics during stem cell 

differentiation and as a dynamic marker for isolation of MSCs using flow-cytometry.   

 

It is well recognized that cells undergo rapid change in cell shape during 

differentiation, regulated via the cytoskeleton, resulting in divergent phenotypic fates [84, 

179, 193]. Most of the prior work focused on cytoskeleton-based cell profiling metrics was 

based on fixed cells; therefore, only considered the cytoskeleton as a static snap-shot of 

the cellular phenotype[84, 179, 185, 193, 206] Given the highly dynamic nature of actin 

cytoskeleton, the cytoskeletal dynamics itself can offer deeper insights about the temporal 

trajectory of cell populations that could be used to sensitively parse the cellular lineage 

potential. Previously, we reported a new approach involving SA, which has the unique 

feature of labeling actin structures based on their dynamic status to illustrate early 

changes in the actin turnover of differentiating MSCs [255].  Yet, the prior study was 
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conducted only for few hours after stimulation with differentiation media, which restricted 

its utility to early divergence of cellular phenotypes.  

 

Using SA labeling, we are able to gain new insights about the status of actin 

turnover during the course of MSC differentiation for several days (Fig. 4.2). The onset of 

AD and CH differentiation involves a decline in RhoA/ROCK signaling resulting in 

reduced actin polymerization and loss of F-actin [275]. But we observed retention of SA 

after 7 days of culture in AD and CH media, instead of losing the probe due to loss of F-

actin. This could be because of diminished actin polymerization, suggesting the actin 

filaments were preserved or remained static until transition to a functional specific lineage 

cell type. On the other hand, OS differentiation is supposed to increase actin 

polymerization and stress-fibers that should provide more binding sites for SA binding 

[193]. At Day 2, OS showed higher SA labeling compared to BA but we observed a small 

fraction of SA labeling compared to AD or CH. A possible explanation for lower SA labeling 

could be the OS induced actin reorganization that resulted in rapid loss of SA from the 

actin cytoskeleton. After 7 days of induction, SA labeling declined sharply in OS condition 

(Fig. 4.2). In order to more carefully evaluate the late stage dynamics of actin turnover, we 

re-labeled the differentiating cells described in Fig. 4.2 overnight with SA after 6 days of 

induction, removed the staining media the following morning and imaged further until 

the 10th day of initial differentiation stimulation i.e. 3rd day after relabeling 

(Supplementary Fig. 4.3). Both AD and CH showed higher SA labeling like Fig. 4.2, but 

cells in CH had more prominent labeling of stress fibers (Supplementary Fig. 4.3). 

Therefore, SA labeling offers a new way to probe actin turnover in live cells for several 

days. Live cell change in SA intensity conveys that upon actin cytoskeletal reorganization, 

a highly dynamic process leads to decline in observed probe intensity as SA comes off from 



123 
 

 

 

its binding site on F-actin[60]. The non-dynamic changes in SA labeling are not clearly 

described in the literature, but SA labeling is likely to be influenced by intracellular 

concentration, availability of binding sites and several other stochastic events that involve 

actin reorganization (e.g. cell cycle). There is a need for further in-vitro characterization 

of SA labeling, but regardless, the method can be extended iteratively as cells can be 

relabeled with SA to extend the duration of actin dynamics tracking. 

 

Following SA labeling, immunostaining of differentiated cells showed intra-

population heterogeneity of actin dynamics. A quantitative correlation plot of SA against 

differentiation specific marker helps to understand transition of actin dynamics from 

naïve to differentiated cells (Fig. 4.3). Especially during AD induction, it is possible to 

observe distinct sub-populations after 7 days of induction.  Previously, we reported 

immediate slowdown in actin turnover after AD induction [255]. Therefore, it is possible 

that all cells start as SAhigh PPARGlow during AD induction. After 7 days, the observation of 

undifferentiated SAhigh cells could be due to senescence or spontaneous differentiation 

towards a different lineage that enabled SA retention (Fig. 4.3.1). Subsequent transition to 

PPARGhigh happened after gradual decline in SA. On the other hand, OS differentiation 

induction showed that cells with intermediate SA labeling changed to OS phenotype 

without much change in SA labeling. Given the highly dynamic nature of cells in OS (Fig. 

4.2), SA labeling after 7 days of induction suggests that that certain regions on F-actin are 

preserved during OS differentiation, where SA remains even when cells started expressing 

RUNX2. In future, we plan to perform this study with longer differentiation stimulation 

period (2-4 weeks) with the hope of obtaining improved dataset. However, it will be 

important to validate  SA expression at measurable levels, especially in basal condition, 

where low SA expression was observed after a week of staining (Fig. 4.2). Therefore, SA 
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labeling in conjunction with immunolabeling highlights the heterogeneity of actin 

turnover in single cells during MSC differentiation. 

 

Early dynamics of actin cytoskeleton during iPSC differentiation have not been 

explored in the literature to date[249-251, 276, 277]. Similar to MSCs, a differentiation 

induced immediate slowdown in actin turnover was observed during stimulation with 

both CDM and NDM as early as 3.5 hours of stimulation. Next, we explored if the higher 

retention of SA probe during short term live-imaging experiment could be due to lineage 

progression. Immunostaining pre-SA labeled cells after differentiation induction as early 

as day 2 showed that cells positive for differentiation markers showed a higher retention 

of SA. This phenomenon could be due to a slowdown in actin dynamics of the 

differentiating cells. After 2 days of induction, NDM demonstrated two distinct sub-

populations where SOX1high cells correlated with brighter SA. On the other hand, SAlow 

cells showed low SA intensity. Perhaps, SAlow cells represent the naïve cells that remained 

undifferentiated and had a more dynamic cytoskeleton, similar to cells cultured in basal 

media as shown in Fig 4.4.1 A, B. CDM stimulation resulted in prolonged retention of the 

probe in all cells but did not resolve into distinct sub-populations (Fig. 4.4.2 B). This could 

be due to two factors, first SA retention in CDM was higher compared to NDM i.e. 

undifferentiated cells could be showing similar levels of SA labeling to the differentiated 

cells. Second, longer CDM induction might help to separate the differentiating cells from 

the naive cells. Still, BRACHYURYhigh cells showed a positive correlation with SA 

expression. Our findings suggest that actin dynamics could be used as an early marker to 

parse differentiating iPSCs from naïve cells. In future, the genetic and epigenetic profiling 

of the SAlow vs SAhigh sub-populations would further reveal the role of key factors associated 

with cytoskeletal dynamics in the context of stem cell differentiation.  
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We have also introduced a new method where actin turnover can be used as a 

dynamic marker for selection of subsets of MSC populations (Fig. 4.5). This promises to 

be the first such methodological approach in the literature to segregate cells based on the 

native actin dynamics, which could correlate with lineage-related enrichment of 

differentiation. Next, we examined the effect of sub-culturing on the differentiation 

proclivity of the sorted cells.  A decline in the purity of the sorted cells would indicate a 

reduction in AD and OS differentiation to the levels of unsorted cells. In contrast, however, 

we found a higher differentiation tendency in the sorted cells compared to the unsorted 

cells in terms of both AD and OS induction. This suggests that cells exhibiting equivalent 

levels of actin dynamics can be enriched during cell culture which resulted in increased 

differentiation proclivity. The observed propensity towards enhanced differentiation 

warrants further studies to investigate the interplay between actin dynamics and stem cell 

differentiation and elucidate via epigenetic or transcriptional profiling of the sorted MSC 

sub-populations the mechanistic and molecular basis for the variation among the groups 

that underlies enhanced differentiation. Another application of the method could be used 

to isolate and enrich young MSCs from senescent cells, given the correlation between 

slower actin dynamics and cellular aging [255, 278].  

 

We have described four different methods to use SA based labeling in the context 

of following actin dynamics in MSCs and iPSCs. Namely, live cell tracking (Fig. 4.2), 

immunostaining (Fig. 4.3), flow cytometry (Fig. 4.4) and cell sorting (Fig 4.5). These 

methods might be helpful to other researchers who are interested in observing actin 

dynamics with other cells as well, but it is important to conduct preliminary experiments 

to determine the appropriate staining protocol. We used SA at 100nM concentration for 
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all experiments, as this dosage has minimal influence on the actin dynamics, cytotoxicity 

and differentiation[201, 255].  A more detailed description of the influence of SA labeling 

and dosage with multiple in vitro assays and cell types can be found in the first SA paper 

by Lukinavičius et al. [201].  

 

Taken together, we have introduced a novel dynamic marker-based cell sorting 

method that has the potential to discern cell phenotypic populations based on actin 

turnover. Given our observation of a prolonged retention of SA probe during both iPSC 

and MSC differentiation, we propose that cells might have an inherent inclination towards 

a certain lineage based on the endogenous actin turnover of each cell. To explore the 

efficacy of our approach we conducted a proof of concept study of SA-labeling and imaging 

followed by sorting. We found increased osteogenesis and adipogenesis with low and fast 

actin turnover displaying cells respectively (Fig. 4.5). Interestingly, the cells retained this 

increased inclination towards a specific lineage even after cell passaging. Moreover, the 

differentiation was enhanced further which could be due to increase in proportion of the 

sorted cells during tissue culture maintenance.  Therefore, our approach has the potential 

to be used for isolation of cells based on actin turnover for robust promotion of MSC 

differentiation even after cell passaging. 

4.6 Conclusion 

Actin turnover has the potential to be used as a dynamic marker of stem cell 

differentiation. Fluorescent labeling of live MSCs revealed cell fate-specific changes in the 

actin turnover. Additionally, SA labeling was found to correlate with differentiation 

markers in both MSCs and iPSCs. Therefore, we have introduced a new versatile platform 

that not only enables FACS-based high throughput probing of heterogeneity among 
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differentiating cells but also offers a more informative dataset in conjunction with 

immunolabeling based approach to illustrate changing cell states during cell 

differentiation. As demonstrated by our pilot study, SA can be used to isolate cells based 

on their actin turnover to study how cellular functions are influenced by the dynamic 

status of actin turnover of the cells.  
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4.7 Supplementary Figures 

 

 

 

 

 

 

 

 

Supplementary Fig. 4.1. SiR actin intensity based cell sorting of MSCs in to 3 

sub-populations: dim (P1), intermediate (P2), bright (P4). A. Gating strategy, 

distribution of Sir-intensity B. Post-sort analysis to confirm cell sorting 
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Supplementary Fig. 4.2. Morphological characterization of SA intensity 

based sorted cells after 24 hours of Flow cytometry. A. SA labeling of cells in 

“dim”, “intermediate” and “bright” groups. B. Morphometric analysis of sub-populations:   

cell area, SA mean intensity and aspect ratio of single cells were calculated using imageJ. 

N= 77 (dim), 98 (intermediate), 45 (bright) cells. Means of all groups were compared using 

turkey’s multiple comparison test (p<0.001 ***, p<0.01 **). 
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Supplementary Fig. 4.3. Second SA labeling after 6 days of maintenance in 

BA, AD, OS and CH media: SA labeling can be repeated to extend the duration of actin 

turnover probing. 
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Supplementary note 4.1.  iPSC culture: Detailed protocol 

 

IPS cells were derived from human foreskin fibroblasts electroporated with a single 

EBNA1/Ori based plasmid with a CAG promoter driven expression of a “2A” based 

polycistronic vector containing Oct4, Sox2, KLF4, and L-Myc and a fusion of mRFP and 

Blasticidin-S-Deaminase (pERCv2, courtesy of Dr. Rick Cohen).   

 

 Briefly, discarded human foreskin tissue (CHTN) was used to derive fibroblast 

cultures using standard techniques [279].  The tissue was placed into a glass 10 cm petri 

dish and minced into 1-2 mm cubes by crossing two 10 blade scalpels.  The pieces were 

placed into a TC grade 24 well dish in Fibroblast medium (PeproTech Inc) containing 2% 

FBS, 10 ug/ml ciprofloxacin and amphotericin B.  After two weeks in this media, the 

antibiotic was changed to 10 ug/ml gentamycin. Once cells began to emanate from the 

tissue, the pieces were removed using sterile foreceps and replated onto fresh wells.  The 

remaining cells were passaged with TrypLE and expanded on to 10 cm dishes.  This 

process was carried out over the course of 5 tissue replating and 5 cell passages which 

resulted in a fibroblast line called PM1Ep5 which was used for reprogramming protocols.    

 

Reprogramming of Human Foreskin Fibroblasts: PM1Ep5 cultures (30-40% 

confluence) were treated with 1 uM Cyclic Pifithrin-alpha (BioGems) and Q-VD-O-PH 

(ApexBio) three days prior to electroporation (NEON, ThermoFisher) to inhibit p53 to 

enhance reprogramming [257] and caspase 3 to enhance post-electroporation viability.  

The cells were removed from the culture plate using 3 mls of TrypLE (ThermoFisher), 

neutralized with 7 mls of fibroblast medium with serum, and counted.  The cells were 

collected by centrifugation at 300 x g for 5 min at RT and resuspended at a density of 

1x10^7 cells in Electroporation Buffer R containing no more than 10% V/V of double 
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endotoxin free plasmid (Omega BioTek, with an extra Triton X-114 phase separation [280, 

281]) at a ratio of 12ug plasmid/1.2x10^6 cells/120 ul total. The cells were electroporated 

using the 100 ul tip with following parameters; 10 ug of plasmid per 1x10^6 cells with 1600 

volts, 10 ms pulse time, and 3 pulses [257].  The cells were placed into a 6 well dish coated 

with 5 ug/ml of vitronectin (PeproTech Inc) in Recovery Media overnight (Fibroblast 

Media with 10% FBS, and 1 uM Cyclic Pifithrin-alpha (BioGems).  The following day the 

media was changed to Reprogramming/Selection Media (Low osmo DMEM/F12 

(PeproTech) containing 20% v/v KOSR (ThermoFisher), 0.1 mM 2-mercaptoethanol, 20 

ng/ml FGF-2 (146 a.a., PeproTech), 5 small molecules (BIOGEMS); 5 uM PS48, a PDK1 

agonist; 250 uM sodium butyrate, an HDAC inhibitor; 0.5 uM A-83-01, a TGF-beta 

pathway inhibitor; 1 uM Cyclic Pifithrin-alpha, a p53 inhibitor; 50 nM SGC-0946, a DOT1L 

inhibitor; and 5-20 ug/ml of Blasticidin.  The cultures were fed every other day for 7 days 

with Blasticidin to eliminate cells that were not electroporated.  The Reprogramming 

media was used for up to 30 days, during which distinct IPSC colonies were formed.  The 

first passage colonies were removed in bulk using Enzyme-free Passaging Media 

(PeproTech), settled by gravity for 10-15 min in 15 ml conical tubes with 10 mls of media, 

and subcultured onto 6 well dishes coated with vitronectin (PeproTech) using 

Reprogramming Media with 2 uM Y-27632.  After 24 hrs, the media was changed to 

PeproGrow-hESC media containing additional 10 ug/ml of Insulin. This “settling” 

technique was carried out during the first three passages and resulted in only the retention 

of small cell clusters that formed mature round IPSC colonies.  The cell line, “PM1eP5-

ERCv2” was cryopreserved at passage 4-7, characterized by immunocytochemistry as 

Oct4+/SSEA4+/SSEA1- and Nanog+/Lin28+/Tra-1-60+  , and found to reliably form 

both neurons [258] and cardiomyocytes (TnT1+, beating clusters) using standard 

protocols ([15, 16]).  Neural Differentiation Media (NDM) is based on Neural Stem Cell 
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Media (PeproTech) with 1x NSC supplement with additional 10 uM EC23 and 5 uM 

Y27632 [258]. Cardiac Differentiation Media and protocol for the time window used  (2 

days) was based on work of Burridge and coworkers ([15, 16]) and was composed of RPMI 

(ThermoFisher) with 200 mM L-Ascorbic Acid and 6 uM CHIR99021. 
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Chapter 5  Summary and Future Directions 
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Research Summary 

 

In the era of emergent cell-based therapies, it is crucial to assess the necessary 

functionality of cells in an efficient and reliable manner as early as possible. This is 

particularly important in stem cell-based therapeutics where the issue of poor 

characterization and in-vitro heterogeneity can adversely impact the translational 

outcomes. The principal objective of this thesis dissertation was to investigate live cell 

imaging methods that could enable the temporal assessment of evolving stem cell states 

in distinct microenvironments. To this end, we primarily focused on fluorescence labeled 

actin cytoskeleton as the primary reporter for cell profiling. Prior research from several 

laboratories including our group, have shown that actin cytoskeleton can act as a predictor 

and influencer of stem cell features such as differentiation and aging. Existing actin based 

image informatics have typically excluded live cell dynamics which could offer more 

comprehensive data compared to fixed-timepoint assays. In this work, we have identified 

and explored a robust live-cell cytoskeletal imaging platform and presented a new 

paradigm to assess actin dynamics in live cells for two broad goals: 1) Early parsing of stem 

cell lineage divergence and senescence; 2) Profiling stem cell functional evolution, 

heterogeneity and phenotypic lineage parsing. 

 

This thesis research was initiated with the goal of exploring a number of broad 

approaches with potential to support live-cell profiling of MSCs. With the goal of creating 

a multi-reporter cyto-nuclear library of mechanosensory fluororeporters, lentiviral vectors 

with inducible fluororeporter expression were created for YAP, TAZ, SC35, and HP1α.  The 

lentiviral infections were successful in creating stable fluororeporter expressing cell lines 

for HEK293 and MSCs. However, during antibiotic selection, MSCs lost their ability to 
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proliferate and differentiate so we did not pursue stable cell lines any further. Next, we 

attempted transient lentiviral transductions for MSCs, but found that the lentiviral 

expression interfered with MSC differentiation. Before moving on to actin dynamics based 

studies later, we investigated another approach for live-cell labeling, via glass-bead 

antibody loading, but because of non-specific background fluorescence we looked for other 

alternatives for dynamic cell profiling. 

 

 In the following portion of this thesis (Chapter 3), we introduced a novel platform 

for real-time tracking of actin turnover dynamics in live cells harnessing a cell permeable 

probe, SiR-actin (SA). Following SA labeling, cells cultured in various differentiation 

media showed lineage specific loss of the fluorogenic probe demonstrating a trend of actin 

reorganization during early stages of lineage diversification. Analogous prior work with 

actin cytoskeleton for cell fate parsing took at least 24 hours, but our approach could 

discern various cell fates within few minutes (adipogenic) or hours (chondrogenic). Next, 

we introduced a new approach for composite analysis of actin cytoskeleton labeling that 

involves a competing stain to SA, phalloidin. This complementary staining allowed to 

highlight the dynamic and static regions in the cytoskeleton. A high-content image 

analysis of the complementary labels showed clear phenotypic parsing of cell fates as early 

as 1 hour of induction. Lastly, we showed that change in actin turnover due to cellular 

aging in vitro was able to parse the younger cells within one hour of simultaneous analysis.  

 

 Lastly, we demonstrated that SA labeling can be used for long-term studies as well 

to probe lineage specific change in actin dynamics during the course of differentiation in 

live MSCs. Subsequently, we performed a high throughput single cell analytics to highlight 

cellular heterogeneity of actin dynamics during adipogenic or osteogenic differentiation. 
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An analogous study was conducted in iPSCs, where differentiating cells showed a 

progressive slowdown in actin turnover upon stimulation with neural or cardiac media. 

Finally, we conducted a pilot study to test how inherent actin dynamics guide MSC 

differentiation. To this end, SA labeled MSCs were sorted based on the probe intensity in 

to three distinct sub-populations with low, intermediate or high actin dynamics. Sub-

populations with faster actin dynamics demonstrated increased adipogenesis while the 

cells with slower actin dynamics demonstrated higher osteogenesis.     
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Future Directions 

5.1 Live Cell Imaging Based Modeling of Stem Cell Dynamics  

Our framework for fluorescence imaging-based quantification of actin turnover has a 

significant potential to be elaborated further for more complex datasets. Most of our live-

cell experiments were conducted with limited kinetic analysis. We propose that the 

empirical quantitative modeling of SA decay profiles could be used to stratify or forecast 

cell lineage kinetics.  For example, in chapter 3, we proposed a mathematical model to 

describe parameters that could describe the dynamics of SA labeling during association 

and dissociation by the following equation: 

𝑑𝐶

𝑑𝑡
= 𝑘𝑓𝑅𝑇(𝐶0 − 𝐶) − 𝑘𝑟𝐶 

Where 𝐶0 − 𝐶  denotes the concentration of free SA ligands while the available binding 

sites on actin filaments are denoted by 𝑅𝑇 and are assumed to be in excess. Fitting the 

dissociation kinetics deconvolutes the values of the parameters: 𝑘𝑟 and 𝑘𝑓
𝑑 = 𝑘𝑓𝑅𝑇 . We 

propose that quantification of actin turnover based on empirical 𝑘𝑟 and 𝑘𝑓
𝑑 will provide a 

 

Fig. 5.1. Long term SMAT profiling for dynamic assessment of changing 

actin turnover during MSC differentiation 
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more accurate model for the changing cell states. As a proof of concept, we generated the 

values for these parameters during a long-term SMAT experiment during MSC 

differentiation. Briefly, cells were cultured in basal, adipogenic and osteogenic media and 

SMAT analysis was performed at different timepoints: Day 0, 3, 7 and 15. SA staining was 

done the evening before the imaging timepoint, for instance, for the day 7 timepoint, SiR-

actin was added to the respective media on day 6, and imaging was done after removing 

the staining media i.e. cells remained in the same differentiation media before and after 

removal of SiR-actin containing media. All three media showed distinct actin turnover 

rates at different timepoints which could be indicative of the actin dynamics at that stage 

during differentiation [Fig. 5.1].  

 

 

 

 

 

 

 

 

 

 

 

The variable kf/kr is the estimated dissociation constant kinetics based on in-silico 

modeling of SMAT data. Cells in OS showed similar kf/kr as BA at day 0 followed by faster 

decay on day 3 and 7, while at day 15 it showed similar kf/kr as AD. The decay constants 

for OS indicate that osteogenic differentiation showed higher actin dynamics in the first 

 

Fig. 5.2. Kf/kr plots during MSC differentiation experiment 

described in Fig. 5.1 
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seven days but by day 15 timepoint, there was a slow-down in actin turnover similar to the 

level of cells in AD. While AD condadsasitions showed slight increase in kf/kr till day 7, 

these levels declined by day 15 [Fig. 5.2.]. This implies that adipogenesis involves keeping 

the actin turnover lower than BA and OS consistently. This interpretation is also supported 

by literature, as it is well known that osteogenesis involves increasing actin polymerization 

and adipogenesis involves gradual deconstruction of actin cytoskeleton.  Our kf/kr data is 

in agreement with a previous study by Sonowal et al. where they did a qualitative 

assessment of actin morphological reorganization (not actin turnover or dynamics) [185]. 

Therefore, our data indicates that changing cell states during MSC differentiation could 

be characterized by the actin dynamics. Further characterization and optimization of kf/kr 

values could be extended for immediate early changes in cell functions.  

 

5.2 Forecasting stem cell behavior based on fluorescence labeling of actin 

cytoskeleton for high throughput screening of biomaterials  

Biomaterials have been extensively used in regenerative medicine for guiding cell behavior 

as they offer optimal mechanical and physicochemical properties. Biomaterials influence 

stem cells by regulating their spreading [282], migration [283], self-renewal [284], 

differentiation [285], engraftment [286], gene expression [287], and immunomodulation 

[288]. The chemistry, stiffness, dimensionality and topography of the materials offer a 

mechanotransductive milieu that induce changes in downstream signaling pathways such 

as the integrin-rho-actin axis [289]. The traditional methods to assess the biological 

response of biomaterials on cells [such as qPCR, western blot, immunostaining, 

microarray etc. [290]], are invasive to the cells and time-consuming. With ever-increasing 

demand for better biomaterials, there is a need to develop a more efficient method to 

assess functional response of cells to diverse array of biomaterials.   
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 Given that SA labeling of MSCs was able to highlight the early changes in cells 

during differentiation induction, and biomaterials can influence stem cell differentiation, 

it might be possible to use SMAT approach to cellular response to various biomaterials. 

 

Fig. 5.3.  Probing SA decay after fibronectin coating at different 

concentrations: MSCs were seeded on fibronectin coated surface, SA stained and 

after removing the staining media, the change in SA intensity was plotted with time 

(A). For lucid visualization, the data at 390 min from (A) is shown in B.   
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5.2.1 Characterizing the influence of fibronectin on actin dynamics via 

SMAT 

Fibronectin is an ECM protein that influences cell adhesion, spreading and MSC 

differentiation [291]. MSCs utilize their own contractile force generated as a result of 

interaction with fibronectin to upregulate differentiation [292]. As a proof of concept, we 

tested if change in actin dynamics by fibronectin could be detected at different ligand 

concentrations. Briefly, a 96 well dish was coated with fibronectin for 2hrs with 

concentrations ranging from 0, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 μg/mL.  Then MSCs 

were seeded, allowed to attach and stained with SA in BA media overnight. Next day, the 

staining media was removed and SMAT analysis was performed as described previously. 

We were able to discern the coated surfaces based on SA intensity, indicating distinct 

influence of fibronectin on actin turnover [Fig. 5.3A]. The plots for each concentration 

started to separate around 4 hrs (240 min) compared to the uncoated control surface, the 

resolution improved further around 390 minutes (6.5hrs) of imaging [Fig. 5.3B]. These 

results suggest that SMAT analysis has the potential to be used to distinguish cellular 

response to ligand concentration of extracellular matrix coated biomaterials.    

 

5.2.2  Actin turnover based high-throughput biomaterial screening to 

forecast MSC differentiation 

In chapter 3, change in actin turnover due to lineage divergence in MSCs was evident 

within few minutes. Based on the section above (5.2.1), we hypothesize that by 

determining a correlation between early SA decay profile and terminal MSC 

differentiation, it might be possible to forecast MSC differentiation with various 

biomaterials. Given that our SMAT protocol utilizes a low magnification imaging protocol, 
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imaging multiple substrates with a rapid imaging system in a high-throughput format is 

also possible. 

Following is the study design to assess if short-term monitoring (1-2 hours) of live 

cell actin turnover could be used as a dynamic marker to forecast MSC differentiation. In 

the pilot study, the effect of biomaterials could be inquired with a single cell fate such as 

osteogenesis. The array of diverse biomaterials (e.g. different polymer chemistry or 

topography) could be synthesized in a 96 well format in triplicates along with uncoated 

surface and a positive control (such as fibronectin coating that is known to promote 

osteogenesis [292]). After cell attachment, SMAT analytics will be applied to generate SA 

decay profiles. Subsequently, cells will be stimulated with osteogenic media for 2 weeks. 

The end point-assay will be conducted with functional staining such as fast blue staining 

or alkaline phosphatase quantification [Fig. 5.4]. Then SA decay profiles will be correlated 

with MSC differentiation on biomaterials by a mathematical modeling approach described 

  

Fig. 5.4. Actin turnover based rapid biomaterial screening for long-term 

prediction of MSC differentiation: cells will be seeded on biomaterial library at 

day 0. After cell attachment, SA labeling will be conducted overnight. On day 1, SMAT 

profiles will be generated for the biomaterials, followed by cell culture in 

differentiation media for 14 days. On day 15 of the study, mathematical modeling will 

be harnessed to determine the relation between SA decay kinetics and MSC 

differentiation specific marker expression.   
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in section 5.1 to generate decay constants (Kf/Kr), keeping the time of analysis constant for 

all biomaterials, as a function of fast blue (FB) expression for individual biomaterial (n):    

FB(n)= f(Kfn/Krn), for n∈{1, 2, 3,…….., n} 

After successful derivation of the variables empirically, the next step would be to apply 

this approach with novel biomaterials to validate if immediate SA decay profiles could 

determine long-term differentiation. If successful, this approach will create a robust 

platform for rapid evaluation of myriads of biomaterials. 

The proposed biomaterial screening method has other advantages in addition to 

providing real-time insights about the cell behavior in response to biomaterials. After SA 

staining, MSCs still possess the ability to differentiate [255], leaving the scope for 

utilizing other biomolecular assays. This approach precludes the need for long-term cell 

cultures thereby saving resources and time. There are a few caveats that need to be 

considered with as well. Our screening platform requires transparent biomaterials that 

are compatible with fluorescent imaging. Alternatively, fluorescence plate readers could 

be tested, but their sensitivity might be limited compared to microscope imaging. Next, 

there is a need for a rapid imaging system such as IN Cell Analyzer 6000 (GE healthcare) 

equipped with high-throughput imaging and atmosphere control for optimal cell health 

during imaging. In SMAT protocol, after changing the staining media, the SA intensity 

declines rapidly, so it is important to identify an appropriate time-window to achieve 

distinct trends in SA plot, otherwise missing early timepoints might result in poor 

resolution. We reported in chapter 3 that SA decay profile is influenced by cell passage 

number, therefore, appropriate controls need to be included for each imaging 

experiment.  
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5.2.3 Measuring actin turnover in 3D encapsulated hydrogel matrix 

 

The conventional monolayer tissue culture techniques provide a controlled robust 

platform to understand the basic physiology and functions of MSCs, however they do not 

represent the complex 3D microenvironment experienced by the cells in vivo. A 3D 

scaffold promotes intercellular interactions and provide favorable environment for MSC 

survival, differentiation and regeneration making them suitable for tissue engineering 

applications [293]. To quantify actin-remodeling dynamics in 3D, we conducted a 

preliminary study where MSCs were encapsulated in synthetic peptide based self-

assembling Puramatrix hydrogel system that mimics ECM with 3D nanoscale morphologic 

features [294]. After allowing the gelation of 1:1 1% puramatrix-cell mix for 1 hr, 100nM 

 

Fig. 5.5: Tracking changing actin dynamics within hydrogel encapsulated 

cells: MSCs seeded within Puramatrix hydrogels were induced with adiogenic media. 

SMAT analysis enabled quantification of change in actin turnover even in this complex 

milieu of soluble cues (induction media) and biophysical factors (hydrogel). 
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SiR-actin staining was done in basal media overnight. Unlike the tissue culture plastic-

ware or glass bottom dishes, where cells spread with distinct stress fibers, the soft hydrogel 

led to rounding up of cells. The staining media was removed, and washes were done with 

basal media to remove residual staining media. Subsequently, the encapsulated cells were 

incubated in either basal or adipogenic media and time-lapse imaging was done to capture 

z-stacks to image cells in different planes for 3 hrs. Subsequently, the maximum intensity 

projections of the z-stacks were made, and SiR-actin intensity was measured using imageJ. 

The SiR-actin intensity in each image was normalized to their first time-point and plotted 

with time. We could measure the reduced actin dynamics in response to the adipogenic 

media compared to the basal media (p<0.05 at 167 min) (Fig. 5.5). It is important to note 

that in 2D culture, spontaneous cell motility and change of cell shape can alter actin 

dynamics, but in the encapsulated cells, there was minimal cell movement or change in 

cell shape during the time-lapse imaging. So, the changing actin dynamics demonstrate 

cytoskeletal rearrangements mainly in response to the Adipogenic media. These results 

support the utility of SMAT for quantifying dynamics in a complex milieu of soluble cues 

in a 3D hydrogel system. To our knowledge, this is the first method that enables 

measurement of actin dynamics in 3D matrix encapsulated live cells, therefore needs 

further investigation. 

5.3. Follow up studies for advanced characterization SA intensity sorted stem 

cell subpopulations (SSPs) 

Actin cytoskeleton plays an important role in guiding MSC differentiation [185, 232]. In 

chapter 4, we reasoned that inherent actin turnover of MSCs could be used as a marker for 

differentiation potential. Subsequently, flow cytometry was used to isolate MSCs after SA 

labeling, in to 3 distinct sorted sub-populations (SSPs): “dim”, “intermediate” and 

“bright”, that represent cells with high, intermediate or low actin turnover. Interestingly, 
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we found distinct differentiation potential among these sub-populations. Future studies 

are warranted to better characterize the SSPs and decipher the underlying biological 

mechanisms. Following is the list of experiments that need to be conducted further for 

improved comprehension of the relationship between actin dynamics and stem cell 

functionality. 

• Cytoskeletal characterization of SSPs: With a view to check the status of 

actin polymerization status of the cells, F/G actin ratio will be measured by western 

blots [295]. Focal adhesion kinases play an important role as one of the key 

molecular sensors in the focal adhesion complex in regulating MSC morphology, 

differentiation and cell proliferation. Therefore, the distribution and density of 

FAK will be assessed by fluorescence imaging or western blots [296, 297]. 

Successful engraftment of stem cells is dependent on migration to the tissue of 

interest. Therefore, it is important to evaluate the cell migration among the SSPs 

[298]. In vitro migration will be evaluated using a transwell migration system as 

described in [299]. 

• Cell proliferation among SSPs: Use of MSCs in regenerative medicine is 

favored by their inherent ability to proliferate. To assess which groups possess the 

ability for highest proliferation, colony forming unit-fibroblastic capacity (CFU-F 

assay) and  proliferation assay and commercially available 5-ethynyl-2-

deoxyuridine (EdU) kit [300, 301]. 

• Differentiation proclivity assessment among SSPs: Previously (chapter 

4), we only conducted functional staining to assess differentiation (fast blue 

staining for osteogenesis, AdipoRed staining for adipogenesis). More insights 

could be obtained by including other assays and different time-points. For 

instance, qPCR could be conducted with early and late markers of MSC 
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differentiation to assess if one of the SSPs demonstrate accelerated lineage 

commitment.  Upon implantation, in-situ dedifferentiation might diminish the 

therapeutic effect of the stem cells. We would then evaluate the robustness of 

differentiation among SSPs by inducing dedifferentiation as described in chapter 

3 by replacing differentiation media with basal media. Lastly, we would test the 

SSPs for their chondrogenic potential which was not included previously. 

• Investigating cytoskeletal memory after sub-passaging SSPs: 

Following the cell sorting step, it is important to test if cells retain their unique 

actin dynamics among the sub-populations without getting diluted due to sub-

passaging. In chapter 4, SSPs were found to retain increased differentiation 

potential compared to unsorted cells up to 2 passages following cell sort. This data 

suggests that the MSC sub-populations possess cytoskeletal memory, allowing 

them to keep elevated differentiation potential after passaging. To test the notion 

of cytoskeletal memory, we will test 3 key features influenced by multiple 

passaging: proliferation, senescence and differentiation. The outcome could be 

significant if we manage to find the SSP with prolonged ability to proliferate and 

differentiate while expressing lower levels of senescence markers [302]. 

• Genetic and epigenetic analysis of SSPs:  If the aforementioned studies led 

to identification of SSP with higher tendency for differentiation or proliferation, it 

will be interesting to investigate the underlying mechanisms. Gene expression can 

be evaluated for genes involved in cell cycle, cytoskeleton, immunomodulation, 

differentiation, metabolism and senescence using trascriptome analysis [303]. The 

epigenetic landscape of the SSPs will be studied primarily focusing on histone 

modifications such as trimethylations as these have been well characterized by our 

group in the context of lineage commitment [165, 304].    
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• Multi-color cell sort:  In addition to the use of the primary fluorophore used in 

this thesis, SA, additional fluorescent reporters in cell sorting might help with 

generating SSPs with better functionality. For instance, one could repeat the cell 

sort of MSCs with a stemness surface marker (such as CD105 [305]) to ensure 

exclusion of non-naïve MSCs. Also, SA intensity-based cell sorting can be 

performed for iPSCs as well, along with pluripotency markers (such as OCT4, 

Nanog etc.[306]).  

5.4 Deciphering biological relevance of SA labeling by combinatorial labeling 

with cell function specific reporters 

We established SMAT pipeline for measurement of actin turnover in live cells (chapter 3), 

but it was limited to describing the correlation between an extracellular cue (such as 

differentiation media, cytoskeletal drugs etc.) and actin dynamics. Understanding the 

biological relevance of change in actin turnover requires additional cellular markers. In 

Chapter 4, co-expression of differentiation markers and SA intensity was demonstrated in 

iPSCs showing that slowdown in actin turnover is an early sign of lineage commitment, 

but this study was conducted with fixed cells. In future, a similar study but with live cell 

reporters might develop a better temporal model of early changes during lineage 

commitment in stem cells. 

5.4.1 Dynamic profiling of stem cell populations using SA labeling in 

conjunction with other cellular reporters 

Biological relevance of change in actin turnover could be enhanced by the addition of 

another live cell reporter to the SMAT protocol. For this study, one could consider a 

reporter with well-defined temporal roles in cell differentiation and actin cytoskeleton. 

RhoA, a member of family of GTPases, plays an important role in actin polymerization, 

proliferation and cell differentiation [307]. In MSCs, RhoA-ROCK signaling plays a 
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decisive role during lineage commitment, where its upregulation results in osteogenesis 

while downregulation results in adipogenesis [194, 218]. For RhoA visualization, a 

genetically encoded, single-chain biosensor with intramolecular fluorescence resonance 

energy transfer (FRET) can be used [308]. One approach could be to seed cells and allow 

attachment overnight. Next day, RhoA-biosensor would be transfected to the cells, along 

with SA staining overnight. The following day, cells would be imaged after stimulation 

with adipogenic and osteogenic media and fluorescence of both SA and RhoA-biosensor 

will be calculated based on change from the first timepoint. The 3D plots are likely to offer 

better temporal resolution among the test conditions. This approach could be extended to 

other studies as well where there is a need to evaluate RhoA-actin signaling axis. 

5.4.2 Single cell 4D spatiotemporal profiling of actin turnover  

One of the main strengths of our SMAT workflow lies in the low magnification imaging 

protocol that allows rapid imaging of cell populations across multiple conditions. But, this 

approach provides an average of the cellular response, instead of highlighting individual 

differences among the populations. We propose that by developing a high magnification 

imaging protocol, we will acquire z-stack images and perform volumetric evaluation of 

actin cytoskeletal dynamics in 3D. Further inclusion of a secondary reporter similar to 

section 5.4.1 would provide even richer dataset. By dual reporter imaging of single cells at 

high resolution, we will generate spatiotemporal heat maps highlighting the regions of 

high activity within a cell [Fig. 5.6.]. For instance, early signaling changes in MSCs during 

differentiation will be evaluated by co-expression of SA and RhoA-biosensor described in 

the previous section. Upon differentiation induction, we might notice elevated RhoA 

activity, leading to increase in level of actin polymerization i.e. higher actin turnover rates 

that will lead to more diffused expression of SA and vice versa. It will be interesting to 

highlight the regions within a cell that contribute to early change in cell state during 
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lineage induction. Furthermore, RhoA signaling belongs to the immediate-early gene 

category that can be activated and transcribed within minutes after stimulation. 

Therefore, this dual imaging of RhoA activity and actin turnover via SA labeling could 

provide novel insights to discern inside-out vs outside-in signaling in response to 

extracellular cues. Caveats with single cell imaging include higher risk of photobleaching, 

 

Fig. 5.6: Single cell SA kinetics coupled with another live reporter (e.g. 

RhoA-biosensor) for 4D data-acquisition: when stimulated with extracellular 

cues (such as growth factors), cells will respond differently and demonstrate 

spatiotemporal differences in RhoA-biosensor (A) or SA expression (B) (Note that 

these images are pseudocolored for illustrations only and not actually labeled with SA 

or RhoA). C, and D show representative data analytics after 4D profiling of actin 

turnover. By coupling two reporters, we will attain improved and earlier resolution 

among test conditions.  
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low data throughput and challenging image acquisition due to pronounced cell-movement 

at higher magnification.  
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