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Abstract 

 
Influencing cell fate decisions using physical and chemical cues 

 
By 

 
Junren Sia 

 
Joint Doctor of Philosophy with University of California, San Francisco in Bioengineering 

 
University of California, Berkeley 

 
Professor Song Li, Chair 

 
 

 Directed genetic reprogramming of cells from one identity to another offers tremendous 
potential in regenerative medicine, disease modelling and drug testing.  However, its application 
is limited by the low efficiency at which it occurs, and existing methods to improve efficiency 
mostly utilize additional molecular biology and biochemical manipulations. This thesis explored 
an alternative paradigm for improving reprogramming efficiency: presentation of physical cues. 
To this end, I first showed that simply agitating an adherent culture with an orbital shaker 
enhanced its efficiency of reprogramming to induced pluripotent stem cells (iPSCs). I further 
demonstrated that convective mixing of the culture medium by orbital agitation blunted the 
upregulation of CDK inhibitor p57/Kip2 that was caused by the culture becoming overconfluent, 
which in turn enhanced the efficiency of reprogramming to iPSCs. Next, I showed that culturing 
reprogramming cells on solid supports scored with microgrooves enhanced their reprogramming 
into cardiomyocytes. I demonstrated that the microgrooves caused upregulation of the activity 
of the transcription factor megakaryoblastic leukemia-1 (Mkl1) / myocardin-related transcription 
factor A (Mrtf-a) and also enhanced organization of sarcomeric structure, with both effects 
contributing to better reprogramming efficiency. In addition to physical cues, I also explored 
whether treatment with only small molecules could reprogram fibroblasts into skeletal muscle 
cells. Indeed, I found that an optimized basal medium (10% FBS in DMEM with 50 μg/ml of 
ascorbic acid and 50 ng/ml of basic fibroblast growth factor (bFGF)) containing just 2 small 
molecules— 616452 [an inhibitor of the protein kinase activity of the transforming growth factor-
beta (TGF-β) type I receptor (R1)] and forskolin (a plant diterpene that stimulates adenylyl cyclase 
and elevates the intracellular level of 3',5'-cyclic-AMP)—was sufficient to achieve reprogramming 
at high efficiency. In summary, this thesis described how both physical and chemical cues can 
contribute to enhancing the reprogramming of cell identity. 
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Chapter 1: Introduction 
  
 Today, we know that the forced expression of key lineage-associated transcription 
factors can remodel the transcription network of the target cell to phenotypically 
transdifferentiate it into another cell type. This concept was first demonstrated in 1987 when 
the overexpression of the skeletal muscle factor, MyoD, in fibroblast cell lines caused their 
transdifferentiation into myofibers [1]. Many years later, it was shown that the forced 
expression of C/EBPα / C/EBPβ in differentiated B cells led to their rapid reprogramming into 
macrophages [2]. The next prominent milestone was reached in 2006 when Takahashi and 
Yamanaka demonstrated that the overexpression of Oct4, Sox2, Klf4 and Myc could reprogram 
fibroblasts into induced pluripotent stem cells (iPSCs) [3]. Since then, there have been many 
studies demonstrating the reprogramming of fibroblasts to other cell types, such as 
cardiomyocytes [4], neurons [5] and hepatocytes [6]. Needless to say, the therapeutic potential 
of these discoveries is tremendous. Fibroblasts expanded from a patient’s skin biopsy can be 
reprogrammed into iPSCs and subsequently differentiated into target cell types for 
transplantation, disease modelling or drug testing. The delivery of the reprogramming factors 
to injured or diseased sites in situ can, in principle, also directly reprogram reactive or fibrotic 
cells into the desired cell types, as has been demonstrated in mouse models for heart ischemia 
[7] and central nervous system injury [8]. 
 
 There are, however, inherent limitations to these technologies. These constraints 
include the following:  (1) the efficiency of reprograming is low; (2) there are phenotypic 
disparities between reprogrammed and endogenous cells; (3) there is the potential for off-
target effects, such as unregulated growth that might lead to tumorigenicity. To address low 
efficiency, much work has been undertaken, but almost all of these approaches involve either 
additional genetic manipulations through overexpression or knocking down of more candidates 
such as transcription factors, signaling proteins, microRNAs and chromatin regulators, or the 
use of small molecules that interfere with the activities of enzymes involved in signaling 
cascades or chromatin structure regulation. The long term effects of these methods need to be 
fully characterized and potential off-target effects excluded before they can be deemed safe for 
therapeutic use.  
 
 This thesis explored an alternative paradigm for improving reprogramming efficiency: 
physical stimulation of the cells undergoing reprogramming. In doing so, I sought to avoid 
additional direct interference with the cells’ genetic and biochemical pathways while allowing 
the cells to regulate their functions in response to the physical cues applied, with the desired 
outcome of enhancing their reprogramming process. To this end, I showed that simply agitating 
the reprogramming cells on an orbital shaker, as well as culturing them on a grooved substrate, 
could significantly improve the efficiency of their reprogramming to iPSCs and cardiomyocytes, 
respectively. I provided some insights into the underlying mechanisms, which could have broad 
implications for understanding how mechanotransduction can affect lineage reprogramming.  
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 Transcription factors can effectively modulate the expression of many genes at once and 
thus their activities can bring about widespread changes in the cell’s transcriptome. Many 
transcription factors implicated in organ development and lineage specification have been well 
studied. In seeking to reprogram fibroblasts into another cell type, researchers typically start off 
by overexpressing a pool of candidate factors which they know, from previous works, are 
critical in the development of the target cell type, and then seek to narrow the pool down. By 
utilizing transcription factors, researchers can capitalize on their potency and also the wealth of 
existing knowledge on their functions. For these reasons, the first published successful 
reprogramming to the various cell types were all achieved by the overexpression of 
transcription factors, with different cocktails of factors identified for different cell types.  
 
 Recently however, multiple studies have been published describing that reprogramming 
can be achieved simply via the exogenous administration of small molecules. This approach has 
successfully converted fibroblasts into iPSCs [9,10], cardiomyocytes [11,12], neurons [13], 
astrocytes [14] and neural stem cells [15]. The key benefit of this approach is that it obviates 
the need for genetic manipulation, and is thus safer and more convenient. Reprogramming to 
other target cell types using only small molecules remains to be achieved. 
 

In Chapter 2, I showed that fibroblasts overexpressing Oct4, Sox2, Klf4 and Myc 
reprogrammed to iPSCs more efficiently when subjected to dynamic culture on an orbital 
shaker. The effect of dynamic culture on the cells was two-fold:  (i) it exerted hydrodynamic 
shear stress on the adherent cells; (ii) it mixed the culture medium convectively. Manipulating 
the viscosity of the culture medium suggested that the improved efficiency was mainly 
attributed to convective mixing rather than hydrodynamic shear stress. Temporal studies 
demonstrated that the enhancement of reprogramming efficiency required the orbital agitation 
in the middle, but not in the early or late phase of reprogramming. I went on to show how the 
enhancing effect of dynamic culture was mediated by down-regulation of p57 / Kip2 / CDKN1C 
(a known inhibitor of several classes of the cyclin-dependent protein kinases that drive 
mammalian cell cycle progression), and that dynamic culture synergized with small molecules 
treatment to further enhance reprogramming efficiency.  

 
In Chapter 3, I studied the effects of periodic mechanical stretch, substrate stiffness and 

microgrooved substrate on the yield of reprogramming from fibroblasts to cardiomyocytes. 
Subjecting reprogramming fibroblasts to periodic mechanical stretch and different substrate 
stiffness did not improve reprogramming yield. On the other hand, culturing the cells on 
microgrooved substrates enhanced the expression of cardiomyocyte genes by day 2 and 
improved the yield of partially reprogrammed cells. By combining a microgrooved substrate 
with an existing optimized culture protocol, I also improved the yield of fully reprogrammed 
cardiomyocytes with striated cardiac troponin T staining and spontaneous contractile activity. I 
demonstrated that the microgrooves caused upregulation of the activity of the transcription 
factor Mkl1 (megakaryoblastic leukemia-1), also known as myocardin-related transcription 
factor A (Mrtf-a), and enhanced the organization of sarcomeric structure, with both effects 
ultimately leading to better reprogramming efficiency.  
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 In Chapter 4, I reported the iterative screening of small molecules to identify candidates 
that can reprogram dermal fibroblasts into skeletal muscle cells. I found 2 chemicals, in 
combination with an optimized basal medium, which could efficiently induce skeletal muscle 
cells from dermal fibroblasts. I used FACs to deplete muscle progenitors and stem cells and 
selected for fibroblasts, and showed that skeletal muscle cells could be derived from such a 
starting population with the reprogramming medium. The reprogrammed population consisted 
of both progenitors and differentiated myocytes, and could fuse into mature beating myotubes 
when cultured in differentiation medium and, when injected into mice in vivo, successfully 
engrafted. 
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Chapter 2: Dynamic Culture Improves Cell Reprogramming Efficiency  
 

 Introduction 
 The forced expression of the transcription factors Oct4, Klf4, c-Myc, and Sox2 (OSKM) 
reprograms somatic cells into induced pluripotent stem cells (iPSCs)[3,16]. iPSCs possess similar 
pluripotent characteristics to embryonic stem cells, thus providing a readily available source of 
pluripotent stem cells for disease modeling and regenerative medicine applications. To force 
the overexpression of OSKM for achieving reprogramming, exogenous genetic constructs could 
be delivered and integrated into the host’s chromosomes through viral transduction[3]. Non-
viral approaches such as transfection of plasmids, synthetic mRNA and proteins could also be 
used to increase the levels of OSKM for reprogramming[17]. However, all these approaches 
result in different levels of OSKM being expressed in different cells due to the stochastic nature 
of transduction and transfection. This variegated expression levels could complicate 
mechanistic studies with bulk culture. To address this issue, transgenic mouse models have 
been developed[18,19]. These mice are genetically engineered to contain a doxycycline-
inducible cassette encoding OSKM as well as a reverse tetracycline-dependent 
transactivator cassette so that treatment with doxycycline would force the expression of 
OSKM[18,19]. Fibroblasts isolated from these mice exhibit homogenous level of OSKM 
expression upon doxycycline treatment so that read outs obtained from bulk cell culture are 
more reflective of general occurrences instead of possibly a few dominant events. In my 
studies, I have used fibroblasts isolated from such a transgenic mouse[19].  
 

 The efficiency of reprogramming is relatively low, ranging between 0.1% and 10% for 
most somatic cell types using the different methods for achieving OSKM overexpression[20]. To 
date, extensive work has been done to improve efficiency through further genetic 
manipulations[21–24]. For instance, controlled depletion of Mbd3, a core member of the 
Mbd3/NuRD (nucleosome remodelling and deacetylation) repressor complex, by 50% to 80% 
level together with OSKM transduction in naive pluripotency promoting conditions resulted in 
deterministic and synchronized iPSCs reprogramming[25]. Another work showed that 
fibroblasts from p53 null mice reprogrammed to iPSCs at 10% efficiency with just 
overexpression of Oct4, Klf4 and Sox2[26]. Besides genetic manipulations, reprogramming 
efficiency has been shown to be improved by treatment with small molecules [27–31]. For 
instance, it was shown that treating OSKM transduced MEFs with 2 mM of valproic acid, a 
HDAC inhibitor, for 1 week resulted in a 100 fold improvement in reprogramming efficiency[32]. 
Vitamin C, a natural compound, could also enhance iPSC generation by alleviating cell 
senescence, accelerating gene expression changes and promoting the transition of pre-iPSC 
colonies to a fully reprogrammed state[33].  

 
 Manipulating the biophysical environment of the cells can also improve reprogramming 

efficiency. Culturing fibroblasts on microtopography can modulate their epigenetic states to 
improve reprogramming efficiency by as much as 4 folds[34]. Subjecting the culture to hypoxic 
condition can also improve efficiency, although the underlying mechanism is not yet 
elucidated[35]. By using a cell suspension culture, higher yield of iPSCs can be obtained over 
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time[36]. Culturing fibroblasts on soft hydrogel can also improve efficiency by promoting 
mesenchymal to epithelial transition during the early phase of reprogramming[37]. Such 
biophysical approaches demonstrate the potential of adopting this paradigm in improving 
reprogramming efficiency. However, in most cases, the underlying mechanisms are not well 
understood. 

 
In this work, I demonstrated that agitating an adherent reprogramming culture 

(henceforth termed as dynamic culture) on an orbital shaker significantly increased the yield of 
iPSC colonies. Manipulating the viscosity of the culture medium suggested that the improved 
efficiency is mainly attributed to convective mixing rather than hydrodynamic shear stress. 
Temporal studies indicated that the enhancement of reprogramming efficiency required the 
dynamic culture in the middle but not early phase of reprogramming. In the early phase, 
fibroblasts had a high proliferation rate, but as the culture became over-confluent by the 
middle phase, expression of p57 was upregulated to inhibit cell proliferation and consequently, 
the reprogramming process. Subjecting the over confluent culture to orbital shaking from this 
point on prevented the upregulation of p57, thus improving reprogramming efficiency. Seeding 
cells at low densities to avoid over-confluency resulted in a lower efficiency, and optimal 
reprogramming efficiency was attained at a high seeding density with dynamic culture. These 
findings established dynamic culture as a new and simply implementable biophysical approach 
to improving reprogramming efficiency, and provided insights into its underlying mechanisms.  

 

 Materials and Methods 
2.2.1 Fibroblast isolation, cell culture and reprogramming 

Skin fibroblasts were derived from transgenic mice that carried doxycycline-inducible 
OSKM genes (stock no 011011, Jackson Lab). The four reprogramming factors, OSKM, were 
expressed from the collagen type 1 gene locus upon induction with doxycycline[38]. 1 day post-
partum mice were sacrificed by decapitation with a pair of sharp scissors. The skin was peeled 
off and floated on 0.05% freshly thawed trypsin overnight and the dermis was separated from 
the epidermis next day. The dermis was cut up and digested in 200U/ml collagenase II and 0.1% 
Trypsin at 37 °C for 30 minutes. The digesting mixture was mixed with fetal bovine serum (FBS) 
to quench the digestion enzyme activity and spun down. The pellet was plated on gelatin 
coated dish and expanded for 2 days in MEF medium (DMEM with 10% FBS and 1% 
penicillin/streptomycin). Thereafter, the culture was trpysinized, passed through a 40 μm filter 
and frozen down into aliquots in a medium containing 10% dimethyl sulfoxide (DMSO) and 90% 
FBS.  

For cell reprogramming experiment, fibroblasts were seeded into 6 well plates in MEF 
medium. Unless otherwise stated, cells were seeded at a density of 3000 cells/cm2. The next 
day, medium was replaced with reprogramming medium (KnockoutTM DMEM, 10% Knockout 
Serum ReplacementTM, 5% FBS, 1% penicillin/streptomycin, 1% Glutamax, 1000 U/ml LIF and 
2μg/ml doxycycline) to induce the expression of OSKM.   

For dynamic culture, the culture plates were placed on an orbital shaker in the incubator 
and, unless noted otherwise, agitated at 100 rounds per minute (rpm). At the indicated times, 
doxycycline was removed from the reprogramming medium to stop the exogenous expression 
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of OSKM, with all other medium components retained. For all experiments, media was changed 
once every 2-3 days.  

Reprogrammed iPSC colonies with three dimensional dome-like morphology and clear 
boundary were picked on day 20 and expanded in reprogramming medium for 4 passages. To 
form embryoid bodies (EBs), the iPSCs were suspended in 20 μl hanging drops at 2000 cells per 
drop for 3 days in EB medium (same as reprogramming medium but with LIF removed). The 
embryoid bodies were then plated on gelatin coated plate and cultured for an additional 9 days 
in EB medium to allow further spontaneous differentiation before fixation and staining. 

To measure cell doubling time, 104 doxycycline independent iPSCs reprogrammed in 
static and dynamic culture at passage 4 were seeded into each well of 6 well plate. Cells were 
counted 72 hours later. Population averaged doubling time, td, was calculated from the 
following equation: 𝑡𝑡𝑑𝑑 = 72 log2

log�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐10000�
. 

 
2.2.2 Immunofluorescence staining and microscopy 

For immunostaining, cells were fixed in 4% paraformaldehyde for 15 minutes, and 
permeabilized with 0.5% Triton-X 100 for 15 minutes. Cells were stained with the respective 
primary and secondary antibodies, and imaged with a Zeiss AxioObserver epi-fluorescent 
microscope. Refer to table 2.2 for list of primary antibodies. Secondary antibodies were Alexa 
Fluor 488 or Alexa Fluor 546 (ThermoFisher Scientific).  

To determine cell proliferation rate, EDU staining was performed by using Click-iT® EdU 
Alexa Fluor® 488 Imaging Kit (ThermoFisher Scientific). Samples were pulsed with 10 µM EDU 
for 30 minutes. Subsequent steps were performed according to manufacturer’s instructions.  
 
2.2.3 Quantification of reprogramming efficiency 

At the indicated time, culture was fixed and immunostained for iPSC markers Nanog and 
SSEA1. Stained samples were kept in phosphate buffered saline (PBS) and loaded onto 
ImageXpress Micro High-Content Analysis System (Molecular Devices) for automated whole 
well imaging at 4X magnification. The images were stitched using the MetaXpress Analysis 
Software (Molecular Devices) and loaded in Photoshop for colony counting. A transparent layer 
was created and positive colonies were marked and covered with a circular brush. The layer 
was then saved as a separate image and the number of circular marks were counted using 
ImageJ. Reprogramming efficiency was obtained by dividing the number of Nanog+ positive 
colonies by the total number of cells seeded at the beginning of the experiments. 
 For flow cytometry analysis, the culture was first treated with 500U/ml collagenase II 
dissolved in plain KnockoutTM DMEM for 15 minutes to partially digest the ECM, followed by 
trypsin treatment. The detached cells was triturated with progressively smaller needles to 
obtain a single cell suspension before incubation with StainAliveTM SSEA1 antibody (Stemgent) 
for 30 minutes. The suspension was spun down and washed with PBS two times before being 
analyzed with Guava (Merck Millipore).  
 
2.2.4 Reverse transcription-quantitative polymerase chain Reaction (RT-qPCR) 

At the indicated time, culture was lysed with Trizol (ThermoFisher Scientific) and RNA 
was extracted following the manufacturer’s instruction. RNA concentration was quantified with 
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Nanodrop 1000 (Thermo Scientific) and equal amount was loaded for cDNA synthesis using 
Maxima First Strand cDNA Synthesis Kit (ThermoFisher Scientific). cDNA was then loaded into 
96 well PCR plate with primers and Maxima SYBR Green qPCR Master Mix (ThermoFisher 
Scientific). Primer information is listed in table 2.1. Thermal cycling and data acquisition was 
performed on iQ5 system (Biorad). GAPDH used as housekeeping gene for nomalization. Data 
was analyzed with ΔΔCt method. 

 
Table 2.1 Primers used for RT-qPCR 

 Forward Reverse 
p21cip1  GCAGAATAAAAGGTGCCACAGG GACAACGGCACACTTTGCTC 
p27kip1  GTTTCAGACGGTTCCCCGAA TCTTAATTCGGAGCTGTTTACGTC 

p57  CGAGGAGCAGGACGAGAATC GAAGAAGTCGTTCGCATTGGC 
p16ink4a  CATCTGGAGCAGCATGGAGTC ATCATCATCACCTGAATCGGGG 

GAPDH forward TTGAGGTCAATGAAGGGGTC TCGTCCCGTAGACAAAATGG  
 
2.2.5 Western blotting analysis 
 To determine p57 expression, cells were lysed with a lysis buffer containing 20 mM Tris-
HCl, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and 10 mM NaF along with protease inhibitors 
(phenylmethyl sulphonyl fluoride, Na3VO4 and leupeptin). Lysates were centrifuged and the 
supernatants removed and quantified by Direct Detect® Infrared Spectrometer (Merck 
Millipore). For analysis of YAP/TAZ and β-Catenin localization, nuclear and cytoplasmic lysates 
were prepared with NucBusterTM Protein Extraction Kit (Merck Millipore) according to the 
manufacturer’s instructions.  
 Equal amounts of proteins were separated with SDS–PAGE and then transferred to 
polyvinylidene fluoride membranes. Membranes were blocked in either denatured 5% BSA 
(when staining for phosphorylated proteins) or 3% non-fat milk and then incubated with 
primary antibodies. Refer to table 2.1 for list of antibodies. Next, membranes were incubated 
with HRP-conjugated IgG secondary antibodies (Santa Cruz Biotechnologies) for one hour. 
Protein bands were visualized by using Western Lightning Plus-Enhanced Chemiluminescence 
Substrate (Perkin Elmer Life & Analytical Sciences). 
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Table 2.2 Antibodies information for immunofluorescence and Western blotting 
Antibody Company Catalogue no. Purpose 
Alpha-fetoprotein R&D MAB 1368 Immunofluorescence 
Sox17 R&D MAB 1924 Immunofluorescence 
Cardiac troponin T ThermoFisher Scientific MS 295P0 Immunofluorescence 
Smooth muscle 
actin 

Abcam ab 32575 Immunofluorescence 

Nanog Abcam ab 70482 Immunofluorescence 
SSEA Santa Cruz Biotech sc-21702 Immunofluorescence 
Sox2 EMD Millipore ab 5603 Immunofluorescence 
Oct4 Santa Cruz Biotech sc-5279 Immunofluorescence 
γH2AX Biolegend 613401 Immunofluorescence 
Yap Santa Cruz Biotech sc-101199 Western Blot 
Β-catenin Cell Signaling 8480P Western Blot 
p57 Santa Cruz Biotech sc-1037 Western Blot 
H3 Abcam ab 1791 Western Blot 
GAPDH Santa Cruz Biotech sc-32233 Western Blot 

 
2.2.6 Measurement of viscosity, shear stress and mixing rate  

Dextran was added to manipulate the viscosity of the culture medium. Measured 
amount of dextran was sterilized by incubation in boiling water bath for 30 minutes. The 
viscosity of medium with and without dextran at 37°C was measured with rheometer (MCR300, 
Anton Paar, Ashland, VA). 50 mm parallel plate at a gap height of 0.5 mm was used. A humidity 
chamber was placed around the sample to prevent dehydration. The lower plate temperature 
was regulated with a Peltier heating element connected to a recirculating water bath. Medium 
was sheared at different rates and the torque measurement was used to calculate viscosity by 
the equation η = 2Mh

𝜋𝜋Ω𝑅𝑅4
, where M is torque, h is distance between plates, Ω is rate of rotation 

and R is radius of plate. 
 The average shear stress 𝜏𝜏 at the bottom of the culture dishes on the orbital shaker was 
determined by the equation 𝜏𝜏 = 𝑅𝑅�ρη(2𝜋𝜋𝜋𝜋)3, where R is the radius of the dish, ρ is fluid 
density, η is dynamic viscosity and f is orbiting frequency [39]. 

To measure mixing rate, a spot of blue dye (3 μl) was added to the medium and the time 
taken for the spot to become completely homogenous with the medium recorded.  

 
2.2.7 siRNA transfection  

800 pmol of siRNA in 1ml DMEM and 20µl Lipofectamin 2000 (Invitrogen) in 1ml DMEM 
were incubated separately for 5 minutes and then mixed and incubated together for another 20 
minutes at room temperature. 500µl of the siRNA-lipid complex was added to the 
reprogramming medium in each well (total of 4 wells), and the medium was replaced after 6 
hrs. Transfection was performed every 48 hours for a total of 5 times. The following siRNAs 
were used: p57 siRNA (pool of 37621A-C, Santa Cruz Biotechnology); control siRNA (D-001810-
10-20, Dharmacon) 



9 
 

 Results 
2.3.1 Dynamic culture improved reprogramming efficiency 

I utilized neonatal skin fibroblasts with doxycycline-inducible OSKM transgenes for our 
experiments[19]. The cells were seeded at 3000 cell/cm2 and reprogramming was induced the 
next day. Orbital shaking was started one day after. Doxycycline was withdrawn on day 16 and 
Nanog+ colonies were counted on day 20 (Fig. 2.1A). Dynamic culture significantly increased the 
reprogramming efficiency by 2 folds (Fig. 2.1B, 2.1C). I also ran flow cytometry analysis for 
SSEA1, a surface marker of iPSCs, to quantify efficiency at individual cell level. Consistently, the 
percentage of SSEA1+ cells was increased by 3 folds for dynamic culture (Fig. 2.1D).  

Figure 2.1 Effect of dynamic culture on cell reprogramming efficiency. A) Schematics of experiment. 
Doxycycline was added from day 0 to 16. Dynamic culture was applied from day 1 onwards. B) Whole well 
image of Nanog+ colonies. Scale bar denotes 100 µm. C) Quantification of reprogramming efficiencies. 
Efficiency was calculated by normalizing number of Nanog+ colonies by number of cells seeded. (*p<0.05. 
n=6.) D) Percentage of SSEA1+ cells quantified by flow cytometry. 
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iPSCs colonies obtained under dynamic culture were picked on day 20, expanded for 4 
passages and then stained for Oct4 and Sox2 (Fig. 2.2A). Embryoid bodies formed with the 
expanded iPSCs were allowed to spontaneously differentiate. Differentiated cells stained 
positive for markers from the 3 germ layers (Fig. 2.2B), indicating that the iPSCs obtained under 
dynamic culture were pluripotent. I also compared the doubling times for iPSCs derived under 
dynamic and static culture, and found them to be similar (Table 2.3).  To assess the long term 
self-renewal and pluripotency of the iPSCs obtained under dynamic culture, I cultured them for 
a total of 28 days after picking. After 28 days, they stained positive for pluripotency markers 
Nanog, SSEA1 and Oct4 (Fig 2.3A) and formed 3 germ layers upon spontaneous differentiation 
(Fig 2.3B), indicating that they maintained their self-renewal capability and pluripotency long 
term.  

 
 

 
 
 

Figure 2.2 Characterization of the pluripotency of iPSCs. A) Picked iPSC colonies were stained for Oct4 and 
Sox2. B) iPSCs derived under dynamic culture were used to form EBs and allowed to spontaneously 
differentiate. Differentiated cells were stained for markers from the 3 germ layers. AFP is alpha fetoprotein, 
SMA is α-smooth muscle actin and cTnT is cardiac troponin T. Scale bars denote 100 µm. 
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Table 2.3 Cell cycle time of iPSCs derived under static and dynamic culture. 
 Static Dynamic 
 Cell 

count 
td (hrs) Cell 

count 
td(hrs) 

261000 15.3 256000 15.4 
245000 15.6 245000 15.6 
231000 15.9 285000 14.9 

Average 246000 15.6 262000 15.3 
Doubling times between the two conditions were not statistically significant according to t-test (p=0.33). 

 
 

 
Figure 2.3 Characterization of iPSCs on day 28. A) Picked iPSC colonies from dynamic culture were cultured for 28 
days and stained for pluripotency markers. B) iPSCs from A were subjected to EB formation and spontaneous 
differentiation. 3 germ layers were formed.  
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To assess if mechanical shear stress exerted on cells by dynamic culture could cause 
chromosomal aberrations through, for instance, inducing DNA double-stranded break, I stained 
the reprogramming culture with antibody targeting γH2AX. H2AX is a variant of the histone H2A 
family, which in response to DNA double-strand breaks becomes phosphorylated into the form 
known as γH2AX[40]. On day 8, I observed no positive staining in nascent colonies in both 
dynamic and static culture (Fig. 2.4A). On day 20, I observed some staining for γH2AX in 
reprogrammed Nanog positive colonies in both dynamic and static culture (Fig. 2.4B). This 
positive staining could be attributed to a higher basal level of γH2AX in iPSCs, as has been 
reported[41]. More importantly, the intensity of γH2AX staining was not significantly different 
between dynamic and static culture (Fig 2.4B), indicating that dynamic culture did not cause 
additional double stranded breaks. 

 
Figure 2.4 Dynamic culture did not induce double stranded break. A) Reprogramming culture under dynamic and 
static conditions were fixed and stained for Nanog and γH2AX on day 8. Nascent colonies were imaged. Scale bar 
denotes 100 µm. B) Reprogrammed culture was fixed and stained on day 20. Images are shown on the left. Scale 
bar denotes 100 µm. Scatter plot of γH2AX intensity is shown on the right.  
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2.3.2 Time course study revealed the optimal period for dynamic culture  
I next sought to establish the optimal period of dynamic culture to improve 

reprogramming efficiency. Applying shaking during the early phase (D2-D6) inhibited 
reprogramming, and during the late phase (D12-D20) resulted in no significant change. The 
greatest improvement was obtained when shaking was applied from day 6 onwards (Fig. 2.5). 
Close examination of cell culture showed that day 6 was when the reprogramming culture 
became confluent. I therefore hypothesized that from this time point onwards, the confluence 
of the cells had a negative effect on reprogramming, and that dynamic culture ameliorated 
some of these effects to improve reprogramming efficiency. 
 

 
Figure 2.5 Time course for dynamic culture. Orbital shaking was applied at different time points as indicated by 
the graph on the left, with the corresponding reprogramming efficiency indicated on the right. (*p<0.05. n=3.) 
 
2.3.3 Dynamic culture ameliorated negative effect of over-confluence on reprogramming 

First I sought to establish the effect of cell density on reprogramming. I seeded cells at 
3000, 5000 and 7000/cm2 and added doxycycline for 16 days and fixed cells on day 20. 
Reprogramming efficiency dropped significantly as seeding density increased (Fig. 2.6A). I then 
determined whether the negative effect of higher seeding density on reprogramming efficiency 
was manifested only after the culture became confluent. I replated the reprogramming culture 
at day 6 to a lower density (10000/cm2) to see if reprogramming efficiency was improved. 
Indeed, after being relieved of their confluent niche, reprogramming efficiency of the cells was 
significantly improved to the same level for all 3 initial seeding densities (Fig. 2.6A). To rule out 
the possibility that reseeding in itself affects reprogramming efficiency, I also trypsinized and 
reseeded all of the cells without adjusting the cell density. As a result, reprogramming efficiency 
was comparatively much lower (Fig. 2.6A). Therefore, I concluded that the negative effect of 
higher seeding densities on reprogramming manifested after the density of the culture has 
grown beyond a certain threshold. 
 Next, I tested if dynamic culture applied post-confluence could then rescue 
reprogramming efficiency at the three high seeding densities. Simply, I started orbital shaking 
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from day 6 onwards for the different cell densities and quantified Nanog+ colonies at the end. 
Indeed, reprogramming efficiencies were significant improved for all three seeding densities 
(Fig. 2.6B).  
 I then asked the question: At a sufficiently low seeding density, would reprogramming 
efficiency be higher and dynamic culture not have any effect anymore? To answer this, I seeded 
cells at 500 and 1000/cm2, induced them with doxycycline at day 0 and applied orbital shaking 
from day 6 onwards. Results showed that dynamic culture did not affect reprogramming 
efficiency at these low densities (Fig. 2.6C). Additionally, the efficiencies were several folds 
lower than high density dynamic culture. One explanation is that cell-cell communications such 
as juxtacrine signaling important for reprograming might take place less effectively at lower 
seeding densities[42].  
 

 
 

Figure 2.6 Effects of cell seeding density. A) 
Reprogramming efficiencies after reseeding cells 
on day 6. Fibroblasts were initially seeded at 
different densities and, on day 6, either 
reseeded to a lower density of 10000/cm2 (grey 
bars) or reseeded without any adjustment in cell 
density (white bars). (*p<0.05. n=3.)  B) 
Reprogramming efficiencies for static and 
dynamic culture at different initial seeding 
densities. Dynamic culture was started on day 6 
onwards. (*p<0.05. n=3.) C) Cells were seeded at 
low seeding densities (500 and 1000/cm2), and 
reprogrammed under static or dynamic culture 
(starting at day 6). (*p<0.05. n=3.) 
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2.3.4 Mixing rather than shear stress conferred the beneficial effect of dynamic culture 
Cells subjected to dynamic culture experience both convective mixing and 

hydrodynamic shear stress compared to static culture. Convective mixing could enhance the 
transport of cytokines, nutrients and metabolic products to regulate cell signaling, and 
oscillatory hydrodynamic shear stress can trigger various mechanotransduction pathways in 
cells, some of which could directly or indirectly affect the reprogramming process.  I thus 
sought to find out which of these two phenomena contributed to the beneficial effect of 
dynamic culture.  

 
Our approach was to use dextran to adjust the viscosity of the medium so that I could 

apply similar magnitude of shear stress with different rates of mixing. By increasing viscosity, I 
obtained the same magnitude of shear stress at a lower frequency of orbit. I added 1% high 
molecular weight dextran (5 million to 60 million Da.) to the culture medium to increase the 
viscosity of the medium from 0.912 mPa.s to 4.21 mPa.s, as measured by rheometry (Fig. 2.7A). 
Addition of dextran did not alter the Newtonian property of the medium as viscosity remained 
constant across different shear rates (Fig. 2.7A). To ensure that dextran in itself did not 
significantly affect the reprogramming process, I reprogrammed cells seeded at 1000/cm2 with 
and without dextran under static condition, and I observed a similar reprogramming efficiency 
(Fig. 2.7B). The size and morphology of the colonies were indistinguishable between the two 
conditions (Data not shown).  

 
I then reprogrammed cells seeded at 3000/cm2 statically and dynamically at 60 rpm and 

100 rpm, with and without dextran (Fig. 2.7C). Under static condition, the reprogramming 
efficiency was slightly lower for dextran medium than no-dextran medium (Fig. 2.7C), although 
this was not observed for cells seeded at 1000/cm2 (Fig. 2.7B).  At these two rotation rates, 
shear stress exerted by dextran medium at 60 rpm (DM 60) and no-dextran medium at 100 rpm 
(NDM 100) is both equivalent to 3.2 dyne/cm2 according to equation 2 (Materials and 
Methods). On the other hand, rate of convective mixing is lower for DM 60 than NDM 100 as 
the higher viscosity and lower rate of agitation would lead to less bulk motion of the medium. I 
confirmed this by measuring the time it took for a spot of blue dye to mix completely for DM 60 
and NDM 100. DM 60 took 311 seconds, while NDM 100 took 21 seconds, a difference of 15 
folds. If shear stress is the dominant attributable factor, I would expect efficiencies to be similar 
between these 2 conditions. If mixing is the dominant factor, efficiency would be lower for DM 
60. The results showed that the reprogramming efficiency was significantly lower for DM 60, 
indicating that mixing is the dominant factor (Fig. 2.7C). At 100 rpm, reprogramming efficiency 
was similar for the media with and without dextran, even though shear stress was different (7.0 
dyne/cm2 for dextran and 3.2 dyne/cm2 for no-dextran). This suggests that at 100 rpm, the rate 
of mixing is sufficiently high even for a medium with higher viscosity to enhance 
reprogramming efficiency. 
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Figure 2.7 Effect of mixing and shear stress on reprogramming efficiency. A) Rheometer measurement of viscosity 
against shear rate for media with and without 1% dextran. B) Reprogramming efficiencies for media with and 
without dextran. Fibroblasts were seeded at 1000/cm2 and reprogrammed under static culture condition. C) 
Reprogramming efficiency for fibroblasts seeded at 3000/cm2 for various conditions. Dotted box indicates the two 
experimental conditions with the same magnitude of shear stress but different mixing rate. (*p<0.05. n=3)  
 
2.3.5 Effect of dynamic culture on mechanosensitive proteins YAP and β-catenin 

To explore the underlying mechanisms of how dynamic culture enhanced 
reprogramming, I examined the effects of dynamic culture on mechanosensitive signaling 
molecules YAP and β-Catenin. YAP is a transcriptional coactivator in the Hippo pathway and 
plays crucial roles in embryonic stem cell self-renewal and iPSCs reprogramming[43]. It 
translocates to the cytosol and becomes inactivated when cell density become too high, but 
can be reactivated by mechanical cues[44]. β-catenin is a transcriptional coactivator in the Wnt 
pathway, and its activation and translocation into nucleus are critical in the later stage of 
reprogramming [45][46]. β-catenin itself has also been found to be responsive to shear stress 
[47]. Importantly, both proteins have been implicated in contact inhibition and cell cycle arrest 
[48][49][50]. 

 
 I started dynamic culture on day 6 for 48 hours before fixing and staining. I observed 
two main categories of cells in the reprogramming culture as described in previous literature: 
Emerging colonies and refractory cells (Fig 2.8A-B). Confocal image showed that localization of 
YAP and β-catenin was indistinguishable between the static and dynamic culture for both 
categories of cells (Fig. 2.8A-B). In addition, I performed Western blotting analysis of the bulk 
nuclear and cytoplasmic fractions and the results substantiated this observation (Fig. 5C). As an 
interesting side note, YAP was restricted to the cytoplasm for the emerging colonies, but 
showed both cytoplasm and nuclear localization in refractory cells (Fig. 2.8A-B). 
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Figure 2.8 Effect of dynamic culture on mechano-
sensitive proteins. A-B) Confocal microscope images for 
emerging colonies and refractory cells on day 8 for static 
and dynamic culture. Dynamic culture has been applied 
for 48 hrs. Scale bar denotes 100 µm. C) Western 
blotting analysis of cytoplasmic and nuclear fractions for 
samples in A and B.  
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2.3.6 Effect of dynamic culture on reprogramming efficiency was mediated by p57 expression 
level 

I further explored other pathways that may be regulated by dynamic culture. I know 
that a high proliferation rate is required for reprogramming [51], and that proliferation rate is 
inhibited when density becomes too high [52]. Therefore, I measured the transcript level of 
cyclin dependent kinase inhibitors (CDKi) from the Cip/Kip (p21, p57, p27) and Ink4 (p16) family 
for the static and dynamic culture on days 4 and 8 with RT-qPCR. For the dynamic culture 
sample, orbital shaking was applied from day 6 onwards. Of all the CDKis, mRNA level of p57 
was upregulated 2-fold for the static culture from day 4 to day 8, but not so for the dynamic 
culture (Fig. 2.9A). Protein level as measured by Western blot also confirmed this observation 
(Fig. 2.9B). 
 I then further determined whether cell proliferation rate for static culture was lower. 
Specifically, I examined cells that are poised to undergo reprogramming. Expression level of 
Thy1 can be used as an early negative marker of reprogramming. Cells negative for this marker 
after four-factor induction are poised to undergo successful reprogramming [53]. Cells on day 8 
were pulsed with EDU for 30 minutes before being fixed, stained and subjected to flow 
cytometry. The Thy1- fraction showed a lower proportion of EDU staining for static culture, 
implying that proliferation rate was indeed inhibited (Fig. 2.9C).  
 I next examined what caused p57 expression to be upregulated from day 4 to day 8. I 
hypothesized that the overconfluency of the culture from day 6 onwards promoted cell cycle 
arrest and upregulation of p57. I carried out 2 experiments to test this hypothesis. In the first 
experiment, on day 4 and day 8, I quantified p57 expression level of reprogramming cultures 
that were initially seeded at 1000 and 3000 cells/cm2, and observed upregulation of p57 for 
3000 cells/cm2 but not 1000 cells/cm2 (Fig. 2.9D). This is in line with the observation that 
culture seeded at 1000 cells/cm2 did not become confluent until day 12 or so, whereas culture 
seeded at 3000 cells/cm2 became confluent from day 6 onwards. In the second experiment, I 
trypsinized and reseeded either a portion of the reprogramming cells on day 6 to a lower 
density or all of the cells to the same density as before. Cells seeded to a lower density did not 
upregulate p57 while those seeded to the same density did. Results from both experiments 
indicated that the upregulation of p57 in reprogramming cells was caused by the culture 
becoming over confluent.  
 Overconfluence of the culture led to upregulation of p57, and dynamic culture 
prevented it. Therefore, I hypothesize that the effect of dynamic culture on reprogramming 
efficiency was mediated through p57 regulation. To test this hypothesis, I performed siRNA 
knockdown of p57 in the static reprogramming culture to see if I could recapitulate the effect of 
dynamic culture. I transfected static reprogramming culture from day 6 onwards with either 
p57 siRNA or non-targeting control every 48 hours until day 14. 48 hours after the first 
transfection, I quantified p57 expression by RT-qPCR and confirmed that p57 transcript level 
was knockdown by about 50% (Fig 2.9F), which was the same extent of downregulation by 
dynamic culture (Fig 2.9A). By day 20, the reprogramming efficiency for the static culture with 
p57 siRNA knockdown was improved to the same level as that for dynamic culture (Fig 2.9G), 
indicating that downregulation of p57 with siRNA knockdown recapitulated the effect of 
dynamic culture.  
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Figure 2.9 Effect of static and dynamic culture on cell cycle. A) RT-qPCR for various Cyclin Dependent Kinase 
Inhibitors. (*p<0.05. n=3.) B) Western blot for p57 to verify A) at protein level. C) Flow cytometry for EDU staining 
on day 8. D) p57 expression of static reprogramming cultures over time at different seeding densities. (*p<0.05, 
compared to 3000 cells/cm2, Day 4. n=3.) E) Reprogramming culture initially seeded at 3000cells/cm2 was reseeded 
to lower density (LD) of 10000 cells/cm2 or same density (SD) on day 6 and RT-qPCR was performed on day 8. 
(*p<0.05, compared to Day 4. n=3.) F) p57 siRNA was transfected into reprogramming culture on day 6 and RT-
qPCR was performed on day 8. (*p<0.05, n=3) G) Reprogramming efficiency of cultures transfected with p57 siRNA. 
(*p<0.05, compared to static, non-targeting control. n=3.)  
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2.3.7 Dynamic culture synergized with small molecules to improve reprogramming efficiency 
 Addition of small molecules to the reprogramming media can improve reprogramming 
efficiency (reviewed in [54]). In particular, valproic acid, a HDAC inhibitor, and 616452, an Alk5 
inhibitor, have been reported to improve efficiency significantly by at least several folds[55–57]. 
The exact mechanisms by which these chemicals improved reprogramming efficiency were not 
elucidated. I hypothesized that if these chemicals act via biological pathways that are 
orthogonal to p57 regulation, dynamic culture will have an additive or synergistic effect with 
them. I added 2 mM of valproic acid and 1 µM of 616452 to the reprogramming media for the 
first 16 days during the doxycycline induction phase, and withdrew the chemicals together with 
doxycycline from day 16 onwards. Dynamic culture was started from day 6 onwards. Dynamic 
culture alone without any chemicals added improved efficiency by 2.5 folds (Fig 2.10A, B). 
Valproic acid improved efficiency by 4.5 folds under both static and dynamic culture (Fig 2.10A, 
B). 616452 improved efficiency by 3 folds under static culture, but by 7 folds under dynamic 
culture (Fig 2.10A, B). Therefore, dynamic culture did not have any synergistic effect with 
valproic acid, but synergized with 616452 to improve efficiency multiplicatively.  
 

 

Figure 2.10 Dynamic culture synergized with 616452 to 
improve reprogramming efficiency. A) Representative 
whole well images of reprogrammed culture stained with 
Nanog. Scale bar denotes 10 mm. B) Quantification of 
Nanog positive colonies for different treatments. 
(*p<0.05, compared to static with no chemicals. n=3. 
#p<0.05.) 
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 Discussion 
Previous works have demonstrated the importance of cell proliferation on 

reprogramming[58][51][59][60] although the underlying reasons have not been elucidated yet. 
One possibility is that the extensive nuclear changes occurring during cell division allow the 
epigenome to be modified for the core-transcriptional circuitry of pluripotency to be 
established.  For instance, it has been suggested that the large-scale remodeling of three 
dimensional chromatin architecture occurring during a brief period in early G1 phase may 
provide a window of opportunity to influence cellular identity in response to extracellular 
cues[61]. Another possibility is that the chromatin is in a less condensed state immediately 
following DNA replication, and this allows the Yamanaka factors to form transcription 
complexes at otherwise inaccessible pluripotency genes loci and subsequently turn on their 
expression[62].  During the initial phase of reprogramming, all cells undergo a dramatic 
increase in proliferation rate[63], and the culture would inevitably become over-confluent at 
some point. I demonstrate that this causes an upregulation of p57 and inhibits reprogramming 
through the inhibition of cell proliferation. By subjecting the culture to orbital shaking, 
upregulation of p57 is prevented and reprogramming efficiency is dramatically improved. 
Expression level of p57 has been directly implicated in reprogramming efficiency[64]. Reseeding 
the culture to a lower density upon reaching confluency could also improve efficiency, but not 
to the same extent as dynamic culture(Fig 2.6A-B), suggesting that the process of reseeding in 
itself is detrimental, as has been described before[65].  

 
 One question is then whether low seeding density could avoid over-confluency and thus 
obviate the need for dynamic culture in improving reprogramming efficiency. However, I 
demonstrated that this is not the case as reprogramming efficiency for sparsely seeded cells 
cultured statically is lower than more densely seeded cells cultured dynamically. Previous work 
has shown that E-cadherin mediated cell to cell contact is critical for reprogramming [42]. This 
and perhaps other juxtacrine signaling critical to reprogramming cannot occur effectively when 
seeding density is low. Under static condition, increasing seeding density allow such signaling 
processes to take place but also introduces the problem of over-confluency and inhibition of 
cell proliferation through upregulation of p57. Applying dynamic culture to sufficiently densely 
seeded culture mitigated the upregulation of p57, thus allowing optimal reprogramming 
efficiency to be obtained. Reprogramming efficiency was not improved by dynamic culture for 
sparsely seeded cells(Fig 2.6C). Confluency was never reached for 500 cells/cm2, thus explaining 
why dynamic culture did not improve efficiency at this seeding density since it exerted its 
beneficial effect only post confluence. Confluence was reached for 1000/cm2 typically after day 
12 and by then, cells probably have undergone sufficient number of divisions to be 
reprogrammed successfully. 
 
 To decouple the effect of convective mixing from hydrodynamic shear stress, I applied 
similar shear stress at different shear rates by adjusting the viscosity of the medium with 
dextran. Our results suggest that the beneficial property of dynamic culture is mainly attributed 
to mixing. However, the highest shear stress applied for all the experimental conditions was 7 
dyne/cm2, which might not be high enough to stimulate the mechanotransduction pathways 
that affect reprogramming. Improving the transport rate of solutes through convective mixing 
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has two effects: first, more efficient removal of metabolic wastes and inhibitory cytokines from 
the cells; secondly, more efficient supply of nutrients to the cells. Either or both of these could 
contribute to maintaining cell proliferation rate post-confluence and improving successful 
reprogramming outcome.  
 

In general, apart from direct cell to cell contact[66], contact inhibition could possibly be 
mediated by the local buildup or depletion of soluble factors[67], in which case dynamic culture 
could abolish these local gradients simply by bulk mixing. It will be interesting to study if this 
effect of dynamic culture on cell proliferation via p57 regulation manifests beyond the 
reprogramming context. If so, dynamic culture can be broadly applied to the expansion of 
adherent cell culture for regenerative medicine purposes.  

 
 I compared the effect of dynamic culture to small molecules boosters of reprogramming 
and test for synergistic effects between the two. Dynamic culture did not synergize with 
valproic acid, suggesting that both of them could be acting along related pathways to improve 
efficiency. For instance, it has been reported that valproic acid prevented senescence in 
reprogramming cells possibly by downregulating p16 and p21 expression[55]. The functions of 
p57, p16 and p21 overlap to some degree in that they all inhibit the activity of Cyclin 
Dependent Kinases 4 and 6[68–70]. Thus, by downregulating p16 and p21, valproic acid could 
be inducing the same effect as downregulation of p57 by dynamic culture. On the other hand, 
dynamic culture synergized with 616452 to improve reprogramming efficiency. This suggested 
that p57 upregulation still posed as a barrier to reprogramming in 616452 treated culture, and 
dynamic culture helped remove this barrier. In fact, it was noted that 616452 treatment 
resulted in higher cell number during the starting phase of reprogramming, thus possibly 
exacerbating overconfluency and p57 upregulation[56]. Thus, dynamic culture could be 
mitigating this undesirable side effect, thus further enhancing the effect of 616452 treatment 
on reprogramming efficiency.  
 

In conclusion, over confluency in reprogramming cultures inhibit cell proliferation and 
subsequently reprogramming efficiency. Dynamic culture could ameliorate this heretofore 
unaddressed phenomenon to easily and effectively improve reprogramming efficiency.  
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Chapter 3: Effect of Biophysical Cues on Reprogramming to 
Cardiomyocytes 
 

 Introduction 
Fibroblasts were first demonstrated to be capable of being reprogrammed into 

cardiomyocytes by the forced expression of three transcription factors: Gata4, Mef2c and 
Tbx5[4]. However, the efficiency of this process is low and only about 0.01%-0.1% of the 
starting population become beating cardiomyocytes. Since this possibility was demonstrated 
about 5 years ago, much effort has been undertaken to improve the efficiency of this process, 
as reviewed in ref [71]. These approaches can be broadly classified into addition of miRNAs[72–
74], small molecules[75], proteins[76] and modification of transcription factors[77–80]. More 
recently, it has also been shown that the addition of fibroblast growth factor (FGF) 2, FGF10 and 
vascular endothelial growth factor (VEGF) to serum free culture media significantly increased 
the yield of beating cardiomyocytes[81], demonstrating that culture conditions could also affect 
reprogramming efficiency. 

 
Cells sense and respond to physical cues in their environment. In the previous chapter, I 

have described some biophysical approaches demonstrated to improve efficiency of 
reprogramming to iPSCs. For reprogramming to other somatic cell types, literature 
demonstrating the enhancing effect of biophysical cues is scarce, with only one work showing 
that microtopography can enhance reprogramming to neurons[82].  

 
Nevertheless, various physical cues have been amply demonstrated to have positive 

effects on the development of cardiomyocytes. Mechanical stretching improved the maturation 
of cardiomyocytes that were differentiated from mesenchymal stem cells [83]. Softer 
substrates favored the maturation of neonatal cardiomyocytes in terms of sarcomere assembly, 
calcium transients and gene expression[84,85]. Microgrooves have been found to enhance the 
differentiation and maturation of cardiomyocytes[86–88] from stem cells.  

 
Therefore, the effects of physical cues on cell reprogramming and on cardiomyocyte 

development have been separately established, and this work studied the effects of several 
biophysical cues on direct reprogramming from fibroblasts to cardiomyocytes. 

 
I screened the effect of cyclical mechanical stretch, substrate stiffness and microgroove 

on efficiency of reprogramming from fibroblasts to cardiomyocytes, and found an enhancement 
in the induction of cardiomyocyte-like cells with microgroove. Long term culture on 
microgroove combined with an optimized culture protocol[81] further increased the yield of 
completely-reprogrammed beating cells compared to flat surface. I also showed how 
microgroove improved reprogramming to cardiomyocyte by regulating Mkl1 activity and also 
enhancing organization of sarcomeric structure. This work established how topographical cues 
can affect reprogramming to cardiomyocytes and provided insights into the underlying 
mechanisms. 
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 Materials and Methods 
 
3.2.1 Cell culture and reprogramming 

To obtain tail tip fibroblasts, neonates of αMHC-GFP transgenic mouse[4] were 
sacrificed by decapitation and the tail tips excised. Tail tips were digested with 2 mg/ml 
collagenase for 30 minutes and plated for explant culture. After a week, cells were frozen down 
into aliquots. To obtain Thy1+/GFP- cardiac fibroblasts, hearts from neonates were digested 
with 2 mg/ml collagenase and cultured for 3 days in growth media. Cells were then passed 
through a 40 µm cell strainer and incubated with APC conjugated anti-Thy1 antibody 
(eBioscience, 17-0909-41) before sorting with BD Bioscience Influx Sorter. 

To make Gata4, Mef2c, Tbx5 and Mkl1 retroviruses, Platinum E cells were transfected 
with pMX plasmids encoding these genes using Fugene 6 overnight. Media was replaced the 
next day, collected after 24 hours and passed through a .45 um syringe filter. This virus 
containing media was used within the same day to transduce seeded fibroblasts. 
 For reprogramming experiments, fibroblasts were seeded onto tissue culture plates and 
then transduced with virus overnight. Transduced fibroblasts were then reseeded onto the 
various substrates, which have been prepared as described below, at 10000 cells/cm2. Media 
was changed to DMEM/M199, 10% FBS, 1% NEAA, 1% Pen/Strep (reprogramming media) and 
replaced every 3 days.  

For optimized culture to obtain beating cells[81], transduced fibroblasts were cultured 
in reprogramming media for the first 2 weeks. For the next 2 weeks, media was switched to 
StemPro-34 SF medium (GIBCO) with 1X GlutaMAX (GIBCO), 1% Pen/Strep, 50 μg/ml ascorbic 
acid (Sigma Aldrich), 5 ng/ml recombinant human VEGF (R&D Systems), 10 ng/ml recombinant 
human bFGF ( R&D Systems), and 50 ng/ml recombinant human FGF10 (R&D Systems). 

 
3.2.2 Fabrication of stretching device 
Refer to Appendix A 
 
3.2.3 Polyacrylamide gels fabrication 

Protocol for fabricating hydrogel substrate was adapted from previously published 
work[89]. 22 mm by 22 mm coverslips were soaked in 2N NaOH for 20 mins, rinsed in DI water 
and dried by N2. Coverslips were then treated for 5 mins in a 1% (v/v) 
methacryloxypropyltrimethoxysilane (Gelest), 94% (v/v) methanol (MeOH), 5% (v/v) water 
solution with glacial acetic acid added to a final concentration of 1mM. Thereafter, coverslips 
were rinsed thoroughly in methanol before being oven baked at 110°C for 30 minutes. 
Polyacrylamide gel solutions were prepared with varying concentrations of acrylamide and Bis 
acrylamide to vary rigidity. N-acryloyl-6-aminocaproic acid (ACA, TCI) monomer was added to a 
final concentration of 100 mM. Rigidities for the various formulations were confirmed by 
rheometry (Appendix B). Ammonium persulfate (Biorad) and TEMED (Sigma Aldrich) were 
added to the gel solutions to a final concentration of 0.1% and mixed briefly. 25 µl of the 
polymerizing solutions were quickly placed on a Gel SlickTM (Lonza) treated glass slide before 
the silanized coverslips were placed on top. The gels were allowed to polymerize for 2 hours 
before being peeled off from the glass slide. The gels were sterilized in 70% ethanol for 15 



25 
 

minutes and rehydrated in MES buffer (0.1 M2-(N-morpholino) ethanesulfonic acid, pH 6.2). 
Then, the carboxyl groups of the ACA were activated with 0.2 M EDC and 0.5 M NHS 
(Thermofisher Scientific) in MES buffer for 30 min at room temperature. Gels were then 
washed quickly with PBS before being reacted with 0.25 mg/ml Matrigel diluted in PBS 
overnight at 4°C. Cells were seeded the next day. 
 
3.2.4 Microgroove membrane fabrication 

SU 8 mold was fabricated with standard photolithographic technique, as previously 
described[86]. Briefly, SU 8 photoresist (Microchem) was spin-coated onto a silicon wafer and 
polymerized by exposure to UV through a patterned chrome mask. The unpolymerized 
photoresist was subsequently washed away in developer solution. PDMS was spin coated over 
the SU 8 mold and cured. Cured membrane was washed with 70% ethanol, oven dried 
overnight and then oxygen plasma treated. Immediately afterwards, membrane was coated 
with 0.25 mg/ml Matrigel for 30 minutes before cell seeding.  
 
3.2.5 Immunostaining, imaging, flow cytometry and quantification  

For immunostaining, cells were fixed in 4% paraformaldehyde and permeabilized with 
0.5% Triton-X 100, both for 15 minutes. Cells were then incubated with Phalloidin 
(ThermoFisher Scientific), anti-cardiac troponin T (MS-295-P, Thermo Scientific) or anti-Mkl1 
(sc-21558, Santa Cruz) antibodies overnight at 4°C. Secondary antibody (Alexafluor 546, 
Thermofisher Scientific) were added for at least 1 hour before the nuclei were stained with 
Hoechst. Imaging was performed on a Zeiss AxioObserver epi-fluorescent microscope.  

To quantify reprogramming efficiency at day 10, samples were trypsinized and analyzed 
for number of GFP+ cells using Guava. This number was then normalized by the number of cells 
seeded to give reprogramming yield. For quantification of cTnT+ cells by flow cytometry, 
samples were trypsinized and fixed with 4% PFA for 15 minutes. Samples were then 
permeabilized and blocked concurrently with 0.4% saponin and 5% donkey serum diluted in 
PBS. Anti-GFP (GFP-1010, Aves Labs) and anti-cardiac troponin T (MS-295-P, Thermo Scientific) 
antibodies were added followed by secondary antibodies (Alexafluor 546, Thermofisher 
Scientific & F-1005, Aves Lab). In between every steps, cells were spun down and washed with 
PBS once.  

For quantification of cTnT+ cells by imaging, plates containing stained adherent cells 
were loaded onto ImageXpress Micro High-Content Analysis System (IXM, Molecular Devices) 
for automated whole well imaging at 10X magnification. The images were then loaded in 
Photoshop (Adobe) for manual counting. A transparent layer was created and positive cells 
were marked and covered with a circular brush. The layer was then saved as a separate image 
and the number of circular marks were counted using ImageJ. 

For quantification of beating cells, I first stained cells with Rhod2-AM (Abcam) to 
visualize spontaneous calcium transient. The culture plate were then loaded into IXM and 
viewed under 10X magnification frame by frame through Cy3 filter to identify cells with calcium 
flux and spontaneous contraction. When necessary, objective was changed to 20X and filter to 
phase contrast to confirm sighting of spontaneous contraction.  
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For quantification of Mkl1 nuclear intensity, 20X images of Mkl1 staining and the 
corresponding nuclear staining with Hoechst were acquired with fluorescent microscope. The 
images were analyzed with CellProfiler [90] using a custom designed pipeline to measure the 
intensity of Mkl1 staining integrated over the nuclear region as demarcated by Hoechst staining 
for each cell.  

 
3.2.6 Real time quantitative polymerase chain reaction 

At the indicated time, culture was lysed with Trizol (ThermoFisher Scientific) and RNA 
was extracted following the manufacturer’s instruction. RNA concentration was quantified with 
Nanodrop 1000 (Thermo Scientific) and equal amount was loaded for cDNA synthesis using 
Maxima First Strand cDNA Synthesis Kit (ThermoFisher Scientific). cDNA was then loaded into 
96 well PCR plate with primers and Maxima SYBR Green qPCR Master Mix (ThermoFisher 
Scientific). Thermal cycling and data acquisition was performed on iQ5 system (Biorad). GAPDH 
was used as housekeeping gene. Data was analyzed with ΔΔCt method. Primer information is 
listed in table 3.1. To measure endogenous expression of Gata4, Mef2c and Tbx5, primers were 
designed to include the 5’ UTR of the genes. To measure viral expression of Gata4, Mef2c and 
Tbx5, primers were designed to include the psi packaging signal of the viral vector. 

 
Table 3.1 Primer information 

 Forward Reverse 
Endogenous Gata4  CTGGCCAGGACTGCCG TGCTTTCTGCCTGCTACACA 
Endogenous Mef2c  GGGGGTTTCTCTTCAAAGCCA CAATGCTTTTGTTGGCACCAGT 

EndogenousTbx5  AATCCCCAGCACAAACTCCA CGAGGTTCTATTCTCGCTCTG 
Viral Gata4 GCCGCCCACGTGAAG CTTTGGTACATGGCAGTCTAGAGG 
Viral Mef2c CCATCCTCTAGACTGCCGGA GTCACCTGTCTGTTACGCTCA 

Viral Tbx5 GGGTGGACCATCCTCTAGACT GGCCAAAGCCCTCATCTGTA 
Total Gata4  GCTCCATGTCCCAGACATTC ATGCATAGCCTTGTGGGGAC 
Total Mef2c  CAGTTGGGAGACCGTACCAC GGAGTGGAATTCGTTCCGGT 

Total Tbx5 TGGACCCGTTGGACACATTA GGAAGACGTGGGTGCAAAAC 
Mkl1 CATGAAGGTGGCAGAGCTGA ACTTGGTCTTGGTAGGCACG 

Tnnt2 GTGTGCAGTCCCTGTTCAGA  GCTTGGGTTTGGTGTCCTCT 
Nkx 2.5 ATTTTACCCGGGAGCCTACG CAGCGCGCACAGCTCTTTT 

Actn2  AATCAGATAGAGCCCGGCG AGTGAACGTCTTCCTCTGCTG 
Hand2 CACCAGCTACATCGCCTACC TCTCATTCAGCTCTTTCTTCCTCT 

Desmin CAGAGGCTCAAGGCCAAACTA AGGGATTCGATTCTGCGCTC 
Col1a1 CGATGGATTCCCGTTCGAGT GAGGCCTCGGTGGACATTAG 

Postn AGGTGGCGATGGTCACTTAT  ACGGCCTTCTCTTGATCGTC 
Snai1 CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT 

Gapdh TTGAGGTCAATGAAGGGGTC   TCGTCCCGTAGACAAAATGG   
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 Results 
 
3.3.1 Microgroove improved yield of cardiomyocyte like cells 

I sought to investigate how different biophysical factors may affect the efficiency of 
reprogramming. I studied the effects of cyclical uniaxial stretch, substrate stiffness and 
microgroove. In order to quantify conversion of fibroblasts into cardiomyocytes conveniently, I 
utilized a αMHC promoter–driven EGFP transgenic mice (αMHC-GFP), in which only 
cardiomyocytes expressed the green fluorescent protein (GFP) [4].  I transduced neonatal tail 
tip fibroblasts (TTF) obtained from the αMHC-GFP transgenic mouse with retroviruses encoding 
Gata4, Mef2c and Tbx5 (GMT) overnight, and reseeded the transduced cells on the different 
surfaces the next day (Fig 3.1). After 10 days of culture, I analyzed the cells with flow cytometry 
to quantify the number of αMHC-GFP+ cells. This number was normalized by the initial number 
of cells seeded to give the reprogramming yield. 

Figure 3.1 Schematics of experiments. TTF from αMHC-GFP mice were transduced with GMT overnight before 
seeding onto the various substrates. Flow cytometry was performed on day 10 to quantify GFP+ cells. 

 
For mechanical stretching, TTF stretched at both frequencies gradually re-orientated 

such that by day 10, almost all cells were perpendicular to the direction of stretch (Fig 3.2A). 
This showed that the magnitude of stretch (10%) was large enough to stimulate a cytoskeletal 
response. As a result of cyclical stretch, efficiency was significantly lowered for 1 Hz frequency 
(Fig 3.2B). 

For different substrate stiffness, TTF cultured on glass and 1 kPa substrate were the 
most and least spread out respectively. TTF on 21 kPa and 62 kPa were moderately spread out 
and indistinguishable from each other morphologically (Fig 3.2C).  TTF attached equally well on 
all the stiffness substrates (Fig 3.3A). Yield of GFP+ cells was not significantly different for the 
different stiffness (Fig 3.2D).  

For microgroove, cells aligned in the direction of the groove and exhibited an elongated 
morphology (Fig 3.2E, Fig 3.4). TTF attached equally well on the flat and grooved substrates 
after seeding (Fig 3.3B), but proliferated slightly less quickly on the grooved substrate (Fig 3.3C).  
Yield of GFP+ cells was about 50% higher for the various dimensions of groove tested compared 
to flat surface (Fig 3.2F).  
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Figure 3.2 Screen for physical cues that may affect efficiency of reprogramming to cardiomyocytes. A) 
Transduced TTF with and without cyclical stretch fixed and stained on day 10. Scale bar denotes 50 µm. B) Yield of 
GFP+ cells, normalized by initial number of cells seeded, quantified on day 10 after stretching at various 
frequencies. (*p<0.005, Bonferroni test, compared to static. n=5.) C) Phase contrast images of TTFs on various 
stiffness on day 10. GFP signal was overlaid. Scale bar denotes 100 µm. D) Yield of GFP+ TTF cultured on various 
stiffness on day 10. (n=5) E) Phase contrast images of TTFs on various topographies on day 10. Scale bar denotes 
100 µm.  F) Yield of GFP+ TTF cultured on various topographies on day 10. (*p<0.001, Bonferroni test. n=4) 
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Figure 3.3 Quantification of cells on different substrates. A) Attachment of GMT transduced tail tip fibroblasts on 
different stiffness substrate. B) Attachment of GMT transduced tail tip fibroblasts on flat and grooved surface. In 
both cases, cells were seeded at 10000/cm2. After 8 hours, samples were washed to remove unattached cells, fixed 
and stained with Hoechst. Images of nuclei were acquired at 10X magnification and quantified with ImageJ 
software. n=3. C) Concentration of GMT transduced tail tip fibroblasts on flat and grooved surface on day 10 as 
quantified by flow cytometry. (*p<0.05. n =3) 

 
Figure 3.4 Alignment of cells on microgrooved substrate. TTF were cultured on flat and grooved surface for 2 days 
before CellTracker™ Orange was added to fluorescently label the cells. Fluorescent images were acquired with 
microscope and analyzed with ImageJ. Elongation ratio was calculated by fitting an ellipse over the cell and 
dividing the length of major axis by that of the minor axis. 
 

To further characterize the GFP+ cells, I stained the cells for cardiac troponin T (cTnT), a 
specific sarcomeric marker of differentiated mature cardiomyocytes[91], and performed flow 
cytometry. I observed that the culture from grooved surface also had higher population of 
cTnT+ cells at day 10 (Fig 3.5A). I also tracked the yield of GFP+ cells over time and observed 
that a difference emerged between the flat and grooved culture by day 4 (Fig 3.5B). I 
performed RT-qPCR on reprogramming cultures at day 2 while the GFP+ population size was 
similar (Fig 3.5B) between the two surfaces so that any differences in transcript level would not 
be an artifact of difference in population size. After two days of culture on microgroove, some 
cardiomyocyte genes (Gata4, Mef2c, Tbx5, Nkx2.5, Hand2, Actn, Tnnt2) were already 
significantly upregulated on the grooved surface compared to flat (Fig 3.5C), indicating that 
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microgroove regulated the reprogramming process from an early stage onwards. Using primers 
that targeted the endogenously and virally expressed mRNA separately, I attributed the 
upregulation of Gata4, Mef2c and Tbx5 to the endogenous genes (Fig 3.5D-E), so as to rule out 
the possibility that microgroove was somehow enhancing the expression of viral transgenes. 
Previous works have shown that downregulating fibroblast signature could improve efficiency 
of reprogramming to cardiomyocytes [73–75] and that microgroove could downregulate the 
expression of fibroblast genes in reprogramming to pluripotent stem cells [92]. However, the 
expression level of fibroblast genes (Col1a1, Postn, Snai1) was not significantly different 
between the flat and grooved surface for GMT transduced TTF, indicating that grooved surface 
did not downregulate these fibroblast genes and that this effect may be context dependent.  

 
 

Fig 3.5. Early characterization of 
reprogrammed tail tip fibroblasts 
on flat and grooved surface. A) 
TTF on day 10 analyzed with flow 
cytometry. B) Yield of GFP+ cells 
over time. (*p<0.05, **p<0.005, 
t-test, n=3) C) RT-qPCR of TTF 
after 2 days of culture. 
Normalized to flat surface. 
(*p<0.05, t-test, compared to 
transduced cells on flat surface. 
n=3) D) Endogenous expression 
of GMT. (*p<0.05, t-test, n=3) E) 
Viral expression of GMT. (n=3). 
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3.3.2 Microgroove improved the yield of functional cardiomyocytes 
I continued the culture of GMT transduced TTF for up to 1 month and still did not 

observe any beating cells on flat and grooved surface, suggesting that although the αMHC 
promoter was activated in these cells, they were only partially reprogrammed and not 
functional. To attempt to achieve complete reprogramming, I employed an optimized culture 
protocol published recently [81]. In this protocol, reprogramming cells were cultured in 
DMEM/M199/serum medium for the first 2 weeks and then in a serum-free medium 
supplemented with FGF2, FGF10 and VEGF for the next 2 weeks (Fig 3.6A). With this protocol, I 
still did not observe any beating cells from TTF. Staining with Rhod-2-AM also did not reveal any 
spontaneous calcium transient. However, I observed distinctly cTnT+ cells by 
immunofluorescent staining (Fig 3.6B, 3.6D), although this cTnT signal was diffused and did not 
show the striated pattern that would be observed for properly assembled sarcomeres in 
functional cardiomyocytes. Nevertheless, microgrooved surface increased the number of cTnT+ 
cells by close to 1 fold (Fig 3.6C). 

Previous works have demonstrated that cardiac fibroblasts were more amenable to 
reprogramming into cardiomyocytes than tail tip fibroblasts[4,81], so I performed the same 
experiment using cardiac fibroblast (CF) as the starting cells. More specifically, I used the 
Thy1+/GFP- population isolated from digested neonatal heart using FACs (Fig 3.7A) to prevent 
contamination by resident cardiac progenitors and cardiomyocytes. After transducing them 
with GMT and culturing them for 1 month with optimized culture protocol, the number of 
cTnT+ and contracting cells was about one fold higher on the grooved surface (Fig 3.7B-D). cTnT 
immunostaining revealed striated patterns in many of the cells (Fig 3.7F), indicating formation 
of sarcomeric structures. Some of these reprogrammed cells exhibited calcium transient (Fig 
3.7E) and also contracted spontaneously. This increase over the flat surface was higher than the 
half fold increase in cTnT+ cells measured on day 10 (Fig 3.5A), suggesting that the beneficial 
effect of microgroove on reprogramming was cumulative over the longer duration of culture.  
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Figure 3.6 Reprogramming of tail tip fibroblasts with optimized culture. A) Schematics of optimized culture for 
enhancing complete reprogramming. Transduced fibroblasts were seeded on substrates and cultured for 2 weeks 
in reprogramming media and then 2 more weeks in serum-free medium supplemented with FGF2, FGF10 and VEGF 
B) Representative low magnification view of cTnT staining for flat and groove samples after optimized culture of 
transduced TTF.  Scale bar denotes 100 µm. C) Quantification of cTnT+ cells on flat and grooved surface. (*p<0.001, 
n=5) D) cTnT staining on flat and groove surface after optimized culture. Scale bar denotes 100 µm. 
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Figure 3.7 Reprogramming of cardiac fibroblasts with optimized culture. A) FACs plot of Thy1+/GFP- cells isolated 
from digested hearts of neonatal αMHC-GFP mice. B) Representative low magnification view of cTnT staining for 
flat and groove samples after optimized culture of transduced CF.  Scale bar denotes 100 µm. C) Quantification of 
cells with cTnT expression and with cTnT that displayed striation. (**p<0.001. n=5) D) Quantification of beating 
cells per well of a 12 well plate. (*p<0.005. n=5) E) Still image captures of oscillating calcium transients visualized 
through Rhod2 AM staining. F) cTnT staining on flat and groove surface after optimized culture. Scale bar denotes 
100 µm. 
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3.3.3 Cytoskeletal drugs treatment suggested effect of microgroove was mediated by Mkl1 
The actin cytoskeleton forms an interconnected network for the transmission of 

mechanical signals from the cell surface to sites where they are transduced into biochemical 
responses[93,94]. A critical component of the actin cytoskeletal network is myosin II, which 
crosslinks actin fibres end to end and pulls them together, thus generating tension for the 
effective transmission of mechanical forces[95]. I initially hypothesized that the structural 
continuity of the actin network and activity of myosin II were critical for the cells’ response to 
the microgrooved substrate by transmitting the passive mechanical signals from the substrate 
to biochemical nodes within the cell.  I sought to test this hypothesis by treating the GMT 
transduced TTF with drugs affecting the polymerization of actin and the activity of myosin II.  

I therefore treated the reprogramming TTF seeded on grooved and flat surfaces with 
varying concentrations of Blebbistatin (Bleb), Jasplakinolide (Jasp) or Cytochalasin D (CytoD) 
and performed flow cytometry on day 10 to quantify GFP+ cells. Bleb inhibits the activity of 
myosin II[96]. Jasp promotes actin polymerization[97] whereas CytoD inhibits it[98]. The 
morphologies of the cells were distinctly different with the different drug treatments, and 
staining for filamentous actin (F-actin) with Phalloidin revealed that F-actin was perceptibly less 
in Bleb and CytoD, and more in Jasp treated cells (Fig 3.9). 50 µM of Bleb, 0.5 µM of Jasp and 5 
µM of CytoD all led to lower yields of GFP+ cells due to significant cytotoxic effects (data not 
shown). 10 µM of Bleb reduced the yield of αMHC-GFP+ cells on groove to that of flat surface 
(Fig 3.8), indicating that the activity of myosin II was necessary for the microtopography to take 
effect. Interestingly, although Jasp and CytoD have opposite effects on actin polymerization, 
both 0.1 µM of Jasp and 1 µM of CytoD improved the yield of GFP+ cells on flat surface to that 
of grooved surface (Fig 3.8).  Explicitly, reprogramming yield was increased even though 
structural continuity of the actin network was compromised with CytoD treatment. This 
suggested that the actin cytoskeleton played an alternative role in the cells’ response to the 
microtopography that was independent of that in transmitting mechanical signals. I therefore 
sought an alternative hypothesis to explain these results.  

  
 Mkl1, also known as Mal or Mrtf-A, is a mechanosensitive transcription factor that binds 
to and is sequestered by G-actin in the cytoplasm in its inactive state. Disruption of its binding 
to actin causes its translocation to the nucleus, where it acts as a transcriptional co-factor with 
serum response factor (SRF) to turn on gene expression[99,100]. Mkl1 has been implicated in 
reprogramming to cardiomyocytes before. One experiment showed that overexpression of SRF 

Figure 3.8 Effect of actin cytoskeletal drugs 
on reprogramming efficiency. Yield of GFP+ 
cells on day 10 under different drug 
treatments on flat and grooved surface. 
(*p<0.05, **p<0.001, compared to flat 
DMSO. #p<0.05, compared within bracket. All 
t-tests. n=3) 
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increased yield of reprogrammed cells from mouse embryonic fibroblasts[77], and the other 
showed that overexpression of Mkl1 increased yield from human fibroblasts[101]. The 
cytoskeletal drugs used in our experiments above have been shown to affect localization of 
Mkl1 by their effects on actin. Bleb has been shown to increase the sequestration of Mkl1 in the 
cytoplasm[102], whereas Jasp and CytoD have been shown to cause its translocation into the 
nucleus by disrupting its interaction with G-actin[99]. Immunostaining for Mkl1 indeed 
confirmed these effects in our GMT transduced TTF treated with the drugs (Fig 3.9). Although 
Mkl1 was distributed pan-cellularly in all samples, Jasp and CytoD samples showed perceptibly 
stronger and Bleb weaker nuclear signal for Mkl1 (Fig 3.9).  
 

 
Figure 3.9 Effect of cytoskeletal drugs on localization of Mkl1. Wild type TTF was transduced with GMT, seeded 
on grooved and flat surfaces and cultured for 2 days in the various drugs before being stained for F-actin (green) 
and Mkl1 (red). Scale bar denotes 100 µm. 
 
 To reiterate, our results showed that on the grooved surface Bleb abolished the effect of 
microtopography and reduced the yield of GFP+ cells to that of flat surface. On the flat surface, 
Jasp and CytoD mimicked the effect of microtopography and improved yield to that of grooved 
surface treated with DMSO (Fig 3.8). These results therefore suggested that the effect of 
microgroove may be mediated by the sub-cellular localization and activity of Mkl1, and this 
effect was recapitulated by the drugs treatments. Comparing Mkl1 immunostaining for flat and 
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microgrooved surfaces, I indeed observed stronger nuclear signal for the latter after 2 days of 
culture (Fig 3.10A). Measurements of this signal showed that nuclear signal of Mkl1 was about 
half fold higher (Fig 3.10B) on microgrooved surface compared to flat. Interestingly, RT-qPCR 
showed that expression level of Mkl1 was not significantly different between grooved and flat 
surface (Fig 3.10C), thus suggesting that grooved surface only increased nuclear localization of 
Mkl1 but not its overall expression level. Like microgroove substrate, mechanical stretching also 
induced alignment of the cells (Fig 3.2A). Despite so, nuclear signal of Mkl1 was not different 
between static and stretched cells (Fig 3.11).  
 

 
 

 Figure 3.10 Effect of microgroove on 
localization of Mkl1. A) Immunostaining for 
Mkl1 after 2 days of culture on flat and 
grooved surface. Break out images on the 
right show higher magnification view of 
marked areas. Scale bar denotes 100 µm. 
B) Box plots for quantification of nuclear 
signal for Mkl1. Whiskers denote standard 
deviation. Solid circles denote mean. 
Horizontal bar denotes median. (*p<0.001, 
n=86). C) RT-qPCR showed Mkl1 expression 
level was not significantly different after 2 
days of culture. 
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Figure 3.11 Mkl1 localization for static and stretched reprogramming TTF. A) Immunofluorescent staining for 
Mkl1 for static and stretched TTF transduced with GMT after 48 hours. Arrow indicates direction of stretch. B) 
Quantification of A). Not significantly different. (p=0.312. n =65.) 
 
3.3.4 Overexpressing Mkl1 and treatment with valproic acid recapitulated the effect of 
microgroove in the early stage 

Therefore, to attempt to recapitulate the effect of groove substrate I made a retroviral 
construct overexpressing murine Mkl1 and transduced TTF with it along with GMT. 
Immunostaining showed forcing the expression of Mkl1 with viral transduction successfully 
increased level of Mkl1 pan-cellularly and also within the nucleus (Fig 3.12A).  I analyzed the 
transduced cells by RT-qPCR on day 2. Transduction of Mkl1 led to an increase in about 2.5 fold 
in its expression level. Concomitantly, some cardiomyocyte genes (Nk2.5, cTnT) were 
upregulated compared to GMT without Mkl1 (Fig 3.12B). These genes only form a subset of all 
the genes that were upregulated by groove (Fig 3.5C), suggesting that Mkl1 overexpression only 
partially recapitulated the effect of groove. Indeed, when I cultured GMT+Mkl1 transduced TTF 
on flat and grooved surface, the yield of αMHC-GFP+ cells by day 10 was not increased to the 
same extent as groove (Fig 3.12D). Previous works have shown that microgroove could 
decrease histone deacetylase (HDAC) activity and increase acetylated Histone 3 (AcH3) level, 
thus promoting a more open chromatin structure and improving reprogramming 
efficiency[88,92]. Western blotting confirmed that microgroove increased the level of AcH3 in 
GMT transduced TTF (Fig 3.12C). I thus added 500 µM valproic acid, a HDAC inhibitor, to TTF on 
flat surface to mimic this effect of microgroove and noticed a slight improvement in the yield of 
GFP+ cells (Fig 3.12D). Together, overexpression of Mkl1 and treatment with valproic acid fully 
recapitulated the effect of microgroove in the first 10 days (Fig 3.12D).  
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Figure 3.12 Mkl1 overexpression and valproic acid treatment recapitulated the early effect of microgroove. A) 
TTF was transduced with GMT plus empty vector or Mkl1, and immunostained on day 2. Scale bar denotes 100 
µm. B) TTF were transduced with GMT and GMT+Mkl1 and cultured for 2 days before being lyzed for RT-qPCR. 
Expression levels normalized to flat surface. (#p<0.05, t-test, compared to untransduced TTF. *p<0.05, t-test, 
compared to GMT transduced TTF. n=3. C) GMT transduced TTF were cultured on flat and grooved substrate for 2 
days before being lysed for Western blotting. AcH3 – Acetylated Histone 3, H3 - Histone 3, VA - Valproic acid. D) 
TTF was transduced with GMT or GMT+Mkl1 and treated with 500 µM valproic acid. Yield of GFP+ cells quantified 
on day 10. (*p<0.05, **p<0.001, t-test, compared to flat without any treatments. n=3  
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To see if valproic acid and Mkl1 overexpression could recapitulate the effect of 
microgroove in the longer term, I transduced CF with GMT and Mkl1 and applied the optimized 
culture protocol described above (Fig 3.6A), with 500 µM valproic acid added for the entire 4 
weeks. With these treatments, the total number of cells with cTnT expression was improved to 
the same extent as cells cultured on microgroove, but the number of cells with striated pattern 
for cTnT was not improved significantly (Fig 3.13A). This indicates that microgroove has an 
additional effect in the later stage of reprogramming on the maturation and organization of 
sarcomeric structure that was not recapitulated by Mkl1 overexpression and valproic acid 
treatment. The number of beating cells for Mkl1 overexpression and valproic acid treatment 
was therefore significantly lower than that for microgroove culture (Fig 3.13B) , since functional 
sarcomeres are needed for the cardiomyocytes’ contractile activity.  

 

 Discussion 
I chose the yield of αMHC-GFP+ at day 10 as the criteria for determining the effect of 

mechanical stretch, substrate stiffness and microgroove on reprogramming under the 
assumption that what may affect reprogramming efficiency in the short term will also do so in 
the long term in order to expedite our initial screen. Therefore, while this approach saved time, 
the limitation was I have overlooked the possibility that while they do not increase the yield of 
GFP+ cells by day 10, cyclical stretch and substrate stiffness may enhance the maturation of 
partially reprogrammed cells in the later stage of reprogramming. In fact, existing work on the 
effects of cyclical stretch[83] and substrate stiffness[84,85] on the differentiation and 
maturation of cardiomyocyte support this possibility. 

 
 Although yield of αMHC-GFP+ cells was enhanced by microgroove, no beating cells was 
observed by four weeks in DMEM/M199/FBS culture medium. Recently it has been reported 
that a serum free culture medium containing  FGF2, FGF10 and VEGF could improve the 

Figure 3.13 Microgroove enhanced 
organization of sarcomeric structure. 
A) CF transduced with GMT and 
GMT+Mkl1, and subjected to the 
additional treatments. Samples were 
fixed and stained for cTnT after 4 
weeks of optimized culture and 
counted for number of cells with cTnT 
expression and with cTnT that 
displayed striation. (**p<0.001, 
Bonferroni test, compared to flat 
without any treatments within each 
group, n=5.)  B) Number of beating 
cardiomyocytes per well of a 12 well 
plate from. (# p<0.005, Bonferroni 
test, compared to flat without any  
other treatments.) 
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conversion of partially reprogrammed cardiomyocytes into functional iCMs at the late stage of 
reprogramming[81]. This culture protocol resulted in a one fold increase in beating 
cardiomyocytes when the starting population was cardiac fibroblasts (Fig 3.6D), but not tail tip 
fibroblasts. The inherent intractability of tail tip fibroblasts to being reprogrammed completely 
compared to cardiac fibroblasts has been reported before[4,81]. 
 

 Previous works have demonstrated the positive effects of microgroove on 
reprogramming efficiency for induced pluripotent stem cells[92] and neurons[82]. The 
underlying mechanisms demonstrated were that microgroove inhibited the activity of HDAC 
and led to a higher AcH3 level, and promoted mesenchymal to epithelial transition. To identify 
other possible mediators of the cells’ mechano-response to microgroove, I treated the cells 
with drugs targeting the actin cytoskeleton. I found that even though Jasplakinolide and 
Cytochalasin D have opposite effects on the polymerization of actin, both drugs improved the 
yield of GFP+ cells on flat surface at day 10 to that of cells on grooved surface (Fig 3.8B). 
Despite their opposite effects on actin polymerization, both drugs have the same effect on the 
activity of Mkl1[99], leading us to identify Mkl1 as a mediator of the effect of 
microtopographical cues on reprogramming to cardiomyocytes. Mkl1 has also been implicated 
in reprogramming to cardiomyocytes elsewhere [77,101]. In these experiments, overexpression 
of Mkl1 or its transcription cofactor, serum response factor (SRF), led to increased yield of 
reprogrammed cells. 

 
 I have thus shown here that microgroove could also affect reprogramming via another 
mechanism: increasing the nuclear translocation of Mkl1 and its activity. The underlying 
mechanism of how microgroove may increase the translocation and activity of Mkl1 is not clear 
at this point. It has been shown that forcing a cell to adopt a more elongated morphology 
through patterned fibronectin caused higher expression of a serum response element 
reporter[103]. Inasmuch as microgroove constrained cells to an elongated morphology, it could 
be acting along an analogous pathway, apart from possibly elucidating a mechano-response to 
the 3D topographical features. 
 
 Treatment with valproic acid, a HDAC inhibitor, together with Mkl1 overexpression fully 
recapitulated the effect of groove in the early stage of reprogramming (Fig 3.12D) but not in the 
longer term (Fig 3.13A-B). Although valproic acid and Mkl1 overexpression increased the yield 
of cells with cTnT expression to the same extent as microgroove, it did not increase the yield of 
cells with striated pattern for cTnT like microgroove did (Fig 3.13B). This indicated that although 
valproic acid treatment and Mkl1 overexpression could help improve the expression of 
sarcomeric proteins, it could not promote their organization into sarcomeric structures like 
microgroove could. The enhancing effect of microgrooved substrate on sarcomere formation 
has been observed in neonatal cardiomyocytes and cardiomyocytes differentiated from stem 
cells[86,88,104]. Therefore I conclude that the effect of microgrooved substrate is twofold: 
enhancing overall genetic reprogramming though regulating Mkl1 activity and AcH3 level, and 
enhancing the subsequent structural organization of sarcomeres.  
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 A long term goal of cardiac reprogramming research is to obtain sufficiently large 
number of cardiomyocytes for therapeutic purposes for patients with cardiomyopathies. Our 
work and most of other existing approaches on enhancing reprogramming yields were 
demonstrated in murine systems. The natural next step will be to translate all these findings 
into improving human cardiac reprogramming. Existing genetic approaches to reprogram 
human fibroblasts into cardiomyocytes delivered very low yield of completely reprogrammed 
cardiomyocytes[105,106]. Majority of the cardiomyocyte-like cells that activated reporter 
constructs were not able to contract spontaneously. More recently, it has been demonstrated 
that a cocktail of 9 chemicals could convert human fibroblasts into mature cardiomyocytes[11]. 
It will be interesting to combine topographical cues and other methods with these human 
cardiac reprogramming approaches to see if further enhancement of yield can be achieved in 
human cardiac reprogramming.  
 

 In conclusion, microgroove improved the outcome of reprogramming from fibroblasts to 
cardiomyocytes by enhancing overall genetic conversion and the structural organization of 
sarcomeres. Passive topographical cues offers a simple and effective method to improve 
cardiomyocyte reprogramming without the need for biochemical manipulations.  
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Chapter 4: Direct Reprogramming from Dermal Fibroblasts to Skeletal 
Muscle Cells 

 Introduction 
Growth and repair of skeletal muscle fibers are mediated by a resident population of 

mononuclear myogenic precursors, the satellite cells. These cells, which are located between the 
sarcolemma and the basal lamina of the muscle fiber, divide at a slow rate to sustain both self-
renewal and growth of skeletal muscle tissue. In response to muscle injury, satellite cells divide 
and fuse to repair or replace the damaged muscular fibers[107]. However, the self-renewal 
potential of adult satellite cells is limited and is compromised with aging, excessive trauma, or 
genetic defects as in certain muscular dystrophies such as Duchenne muscular dystrophy[108]. 
In such cases, external interventions are needed.  

 
The delivery of muscle stem cells have been demonstrated to promote regeneration[107] 

and treatment of muscular diseases[109] in mouse models. Besides stem cells derived from 
muscles, other sources of myogenic cells for muscle repair have been found, including skin[110–
112], bone marrow[113], umbilical cord blood[114], mesangioblasts[115], and iPSCs-derived 
muscle progenitors [116]. However, isolating myogenic stem cells from most of these sources is 
invasive and has low yield. Deriving muscle progenitors from iPSCs carries the risk of teratoma 
formation and requires lengthy differentiation process.  

 
 One clinically relevant approach is to use cell reprogramming approach to convert 
fibroblasts into myogenic cells. 5-azacytidine, a DNA methyltransferase inhibitor, was used to 
generate striated muscle from non-myoblast precursors[117]. However, this approach only 
worked for certain transformed cell lines, had comparatively low efficiency, and was non-
specific in that adipocytes and chondrocytes were also produced[118]. Another method is to 
overexpress the transcriptional factor MyoD in non-muscle cells to convert them into muscle 
cells[119], but it requires genetic manipulation that might lead to tumorigenic phenotypes.  
 
  The use of only chemical compounds to achieve reprogramming, which obviates the 
need for direct genetic manipulation, has recently been highlighted by the discovery of 
chemically induced pluripotent stem cells[10,9] and other cell types[11–15]. Here, I reported 
the discovery of a cocktail of chemicals that, in combination with an optimized basal medium, 
could efficiently reprogram dermal fibroblasts into myogenic cells. By seeding the initial 
fibroblasts population on a substrate with microtopographical features, the reprogrammed 
cells could be easily isolated by selective detachment. The reprogrammed population consisted 
of both progenitors and differentiated myocytes, and could fuse into mature beating myotubes 
when cultured in differentiation medium and engrafted in vivo when injected into injured 
muscles. This non-viral approach of deriving myogenic cells from dermal fibroblasts could make 
autologous myogenic cells easily available for therapy, disease modeling and drug screening. 
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 Materials and Methods 
4.2.1 Cell culture and screening for candidates 

1 day post-partum C57/B6 mice were sacrificed by decapitation with a pair of sharp 
scissors. The skin was peeled off and the underlying subcutaneous fats and panniculus carnosus 
were scrapped off. The skin was then floated on 0.05% freshly thawed trypsin overnight and 
the dermis was separated from the epidermis next day. The dermis was cut up and digested in 
200U/ml collagenase II at 37 °C for 1 hour, and triturated vigorously by pipetting up and down 
to break up remaining tissue clumps. The mixture was mixed with fetal bovine serum (FBS) to 
quench the digestion enzyme activity and then spun down. The pellet was plated overnight in 
MEF medium (DMEM with 10% FBS and 1% penicillin/streptomycin). Thereafter, the culture 
was trpysinized, passed through a 40 μm filter and frozen down into aliquots in a medium 
containing 10% dimethyl sulfoxide (DMSO) and 90% FBS.  

For screening for small molecules for reprogramming to skeletal muscle cells, dermal 
fibroblasts were seeded at 5000cells/cm2 the night before in MEF medium. The next day, 
reprogramming medium (KnockOut DMEM (Invitrogen) 10% knockout serum replacement 
(Invitrogen), 10% fetal bovine serum (Hyclone), 2 mM GlutaMAX (Invitrogen), 1% nonessential 
amino acids (Invitrogen), 1% penicillin-streptomycin (Invitrogen) and 20 ng/ml bFGF 
(Peprotech)) containing the various small molecules were added. Medium was changed once 
every 2-3 days. Information on the small molecules are listed in table 4.1. All small molecules 
were purchased from Cayman Chemicals.  

 
Table 4.1 Information on small molecules 

Small molecules Concentration 
Valproic acid 500 μM 
Chir99021 20 μM 
616452 10 μM 
Tranyl 5 μM 
Forskolin 10 μM 
 5-aza-2′deoxycytidine 5 μM 

 
After the optimal cocktail of small molecules and their concentrations were found, I 

replaced the reprogramming medium with MEF medium and screened for additional 
candidates that could improve reprogramming efficiency. Information of these candidates are 
listed in table 4.2. 

 
Table 4.2 Information on candidate screen for enhancing efficiency 

Candidates Concentration Company 
Ascorbic acid 50 μg/ml Sigma Aldrich 
BMP4 20 ng/ml Stemgent 
Insulin 10 μg/ml Stemgent 
IGF-1 50 ng/ml R&D Systems 
PDGF 50 ng/ml R&D Systems 
bFGF 50 ng/ml Peprotech 
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 The optimized formulation, which is 20μM  616452 and 20μM Forskolin in MEF medium 
with 50 μg/ml ascorbic acid and 50 ng/ml bFGF, is termed as 6F medium.  
 Primary murine myoblasts were generously gifted by Mike Conboy and maintained in 
F10 medium with 20% FBS, 1% penicillin-streptomycin and 10 ng/ml bFGF. 
 
4.2.2 Immunostaining, imaging and quantification 

For immunostaining, cells were fixed in 4% paraformaldehyde and permeabilized with 
0.5% Triton-X 100, both for 15 minutes. Cells were then incubated with primary antibodies 
overnight at 4°C. Secondary antibody (Alexafluor 488 or Alexafluor, 546 Thermofisher Scientific) 
were added overnight at 4°C before the nuclei were stained with Hoechst. Information on the 
primary antibodies are listed in table 4.3.  

 
Table 4.3 Information on antibodies used 

Antibody Concentration Catalogue no Company 
Skeletal muscle myosin 1:200 M4276  Sigma Aldrich 
Skeletal muscle troponin T 1:10 JLT12 DSHB 
Pax7 1:10 Pax7 DSHB 
MyoG 1:10 F5D DSHB 

 
For screening for reprogramming efficiency, cells were stained for skeletal muscle 

troponin T (TnnT) and imaged with ImageXpress Micro High-Content Analysis System (IXM, 
Molecular Devices) at 10X magnification. Images were analyzed with MetaXpress Software 
(Molecular Devices) to quantify number of nuclei co-localized with troponin T staining. 
Quantification of Pax7+ and MyoG+ cells was performed by similar way. Unless otherwise 
mentioned, microscope images were taken with a Zeiss AxioObserver epi-fluorescent 
microscope. Confocal images were taken with Prairie Confocal system (Bruker Corporation). 
 
4.2.3 Flow activated cell sorting 
 Fsp1-Cre (Stock no. 012641, Jackson Laboratory) mouse and ROSA26-tdTomato (Stock 
no. 7909, Jackson Laboratory) mouse were crossed to produce Fsp1-Cre/ROSA26-tdTomato 
offsprings. Dermal fibroblasts were isolated from these offsprings as per section 4.2.1, and 
mixed with FITC conjugated Sca-1 (1:50, 130-102-831, Miltenyi biotec) and Alexafluor 647 
conjugated CD34 (1:100, 560233, BD Biosciences) in plain DMEM at 4°C or 30 minutes. Cells 
were washed with PBS twice before sorting with BD Bioscience Influx Sorter.  
 
4.2.4 Real time quantitative polymerase chain reaction 
 RT-qPCR was performed as per section 2.2.4, except that the PCR machine used was 
CFX96 Real-Time PCR Detection System (Biorad). Primers information are listed in table 4.4. 
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Table 4.4 Primer information 
 Forward Reverse 

Pax7 CGTAAGCAGGCAGGAGCTAA ACTGTGCTGCCTCCATCTTG 
Mrf5 AAGGCTCCTGTATCCCCTCAC TGACCTTCTTCAGGCGTCTAC 

Myod1 CTGCTCTGATGGCATGATGGA CACTGTAGTAGGCGGTGTCG 
Myomaker TTCCTCCCGACAGTGAGCAT GCACAGCACAGACAAACCAG 

MyoG GTGCCCAGTGAATGCAACTC CGAGCAAATGATCTCCTGGGT 
Myh3 CTCTGTCACAGTCAGAGGTGT TTCCGACTTGCGGAGGAAAG 

Nanog TCTTCCTGGTCCCCACAGTTT GCAAGAATAGTTCTCGGGATGAA 
Oct4 GGCTTCAGACTTCGCCTCC AACCTGAGGTCCACAGTATGC 

Aggrecan CCTGCTACTTCATCGACCCC AGATGCTGTTGACTCGAACCT 
Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 
Runx2 AACGATCTGAGATTTGTGGGC CCTGCGTGGGATTTCTTGGTT 
Hand2 CACCAGCTACATCGCCTACC TCTCATTCAGCTCTTTCTTCCTCT 

B2M CTCGGTGACCCTGGTCTTTC TTGAGGGGTTTTCTGGATAGCA 
4.2.5 Microarray analysis 
 Dermal fibroblasts were treated with basal medium (MEF medium with 50μg/ml 
ascorbic acid and 50ng/ml bFGF) and 6F medium for 2 days. mRNA was extracted with RNeasy 
Micro Kit (Qiagen) and checked for RNA quality (RIN >7.5) with Bioanalyzer 2100 (Agilent) 
before linear amplification using Ovation Pico WTA System V2 (NuGEN). Biological triplicates 
were each hybridized to an Affymetrix Mouse Gene 1.0 ST Array and analyzed with GeneChip® 
Scanner 3000. CEL files were loaded into R and normalized with RMA method using oligo 
package[120]. Linear model was fitted to each gene and empirical Bayes statistics calculated 
with the limma package[121]. P-values for multiple testing were adjusted by the Benjamini-
Hochberg method. Genes that were more than 2 fold different in expression level with adjusted 
P-values less than 0.05 were considered differentially expressed. Differentially expressed genes 
were submitted to DAVID [122] for gene ontology enrichment analysis. 
 
4.2.6 Skeletal muscle cells purification 
 Dermal fibroblasts were seeded on microgrooved substrate at 3000 cells/cm2 prepared 
as per section 3.2.4. However, substrate was coated with 0.1% gelatin for 5 minutes instead of 
Matrigel before cell seeding. On day 10, reprogrammed cells were rinsed in PBS once and 
incubated in 100U/ml Collagenase II dissolved in DMEM for 10 minutes at 37 °C . The culture 
plates were knocked on the side a few times to dislodge the colonies of skeletal muscle cells, 
which were triturated into single cells before being spun down and plated.   
 
4.2.7 In vivo transplantation 
 10 μl (0.03 mg/ml) of Naja mossambica mossambica cardiotoxin (Sigma) was injected in 
the tibialis anterior (TA) muscle of anesthetized BALB/c SCID mice 1 day before cell 
transplantation. The next day, 105 skeletal muscle cells were injected directly into these 
preinjured muscles in 20 μl Matrigel solution (5mg/ml). The contralateral TA was injected with 
Matrigel solution as a negative control. All transplanted cells were previously transduced with 
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Dsred retrovirus for tracing. Injected muscles were harvested 1 week after cell transplantation 
and analyzed by dissection microscope and confocal microscope. 
 
4.2.8 Statistical analysis 
 All statistical analysis were performed using Holm-Sidak t-tests. 
 

 Results 
4.3.1 Induction of skeletal muscle cells by chemical cocktail 
 Hou et al. discovered a method to reprogram fibroblasts into iPSCs using only small 
molecules[10].  Following their protocol, I treated neonatal murine dermal fibroblasts with a 
similar cocktail of chemicals, acronymed VC6TF (V – Valproic acid, C – Chir99021, 6 – 616452, T 
– Tranylcypromine, F – Forskolin), and noticed the emergence of colonies of cells as early as day 
6 onwards. By day 10, some of the cells in the colonies exhibited elongated morphologies and 
also contracted spontaneously, reminiscent of myotubes (Fig 4.1A). I performed 
immunostaining of the chemically treated culture at different time points for skeletal muscle 
myosin heavy chain (MHC) and observed MHC+ cells present by day 4 which expanded into 
noticeable clusters by day 10 (Fig 4.1B).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Emergence of clusters 
of skeletal muscle cells. A) 
Representative phase contrast 
images of skeletal muscle cell 
clusters observed on day 10 after 
treatment with VC6TF cocktail. B) 
Skeletal muscle cell clusters 
stained for myosin heavy chain at 
the indicated days after 
treatment with VC6TF cocktail. 
All scale bars denote 100μm  
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 I hypothesized that a subset of the cocktail was sufficient to induce the appearance of 
myogenic cells, and examined the effect of serially removing individual chemicals from the 
original pool of 5 chemicals. I observed that removing either 6 or F greatly reduced the 
induction of skeletal muscle cells (Fig 4.2A). I next screened for all combinations involving both 
6 and F, and just 6 and F alone. I also tested the demethylating agent 5-aza-2′deoxycytidine (5 
Aza). I found that the combination of only 6 and F (I refer to this combination as 6F for brevity 
from now on) induced the appearance of myogenic cells at the highest efficiency (Fig 4.2B). I 
then tested for the optimal concentration of the chemicals, and found that 20 μM of 6 and F 
gave the highest yield (Fig 4.2C).  

Figure 4.2 Screening for optimal small molecule combinations and basal medium. A) Yield of TnnT+ cells at day 10 
as a result of serially removing 1 chemical. B) Yield of TnnT+ cells at day 10 for all combinations of chemicals that 
included 6 and F. C) Yield of TnnT+ cells for different concentrations of 6 and F at day 10. D) Yield of TnnT+ cells at 
day 10 for 20 μM  6F in MEF medium with each of the listed candidates added. (*p<0.05, #p<0.0001, n=3. 
Compared against the conditions in level with dashed line) E). Whole well image for TnnT+ cells derived from 
dermal fibroblasts treated with 20μM 6 and 20μM F in MEF medium containing 50μg/ml of ascorbic acid and 
50ng/ml of bFGF after 10 days. 
 
 Up to this point, I have used the same formulation of reprogramming medium as Hou 
et. al[10]. This formulation might not be optimal for inducing myogenic cells, so I sought to 
optimize it. I used MEF medium as the basal medium and tested adding candidates that have 
been implicated in enhancing direct cell reprogramming or skeletal muscle development, and 
found that 50 ng/ml of bFGF and 50 μg/ml of ascorbic acid each significantly enhanced the 
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induction of skeletal muscle cells by 6F (Fig 4.2D). Together, bFGF and AA synergistically 
enhanced the induction to about 37% of the total cell population (Fig 4.2D-E). Normalizing by 
the initial number of cells seeded gave a yield of about 2.5 skeletal muscle cells per fibroblast 
seeded. This optimized formulation, which is 20μM 616452 and 20μM Forskolin in MEF medium 
with 50 μg/ml ascorbic acid and 50 ng/ml bFGF, is termed as 6F medium.  
 
4.3.2 Skeletal muscle cells were directly reprogrammed and did not pass through a 
pluripotent state 
 Dermal fibroblasts were treated with 6F medium and lysed for RNA extraction every 2 
days. RT-qPCR revealed that some myogenic genes were significantly upregulated by day 4 
onwards (Fig 4.3A). In contrast, expression of pluripotency genes Nanog and Oct4 remained 
consistently low throughout the 12 days of treatment with 6F medium (Fig 4.3B), indicating that 
the cells did not pass through a pluripotent state. I also measured expression of key markers for 
other mesodermal cell types and found that markers for cardiomyocytes (Hand2), chondrocytes 
(Aggrecan) and osteoblasts (Runx2 )were not significantly upregulated overall.  

 

Figure 4.3 Time course PCR. A) 
RT-qPCR for skeletal muscle 
genes at different time points 
during treatment with 6F 
medium. B) RT-qPCR for 
pluripotency genes at different 
time points during treatment 
with 6F medium. C) RT-qPCR 
for markers of other 
mesodermal cell types at 
different time points during 
treatment with 6F medium. 
Myoblasts included for 
comparison. (*p<0.05, 
#p<0.0001, n=3) 
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 The global gene expression of dermal fibroblasts cultured in only basal medium and in 
6F medium for 2 days was analyzed with mRNA microarray. 385 genes and 378 genes were 
upregulated and downregulated respectively (>2 fold, FDR-adj p<0.05) in cells cultured in 6F 
medium (Fig 4.4A). Genes upregulated for 6F medium cultured cells were significantly enriched 
for biological processes related to development, while those downregulated were enriched for 
processes related to cytoskeleton organization and cell adhesion (Fig 4.4B).  

 
Figure 4.4 mRNA microarray analysis on fibroblasts in 6F medium on day 2. A) Heatmap of upregulated and 
downregulated genes (>2 fold, FDR-adj p<0.05). B) Enriched gene ontology terms for upregulated and 
downregulated biological processes. 
 

4.3.3 Lineage tracing indicated that skeletal muscle cells were reprogrammed from fibroblasts 
 Other than fibroblasts, the starting population could also contain stem cells within the 
dermal layer or muscle progenitor cells from the Panniculus Carnosus.  I next sought to 
establish that the chemically derived skeletal muscle cells were reprogrammed from fibroblasts 
and not differentiated from stem cells. To this end I employed a gating strategy that would 
remove known stem cell populations residing in the skin while selecting for fibroblasts. Fsp1 is a 
fibroblast marker[123], and has been used as a marker to trace fibroblast origins[7,80]. In Fsp1-
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Cre/ROSA26-tdTomato mouse, Cre recombinase expressed under the control of Fsp1 promoter 
will remove a floxed STOP cassette preceding tdTomato to permanently label fibroblasts with 
the red fluorescent protein. I isolated dermal fibroblast from Fsp1-Cre/ROSA26-tdTomato 
neonates and stained them for the surface markers CD34 and Sca1.  CD34 would label 
keratinocyte[124], bulge stem cells[125] and muscle progenitors [126], while Sca-1 would mark 
pre-adipocytes[127] and multipotent skin-derived precursor cells[128]. I then sorted for CD34-
/Sca1-/tdTomato+ population (Fig 4.5A). Treatment with 6F medium caused skeletal muscle cell 
colonies to emerge from this sorted starting population (Fig 4.5B), indicating that these skeletal 
muscle cells were reprogrammed from fibroblasts and not differentiated from stem cells.  

 
 
 It has been reported that addition of only Forskolin could significantly enhance the 
proliferation of myoblasts[129]. Since our chemical cocktail contained Forskolin, I sought to rule 
out the possibility that the cocktail was merely inducing the proliferation of muscle progenitors 
that might have existed in the starting population. I first tested the effect of 6 and F, both 
individually and combined, on the proliferation of primary murine myoblast in the optimized 
basal medium. Results showed that although F alone enhanced proliferation of myoblasts in 
comparison to basal medium after 8 days of culture, 6F together did not (Fig 4.6A-B). Since I did 
not observe skeletal muscle cell clusters in fibroblasts treated with basal medium, these results 
indicated that skeletal muscle clusters derived from 6F treatment were not expanded from 

Figure 4.5 Skeletal muscle 
cells were derived from 
fibroblast population. A) 
CD34+Sca1-tdTomato+ cells 
were sorted out from 
dermal population of Fsp1-
Cre/ROSA26-tdTomato 
transgenic mouse to deplete 
stem cells and select for 
fibroblasts. B) Fibroblast 
population from A) 
reprogrammed into skeletal 
muscle cells after culture in 
6F medium for 10 days. 
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muscle progenitors that could have existed in the starting population. I also treated unsorted 
dermal fibroblasts with 6 and F and performed RT-qPCR. Together, 6 and F dramatically 
upregulated the expression of skeletal muscle genes, compared to their individual effects (Fig 
4.6C). The combined effects of 6 and F were therefore critical for inducing reprogramming, and 
F alone was not capable of inducing expansion of muscle progenitors that might exist in the 
unsorted dermal population.   
 

 
Figure 4.6 Myoblasts and dermal fibroblasts treated with 6, F and 6F together. A) Myoblasts were cultured in 
basal medium (MEF medium with 50μg/ml ascorbic acid and 50ng/ml bFGF), 6, F and 6F combined for 8 days and 
stained for Pax7. B) Quantification of A). C) Unsorted dermal fibroblasts were treated similarly to A) and subjected 
to RT-qPCR after 8 days. (*p<0.05, **p<0.01, n=3) 
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4.3.4 Microgrooved substrate allowed easy purification of skeletal muscle cells 
 I noticed that the skeletal muscle cells emerged in clusters. I next sought a convenient 
way to isolate the reprogrammed skeletal muscle cells. I noticed that the skeletal muscle cell 
colonies sometimes contracted into spheres as they became very dense and myocytes within 
the colonies pulled the surrounding cells inwards. I hypothesized that culturing the 
reprogramming cells on microgrooved substrate would promote this phenomenon by aligning 
the myocytes within the colonies in the same direction. As expected, many more spherical 
colonies were observed on microgrooved than flat substrate on day 10. Staining for Pax7 
revealed presence of progenitor cells within the colonies (Fig 4.7A). After 10 minutes of 
collagenase treatment, gentle knocking on the culture plates detached the colonies cleanly (Fig 
4.7B). Spherical colonies on flat substrate could not be detached cleanly with this method, 
suggesting that the microgroove played a role in weakening the attachment of the colonies to 
the substrate to allow easier detachment. If initial population was seeded at a sufficiently low 
density, incubating the culture in Ca2+/Mg2+ free PBS was sufficient to detach the colonies and 
collagenase treatment was not necessary.  
 I analyzed the makeup of the cells in the colonies. I disaggregated the detached 
colonies, plated the single cells and stained them for Pax7 and MyoG. 23%, and 62% of the 
disaggregated cells were positive for each of these markers respectively (Fig 4.7C), indicating 
the 6F medium derived population contained a mixture of progenitors and differentiated 
skeletal muscle cells. 
 
4.3.5 Reprogrammed skeletal muscle cells engrafted in vivo 
 I cultured the isolated skeletal muscle cells in MEF medium for 2 weeks and observed 
formation of long myotubes that contracted spontaneously (Fig 4.8A). Many of the myotubes 
displayed striated patterns, an indication of formation of mature sarcomeres (Fig 4.8B). 
 I next tested if the reprogrammed skeletal muscle cells could engraft in injured muscle 
and contribute to regeneration. I labelled the starting population with Dsred using retrovirus, 
and reprogrammed the cells on microgrooved substrate. I isolated and disaggregated the 
colonies after 10 days and injected the cells into the tibialis anterior muscle of Balb/c SCID 
mouse that had been preinjured by cardiotoxin injection 24 hr before transplantation. The 
contralateral muscles of recipient mice were injured but injected with Matrigel solution only. 1 
week after transplantation muscles were harvested. Dsred positive cells were clearly observed 
at the site of injection. Confocal microscopy revealed these cells had morphology resembling 
myofibres (Fig 4.8C). By contrast, site injected with Matrigel solution did not have any Dsred 
positive cells. Therefore, reprogrammed skeletal muscle cells derived from 6F medium could 
engraft in injured muscles. 
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Figure 4.7 Purification of skeletal muscle cells with microgrooved substrate. A) Dermal fibroblasts on flat (left) 
and grooved (right) substrate treated with 6F medium for 10 days and stained for skeletal muscle troponin T. 
Skeletal muscle cells contracted into spherical colony on grooved substrate. Scale bar denotes 100μm. Insert: 
Confocal image of Pax7 positive cells within spherical colony. Scale bar of insert denotes 10μm.  B) Skeletal muscle 
cell colonies detached after 10 minutes of collagenase treatment. Scale bar denotes 100μm.  C) Disaggregated 
skeletal muscle colonies stained and quantified for Pax7 and MyoG positive cells. Scale bar denotes 100μm.   
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Figure 4.8 Maturation and engraftment potential of reprogrammed skeletal muscle cells. A) Purified skeletal 
muscle cells cultured in MEF medium for 2 weeks formed long myotubes that beat spontaneously. Scale bar 
denotes 100μm. B) Staining for skeletal muscle troponin T revealed clear striated pattern. Scale bar denotes 10μm. 
C) Purified skeletal muscle cells injected into cardiotoxin-injured tibialis anterior engrafted after 1 week. Scale bar 
denotes 1mm. Insert: Confocal image of engrafted skeletal muscle cells. Scale bar denotes 10μm. 
 

 Discussion 
 Previous works have demonstrated using skin derived cells as a source of myogenic 
cells. One of the earlier work directly transplanted dermal fibroblasts into irradiated mdx 
mouse muscle and subsequently showed presence of dystrophin positive fibers as a proof of 
engraftment[130]. Subsequently, it was shown that dermal fibroblasts could be induced to 
convert into a MyoD positive cells when co-cultured with myoblasts[131]. I could convert 
dermal fibroblasts into Pax7 positive cells with our chemical cocktail. It would be interesting to 
study if co-culture with myoblasts and chemical cocktail treatment induced lineage conversion 
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via similar mechanisms, and that the 6F chemical cocktail mimicked certain soluble factors 
secreted by myoblasts that were key to inducing lineage conversion.  
 
 Toma et. al. have identified a population of multipotent stem cells that could be isolated 
from the dermal layer, termed skin derived precursors (SKP)[132]. Subsequent works showed 
that expanded SKPs could be induced to differentiate into skeletal muscle cells[110,133]. 
However, since SKP expressed Sca-1, I have excluded this population from our starting 
population by FACs. Interestingly, it was shown that Sca-1 negative population from the dermal 
layer could also differentiate into skeletal muscle cells after an initial aggregation in suspension 
and subsequent plating onto collagen coated surface[111]. In our case, I need not aggregate 
our starting population nor coat our culture surface with collagen.  
 
 Montanaro et. al. have shown that side population cells from the epidermis could 
differentiate into skeletal muscle cells when transplanted into mdx mouse muscle[112]. Our 
work excluded the participation of this population since I separated the epidermal layer. 
 
 In addition to dermal fibroblasts, I have tried unsuccessfully to reprogram fibroblasts 
from the ear, tail tip and skeletal muscle. Dermal fibroblasts originated from the dermatome, 
and skeletal muscle from the myotome. Both dermatome and myotome originated from the 
somitic dermomyotome[131]. Thus, a lower epigenetic barrier as a result of their shared 
developmental origin could help explain why only dermal fibroblasts could be reprogrammed 
into skeletal muscle cells with the 6F cocktail.  
 
 I observed that the skeletal muscle cells usually emerged in clusters. This could be 
because the fibroblast was reprogrammed into a skeletal muscle progenitor first, which 
proliferated and differentiated to form the cluster of myocytes. Some of the daughter cells 
might have remained in the progenitor state, thus explaining the presence of Pax7+ cells in the 
clusters. Such asymmetrical division of muscle progenitor cells has been observed before[136]. 
The use of a Pax7 reporter mouse to track the appearance of any Pax7 positive cells in the 
reprogramming culture would be useful to verify this hypothesis.  
 
 I have treated human foreskin-derived dermal fibroblasts with our reprogramming 
medium but failed to observe any myocyte clusters emerging after up to 3 weeks. Future work 
will screen for additional chemicals to achieve reprogramming with human dermal fibroblasts.  
 
 For the first time I have shown that a cocktail of two small molecules can efficiently 
reprogram dermal fibroblasts into skeletal muscle cells. The short duration required, high yield, 
differentiation and engraftment potential of the resulting cells will offer significant advantages 
in advancing muscle regeneration. 
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Conclusion and Future Directions 
 In chapter 2 and 3, I described simple physical methods to improve efficiency of 
reprogramming into iPSCs and cardiomyocytes respectively. These results further revealed a 
physical dimension to approaches for affecting cellular reprogramming efficiency. While I have 
provided some insights into the underlying mechanisms, large scale profiling methods such as 
microarray, bisulfite seq and CHIP seq may reveal other pathways on a transcriptomic and 
epigenetic level that are perturbed by these physical cues. I also have not established if these 
methods work for human cells, and it will be imperative to do so in future work.  
 
 In chapter 4, I described a cocktail of 2 chemicals that could efficiently reprogram 
murine dermal fibroblasts into skeletal muscle cells. I showed that the reprogrammed cells 
engrafted into injured muscle after 1 week, but samples from longer time points need to be 
examined as well to determine if this engraftment is temporary or permanent.  Behavioral tests 
could be performed to demonstrate that engraftment is indeed beneficial for functional 
recovery. Histological examination should be performed to determine if engrafted cells home in 
and take up satellite cell niches in either the endogenous or donor-derived myofibers. Apart 
from regenerating injured muscle, another important application of this chemical 
reprogramming method is the treatment of muscular dystrophy. As a proof of concept, donor 
dermal fibroblasts from mdx mutant mouse can be genetically corrected by expressing mini-
dystrophin or correcting the endogenous gene locus. The corrected cells can then be 
reprogrammed with 6F medium, injected back into the donor’s muscle and subsequently 
analyzed for expression of dystrophin. Ultimately, I need to translate these findings into human 
cells, so more screens need to be performed to identify additional small molecules to augment 
our 6F cocktail to reprogram human fibroblasts into skeletal muscle cells.  
 
 I have demonstrated how to influence cell fate decisions with physical and chemical 
cues, and hope that these findings can contribute to establishing direct cell reprogramming as a 
viable approach for regenerative medicine. 
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Appendix A 
 

a) 1. The main structure was made by casting and curing PDMS in a mold fabricated out of 
polycarbonate using a mill. The PDMS was removed and place on a thin layer of uncured PDMS 
spin coated on a silicon wafer. This thin layer would ultimately become the membrane for 
stretching the cells. 2. The PDMS was cured in an oven at 80°C for 1 hour. The excess 
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membrane was subsequently trimmed off. 3. The wall (also made of PDMS) for holding the 
media and glass slide for making the device sturdy were bonded to the main structure by 
plasma treatment. The surfaces were exposed to oxygen plasma and quickly pressed together. 
The assembled deice was then baked at 80°C overnight. Oxygen plasma treatment rendered the 
otherwise hydrophobic PDMS surface hydrophilic. To preserve hydrophobic zones at the edges 
of the membrane so as to prevent cell suspension from flowing off during the initial cell 
seeding, tapes were placed to block out the oxygen plasma. 4. Upon application of vacuum, 
device could attain about 10% stretch. The membrane surface was coated with 0.25 mg/ml 
Matrigel for 30 mins before cell seeding. For static condition, cells were also seeded on a 
stretching device but no stretching was applied. b) Cyclical stretch was applied by applying 
house vacuum to the device periodically. To apply vacuum periodically, a function generator 
was used to control a relay switch, which in turn opened and closed a three way valve 
connecting the house vacuum to the device. 
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Appendix B  
 
Formulas for polyacrylamide gel substrate 

Acrylamide (%) Bis Acrylamide 
(%) 

Elastic Modulus (kPa) 

4 0.08 1.2 
4 0.17 4.3 
4.9 0.21 15.5 
5 0.3 21.3 
6.5 0.28 30.9 
8 0.4 62.1 
10.5 0.45 108.6 

 
 Polyacrylamide gels were fabricated on 25 mm radius circular coverslips as described in 
Methods and Materials, without activation with EDC and NHS. The gels were soaked in PBS at 
37 °C overnight. The next day, oscillatory shear measurements were performed on a rheometer 
(MCR300, Anton Paar, Ashland, VA) with a 25-mm radius parallel plate. Gap between plate and 
base was first zeroed with a clean coverslip in between to account for the thickness of the 
coverslip. A humidity chamber was placed around the sample to prevent dehydration. The 
temperature of the base was set to 37°C, and frequency sweep from 0.001–10 Hz at 5% strain 
was performed. The elastic modulus, E′, was estimated as E′ = 2G′(1 + v), where G′ is the 
complex storage modulus at 1 Hz as measured by the rheometer and v is the Poisson's ratio, 
assumed to be 0.5.  
 Formulas highlighted in grey were subsequently used for our experiments. 
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