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ABSTRACT

Improving Fibroblast to Neuron Reprogramming through 
Engineering of the Cell Microenvironment

by

Douglas Oscar Kelkhoff

Joint Doctor of Philosophy in Bioengineering

University of California, Berkeley

and

University of California, San Francisco

Professor Song Li, Chair

Cells respond to environmental cues to inform expression. This function is quintessential for 
effective tissue development and coincides with chemical signaling to depict a host of signals 
that predispose progenitor cells to adopt a lineage commitment and differentiated cells to adopt 
mechanoregulated phenotypes. Herein the mechanotransductive effects of substrate stiffness and 
ligand presentation are explored as they pertain to fibroblast to neuron reprogramming using the 
Brn2, Ascl1 and Myt1l (BAM) viral system and cross referenced against previous studies in the 
effect  of stiffness on mesenchymal stem cells  (MSCs).  It  was discovered that  ligand surface 
density  deviations  of  a  single  order  of  magnitude  are  not  sufficient  to  induce  differential 
reprogramming  efficiency.  By contrast,  stiffness  has  a  profound effect  at  the  intersection  of 
broadly mechanotransductive pathways and neurogenerative genes. Using population RNAseq 
analysis, it was found that ERK and GSK-3β are largely regulated by viral expression of the 
singular  factor,  Ascl1.  ERK,  in  conjunction  with  SMURF2,  combine  to  have  a  biphasic 
regulatory effect on both arms of the SMAD pathway. Furthermore, modern analytical ontology 
toolsets were used to expose trends in MSC behavior governed by stiffness and cross validation 
of stiffness dependencies in the induced neuronal system. Similar to reprogrammed fibroblasts, 
MSCs show a stiffness dependent SMURF2 regulation. Concurrently, surface MHC class was 
seen  to  vary  across  stiffness  and the  antithrombogenic  capacity  of  MSCs was  shown to  be 
stiffness dependent. Collectively this work sets the framework for further exploration into the 
mechanical regulation which drives progenitor lineage commitment and reprogramming capacity 
through a common mechanism.
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VI. LAYPERSON’S ABSTRACT

When  an  organism  (such  as  a  human  embryo)  develops,  cells  go  through  consecutive 
divisions and slowly separate into classes of cells which will eventually form all of our tissues. 
Initially, when there are very few cells, this is diven mostly by chemical signals given off by 
those early cells. For quite some time, this style of cell-to-cell communication was thought to be 
the signal for all cell behavior. Although there were interesting observations of cells behaving 
weird when grown outside of their natural environment, it wasn’t until the early 2000s when we 
finally  observed  how  the  cell’s  local  area  can  drive  them  to  make  critical  developmental 
decisions and play a major role in that early tissue construction. It seems obvious looking back – 
brains are squishy, why wouldn’t we use that information to decide that we need to become a 
brain cell? Or maybe the area around is super hard, well that probably means I’m in the bone 
neighborhood and I should probably start trying to fit in with the locals. 

For quite a while this style of decision making was considered final. Your parents were bone 
cells,  their  parents were bone cells  – it’s  a family business. Then these guys,  Takahashi  and 
Yamanaka comes along – they’re a lot like the Wright brothers. They figure out a way for these 
settled cells to take off and go wherever they want. All of the sudden cells can pack up and spend 
the next five years in California – they’re wearing plaid and eating avocados. Within the past few 
years, we’ve moved beyond plane travel and now cells can be pushed to jump between lifestyles 
without any real transit time. It’s sort of like teleportation (catch up, reality! you’re ruining my 
metaphore!), but with cell behavior – and we don’t really understand exactly why it works. 

For all of my work, we experiment with giving cells a taste of what it’s like to be that final 
cell  type.  We do this with a virus. We take skin cells  from mice and give them the tools to 
express just a small handful of things that most neurons generally need to express when they’re 
first  learning  to  be  a  neuron.  Amazingly,  this  little  nudge  in  the  right  direction  is  all  the 
convincing that some of them need to hop the fence to the neuronal side. Even better, when we 
combine  this  little  stimulus  with  other  things  that  a  developing  neuron  likes,  such  as  an 
environment that just feels more brainy, even more of those cells jump ship for the neuronal life.

Now, figuring out why these cells behave the way they do is no small task. We use some 
pretty sophisticated stuff to look at all the possible changes occur when our cells  are in that  
brain-like  surrounding.  We also  look  at  what  changes  this  virus  causes  to  them.  When  we 
compare their behavioral fingerprint to normal cells we can get a good look at the ways cells 
make the decisions they do. If we can figure it out, we hope that one day we can target ways that  
people are predisposed to having developmental  neuronal ailments and maybe even use skin 
cells to make neurons that are really your own to treat neurological disease or repair neuronal 
tissue.
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1.  Introduction

1. INTRODUCTION

1.1 Outline and organization

This work stems from a growing body of research into the biophysical regulators which affect 
lineage  commitment  and  maintenance  –  particularly  in  the  context  of  fibroblast  to  neuron 
reprogramming using the three factor viral system pioneered by Vierbuchen, et al1. Findings are 
broken down by type of experiment with commentary in a more general context in the results 
and discussion sections of each chapter. Topics are clustered in two major categories. The first 
includes  a collection of cell  culture assays with an output  of protein amount,  bulk adhesion 
properties and morphology used to compare reprogramming efficiency to previous findings in 
the field. The second is a multiparameter bioinformatic study to compare the expression profiles 
of fibroblasts due to viral transduction and biophysical factors. The findings are used to compare 
the  impact  of  viral  transduction  against  the  stiffness  of  the  culture  substrate  to  produce  an 
understanding of the hierarchical impact of these two factors, their shared target pathways and 
their respective broader differential gene expression. Lastly, this work is compared against an 
analysis  of  revisited  mesenchymal  stem  cell  microarrays  to  explore  the  effect  of  substrate 
stiffness common between the high throughput screening datasets. 

1.2 Recurrent methods and analysis

Many cell culture, imaging and substrate synthesis procedures are used in the context of many 
experiments. For this purpose, the methods for these procedures are referred to in the Appendix. 
Likewise,  many of the software tools developed for high throughput analysis  of cell  culture 
assays are included in the Appendix. This includes an introduction to the methodology and an 
overview of all critical code segments used for analysis. 

1



2.  Background

2. BACKGROUND

When one can govern the epigenome of a cell, the door to complete phenotypic control opens, 
giving passage to a future of tissue regulation, a clearer vision of disease and epigenetic medicine 
– addressing many of the nuanced differential  markers which confer cell  traits  not explicitly 
described by a cell’s genetic material.

Naturally  pluripotent  or  multipotent  cells,  such as  embryonic  stem cells  or  bone marrow 
derived stem cells, have long been the standard for epigenetic plasticity. However, embryonic 
stem cell research has been historically marred by ethical concerns and deriving stem cells from 
bone  marrow  produces  low  yields  and  a  heterogeneous  population  of  cells2,3.  In  2007,  our 
understanding  of  cell  maturity  was  broadened  by  the  pioneering  work  of  Takahashi  and 
Yamanaka4.  The  foundational  research  established  the  understanding  that  fully  differentiated 
adult cells maintain the plasticity to, when provided the proper cue, revert to a fully stem state, 
conferring the pluripotent ability to differentiate into any of the three germ layers. This discovery 
was driven by the  overexpression of  a  panel  of  developmental  genes.  When this  panel  was 
slowly  whittled  to  a  small  pool  of  the  most  pertinent  genes,  it  was  concluded  that  the 
overexpression  of  only  four  was  sufficient  to  induce  a  stem-like  state,  resulting  in  what  is 
commonly referred to as the Yamanaka factors. Since its discovery, this work has been held as 
the gold standard for induced pluripotency, being confirmed to hold true for a number of adult 
somatic  cell  types5.  Cells  derived  through  this  method  have  opened  the  gates  to  discovery 
through disease models for ALS, sickle cell anemia, diabetes and countless others6–8. 

Despite  the  monumental  step  forward  that  Yamanaka’s  work  represents,  the  discovery  of 
induced pluripotency leaves many concerns of stem cell treatments unaddressed. Maintaining the 
ability to differentiate into any one of the three germ layers poses the requisite confirmation of a 
derived cell type, posing yet another time and work intensive component to developing cell lines 
for disease models or for therapeutic purposes. In this regard, the boon of stem cell research 
following Yamanaka’s discovery reflects strongly on the state of ethical concerns associated with 
and scarcity of stem cells derived from early term embryos. Regardless of one’s ethical position 
on embryonic stem cells, it’s clear that a hurdle is posed by the scarcity of low passage stem cell 
stocks for their use in therapeutic purposes. 

2.1 Reprogramming as an alternative to induced pluripotency

In  the  same  vein,  the  controversy  surrounding  embryonic  stem  cells  was  mitigated  by 
concurrent  research  into  cell  direct  reprogramming  –  the  process  of  converting  from  one 
differentiated cell type to another (Alternatively referred to as transdifferentiation)9. Dating back 
to the late 1980’s, there has long been a modest understanding of the propensity of cells to be 
coerced into alternative lineages. This formative work discovered the ability of fibroblasts to 
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transition to skeletal muscle through induction of MyoD10. It wasn’t until 2008, when Feng, et al. 
showed  that  fibroblasts  could  be  converted  to  macrophages  through  the  induction  of  two 
cofactors,  highlighting the ability  of these cells  to reprogram across the germ layers11.  More 
recently,  Vierbuchen,  et  al.  have  successfully  used  a  viral  cocktail  to  convert  fibroblasts  to 
functional neurons, again showing that cells can transition between germ layers1. Similar to the 
discovery of the Yamanaka factors before it, many reprogramming cocktails stem from a library 
of  developmentally  quintessential  genes.  Likewise,  a  sufficient  subset  are  determined  by 
sequentially narrowing the pool of candidate genes and selecting for those which maintain their 
capacity to reprogram. This preliminary work confirms the ability to convert between germ lines, 
but the full scope of pathways which dictate this cellular decision remains untold. 

Though  the  implications  of  transdifferentiation  leaves  one  optimistic,  the  reality  of  these 
initial reprogramming trials was low yield and a highly heterogeneous resultant cell population. 
With  efficiencies  around  10%,  these  procedures  are  woefully  inadequate  for  therapeutic 
purposes. Even disease modeling can prove difficult  due to the requisite  preliminary task of 
isolating  reprogrammed  cells.  Certainly  for  a  sensitive  targets  such  as  neuronal  cell  types, 
sorting, replating or screening cells can be quite disruptive to their axonal structure. Needless to 
say, the ideal solution is to improve the efficiency with which cells can be reprogrammed and 
determine  what  network  of  epigenetic  regulations  or  formative  pathways  are  necessary  to 
produce a differentiated cell type. To this end, gleaning a clearer understanding of this complex 
process will undoubtedly lend itself to better informed reprogramming research.

2.2 The cellular environment as an epigenetic regulator‡

It has largely been accepted tha

t biophysical cues can regulate a variety of cell functions, via signal transduction from the cell 
membrane through the cytoplasm to the nucleus13–15. The regulation of signaling molecules by 
biophysical factors represents the acute responses of cells, which can lead to the activation of 
transcriptional factors resulting in differential gene expression and cell function. On the other 
hand, recent studies have also demonstrated that biophysical factors have a long-term effect on 
phenotypic  changes,  modulating  stem  cell  differentiation  and  cell  reprogramming16,17.  The 
change of cell phenotype stems from the modulation of its epigenetic state, the “memory” of a 
cell.  This  state  can  be  regulated  by  DNA methylation  as  well  as  histone  methylation  and 
acetylation,  each  of  which  affects  gene  expression  independent  of  DNA sequence.  There  is 
emerging evidence that biophysical cues, in addition to transcriptional factors and biochemical 
factors, can regulate the epigenetic state of the cells and thus its phenotypic changes18,19. 

‡ This section adapted from “Mechanotransduction to Epigenetic Remodeling”, Kelkhoff, et al. 2016 12
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2.2.1 The cytoskeleton as a mechanical linkage

It is well understood that cells utilize focal adhesion complexes to adhere to and sense their 
environment20–23.  The  activation  of  an  integrin  receptor  by  ligand  binding  or  mechanical 
perturbation can lead to a series of intracellular signaling events such as the activation of focal 
adhesion kinase and downstream signaling24. Concurrently, actin fibers crosslink with α-actinin 
and myosin II forming a stress fiber which tethers the adhesion site to the cellular cytoskeleton25. 
It  is  well  known  that  the  cytoskeleton  is  a  predominant  structural  component  of  the  cell. 
However, recent findings suggest that the cytoskeleton serves a role for mechanosensing and 
transduction, allowing the transmission of mechanical signals to the nucleus, ultimately affecting 
gene expression and epigenetic modifications18,26–28. The primary cytoskeletal component, actin 
filaments, are believed to be the principle signal transducer. Where small molecule diffusion or 
active transport of protein to the nucleus takes seconds, stress wave propagation can occur on the 
millisecond  timescale,  making  the  actin  cytoskeleton  the  preferred  transmitter  for  a  rapid 
response  to  mechanical  cues29.  Although it  is  now believed  that  there  is  a  linkage  between 
mechanical input and nuclear behavior, it remains unclear exactly how this signal propagates to 
the nucleus. 

There is a definitive mechanical coupling between the cell surface and the nucleus through a 
cytoskeletal  linkage.  By  allowing  cell  attachment  to  adhesive  microbeads  and  subsequently 
pulling  on  those  beads  using  a  micropipette,  it  has  been  shown  that  there  was  a  distinct 
morphological  correlation  between  cell  and  nuclear  shape.  Furthermore,  even  after  soluble 
cytoplasmic  components  were removed using a  detergent,  leaving only the cytoskeleton,  the 
mechanical coupling persists. This finding suggests a tethering of the cytoskeleton to the nuclear 
lamina responsible for the shape of the nucleus15.

In the past decade, the NUANCE protein (now known as Nesprin-2) was discovered. Nesprin-
2 was found to contain a transmembrane domain,  localizing cytoskeletal  protein to the outer 
nuclear membrane30. Furthermore, this protein contains a binding site for  α-actinin, one of the 
principal  components  of  actin  stress  fibers.  Colocalization  of  the  nesprin-2  and cytoskeletal 
proteins  suggested  a  linkage between the  cytoskeletal  microfilaments  and the  nucleus-bound 
protein. For the first time, this work suggested a protein linkage between the cytoskeleton and 
the physical structure of the nucleus31. 

Now it is known that the cytoskeleton is linked to the structural component of the nucleus, the 
nuclear lamina,  through the linker of nucleoskeleton and cytoskeleton (LINC) complex. This 
protein complex is composed of a number of inner- and outer- nuclear membrane proteins that 
are linked through transmembrane domains29,32. This linkage relies on KASH domain proteins 
that contain transmembrane domains on the cytoplasmic leaflet. The KASH containing proteins 
bind SUN 1/2 in the perinuclear space and span the inner nuclear leaflet. Inside the nucleus, the 
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SUN 1/2 proteins contain binding domains for lamin A, tethering the complex to the nuclear 
lamina.  Nesprin-2 is one such KASH domain protein. LINC complexes serve as the primary 
mechanical linkage of cellular mechanical structures, tethering the nuclear lamina to stress fibers, 
intermediate filaments and microtubules33. In this way, nuclear mechanics are directly linked to 
the extracellular matrix and cell junctions through physical, covalent linkages.

With  this  knowledge,  it  is  clear  that  the  cytoskeleton  and  nucleus  are  mechanically 
continuous.  However, how this results in altered gene expression remains to be told.  On the 
cellular scale, there is evidence that the overall shape of the nucleus can have a profound impact 
on  histone  modification  and cellular  phenotype16,34.  One direct  coupling  of  cellular  shape  to 
nuclear  deformation  is  through the  perinuclear  actin  cap35.  This  actin  cap is  a  structure  that 
appears in two-dimensional culture of cells characterized by a collection of stress fibers spanning 
the apical surface of the nucleus and terminating in highly elongated actin cap associated focal 
adhesions. The tension of the stress fibers causes a distortion of the nucleus, causing it to adopt a 
disk-like morphology. It is now clear that the actin cap is necessary for effective distortion of the 
nucleus when the cytoskeleton is in tension36. Since cytoskeletal tension is largely dependent on 
substrate rigidity, this work suggests that the perinuclear actin cap is an important downstream 
regulator of nuclear shape in response to environmental mechanical cues37. 

Similarly,  a  recent  work  shows  a  clear  correlation  between  cell  elongation  and  nuclear 
shape38. By seeding cells on micropatterned adhesion ligand substrates to confine cells to shapes 
with predefined anisotropy, it was shown that nuclear shape as well as chromatin condensation 
show a strong reliance on cell morphology. Highly aligned cells showed smaller, more elongated 
nuclei with considerably higher levels of chromatin condensation. Disruption of the cytoskeletal 
structure within elongated cells using blebbistatin, an inhibitor of myosin II, results in chromatin 
unpacking comparable to isotropic cells. 

Although it’s becoming increasingly clear that mechanical signals are relayed to the nucleus, 
the exact mechanism remains unidentified. Proposed pathways include (1) mechanically coupled 
nuclear pores, (2) mechanically coupled ion channels, (3) strain-induced chromatin unfolding or 
(4) strain-induced DNA unraveling24. The opening of nuclear pores or ion channels along the 
nuclear membrane alters local nucleus-targeted protein or ion concentration within the nucleus. 
Targeted proteins may serve as transcription factors altering gene expression where an influx of 
ions may offset histone interactions resulting in chromatin remodeling. Likewise, transduction of 
mechanical signals to the nuclear lamina may result in spatial separation of DNA, either resulting 
in  strain-induced DNA denaturation or the mechanical  disruption of histone binding.  Any of 
these  mechanisms,  therefore,  would  affect  gene  expression  or  result  in  a  direct  epigenetic 
modification as a result of biophysical cues.

2.2.2 Nuclear matrix lamin as a mechanotransducer and modulator

5



2.2  The cellular environment as an epigenetic regulator

The mechanosensitive nature of the nucleus is thought to rely largely on the physical linkage 
that exists between the cytoskeleton and nuclear membrane. Given this connection, it becomes 
sensible to speculate that physical stresses and strains imposed on cells from the extracellular 
space might propagate through the cytoplasm and on to affect the intranuclear behavior of the 
cell. Over the past several years, a growing body of literature has confirmed this speculation and 
demonstrated  the  functional  implications  of  direct  nuclear  mechanosensing38.  More  recently, 
researchers have even begun to identify several proteins that are critical to the nucleus’ capacity 
for mechanosensing. Lamin proteins in the nuclear matrix have been identified as critical players 
in nuclear mechanotransduction and interact heavily with other proteins of the LINC complex39–

41. Lamins, a type V intermediate filament and major component of the nuclear lamina, contribute 
greatly to the structure and mechanical integrity of the nucleus. With the help of lamin networks, 
cells  are  able  to  precisely  regulate  the  shape,  rigidity,  and permeability  of  their  nucleus.  In 
addition,  through  its  ability  to  form networks  with  DNA,  lamin  plays  an  important  role  in 
chromatin packing and gene accessibility.  While much of lamin’s function is associated with 
structural  support  of  the  nucleus  and  proper  force  transmission/response,  lamins  have  been 
shown  to  play  a  pivotal  role  in  gene  regulation,  stem  cell  fate  commitment,  and  disease 
pathology42–44. 

Lamins are categorized as either A-type or B-type. Two of the most abundant A-type isoforms 
of lamins are lamin A and lamin C, which are both produced from a single gene, LMNA. A-type 
lamins are present in nearly all somatic cell  types but prove absent in early embryonic cells, 
immediately drawing speculation to their involvement in cell lineage commitment. Lamin B1, 
lamin B2 and lamin B3 (B-type lamins, encoded by genes LMNB1 or LMNB2) are expressed in 
somatic cells types and have been shown to be involved in the early development specification of 
Xenopus ooctyes, for example42. Still, the coordinated expression of lamin proteins across critical 
developmental stages and in various cell types suggests that lamins might contribute in some 
way to cell state transitions or even stem cell differentiation. 

In agreement with this, previous work has shown that lamin A mutation or overexpression 
within muscle progenitor (mouse C2C12) cells interferes and/or slows their differentiation into 
immature  muscle  fibers  (myotubes)45.  In  the  same  regard,  others  have  also  shown that  the 
overexpression of both wild-type and mutant lamin A inhibits lipid accumulation, triglyceride 
synthesis  and  expression  of  adipogenic  markers  during  the  differentiation  of  3T3-L1  pre-
adipocytes into adipocytes46. Interestingly, lamins have also been shown to play a role in stem 
cell fate determination. Specifically, knockdown of lamins A and C in human mesenchymal stem 
cells (MSCs) inhibited differentiation into osteoblasts and curbed MSCs toward an adipocyte-
like fate47. These results corroborate the previous study and suggest that the presence of A-type 
lamins  may  slow  or  inhibit  adipocyte  formation,  suggesting  their  involvement  in  fate 
commitment. 
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Previous  studies  have  also  shown  that  adult  stem  cells  exhibit  altered  differentiation 
propensities when cultured on cell-adhesive substrates of different stiffness. Recently, Discher 
and colleagues investigated the relationship between nuclear lamin levels and tissue stiffness, 
while shedding light on the role that nuclear lamins have in directed differentiation. Specifically, 
this work demonstrates that protein levels of nuclear lamin A (relative to lamin B) correlate with 
matrix  elasticity  and  collagen  content  in  adult  tissues.  Furthermore,  lamin  A  knockdown 
enhanced  MSC  differentiation  on  soft  matrices  towards  a  low-stress,  fat  phenotype  while 
overexpression enhanced differentiation on stiff matrix toward a high-stress, bone phenotype. It’s 
also worth noting that high levels of lamin A coregulate key factors such as serum response 
factor  (SRF),  which  promoted  expression  of  stress  fiber-associated  proteins  involved  in 
differentiation, and the Hippo pathway factor YAP148. 

While it remains unclear exactly how lamin A is involved in stem cell regulation, there is 
growing evidence that lamin mutations can influence key signaling pathways that are known to 
influence  stem cell  maintenance  and differentiation.  For example,  when the progerin/LA∆50 
protein (a mutant form of lamin A, originating from truncated prelamin A mRNA) is introduced 
into MSCs, major downstream effectors of the Notch signaling pathway become activated. This 
activation  appears  to  induce  major  changes  in  MSC  molecular  identity  and  differentiation 
potential. In addition, Wnt signaling was shown to be involved in regulating hair follicle stem 
cells  in  mouse  models  of  progeria.  Specifically,  Zmpste24–/–  mice,  which lack  production  of 
proteins involved in the processing of lamin A and, as a result, display age-related nuclear lamina 
defects and progeroid-like symptoms, have significantly higher numbers of resident epidermal 
stem cells within the hair bulge with decreased proliferative potential. Losses in active β-catenin 
and MITF protein levels is thought to be the cause of this stem cell misregulation since both 
proteins have roles in the Wnt signaling pathway. Beyond these two pathways, there is evidence 
that lamin A also influences TGF-β/Smad and Rb/MyoD pathways49. TGF-β binding to type I 
and  II  receptors  causes  the  phosphorylation  of  downstream  SMADs.  The  MAN1 complex, 
interacting with both lamin A and emerin, is capable of inhibiting the SMAD signaling, serving 
as a regulatory mechanism at the peripheral nuclear envelope50–53.

A number  of  human diseases  have  been connected  to  aberrations  in  lamin  expression  or 
function. A majority of these laminopathies arise from mutation in the LMNA gene specifically, 
giving rise to aberrant lamin A and C proteins. These diseases include Emery-Dreifuss muscular 
dystrophy,  dilated  cardiomyopathy,  limb-girdle  muscular  dystrophy,  and  Hutchinson-Gilford 
progeria syndrome54,55. In addition, lamins appear to be involved or modulated in a number of 
cancers19. Given the broad influence of lamins in cell function, it’s speculated that these disease-
related  lamin  mutations  are  the  result  of,  for  example,  impaired  nuceloskeletal  force 
transmission, reduced nuclear stability, altered mechanotransduction signaling, misregulation of 
gene  transcription,  or  impaired  stem  cell  function.  Still,  however,  much  of  the  mechanism 
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relating  to  lamin-induced  disease  development  remains  unknown.  As  research  continues  to 
deconvolute  the  intricacies  of  lamin  mechanotransduction,  it  is  clear  that  nuclear 
mechanotransduction could serve as a non-invasive biophysical cue to be exploited for directing 
cell lineage. 

2.2.3 Biophysical effects on chromatin 

Gene expression relies  on a  number of  regulatory  components  including the presence (or 
absence) of specific transcription factors, epigenetic marks on DNA or histone proteins, as well 
as small RNAs. While the global levels of each of these components can be informative to the 
identity or behavior of a particular cell, the spatial positioning of these regulatory components 
within the sub-nuclear space continues to gain major interest. The architecture of the nucleus is 
hierarchical  in nature,  composed of  chromatin  territories  where chromosomes are ordered in 
discrete  regions  within  the  nucleus  based  on  chromosome  size  and  gene-richness,  for 
example56,57.

In  recognizing  the  physical  link  that  exists  between  the  cytoskeleton  and the  nucleus  in 
addition to the association of nuclear membrane bound proteins to chromatin (for example, via 
Lamin Associated Domains or LADs), it’s speculated that deformations imparted onto cells from 
extracellular forces may alter chromatin structure, conformation, or location42,58,59. Such changes 
could  position  chromatin  segments  away  from  or  into  transcriptionally  repressive  regions, 
thereby activating or repressing gene expressing.

Chromatin  compaction  is  necessary  for  many  cell  processes.  During  cell  division,  for 
example, cells organize their DNA into tightly coiled chromatin structures during the prophase of 
mitosis.  As  migratory  cells  move  throughout  the  body,  they  necessarily  undergo  drastic 
deformation  in  cell  shape  in  order  to  squeeze  through  narrow  openings  between  cell-cell 
junctions or dense regions of extra-cellular matrix. Along with these changes in cell shape, cells 
are  likely  to  experience  changes  in  the  shape  and  size  of  their  nucleus,  necessitating  a 
rearrangement of the cell’s  DNA. Moreover, several studies have shown that changes in cell 
cytoskeletal shape leads to a subsequent change in the shape of the nucleus13.

In mammalian cells, histone proteins closely associate with DNA and play a major role in 
chromatin  compaction.  Modification  of  these  histone  proteins,  collectively  referred  to  as  an 
epigenetic signature, also seems to correlate with certain chromatin states. While much is still  
unknown regarding the appropriate classification of all histone modifications, the methylation or 
acetylation of histone residues strongly correlates with the local chromatin compaction. Recent 
work has revealed that the modification of histones can be directly impacted by a cell’s shape. 
When cells are patterned into various geometries using micro-island patterning, the cell’s histone 
modification profile is altered and gene expression is changed60. In addition, stem cells show 
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dynamic changes in chromatin compaction, which may be critical to enabling the sampling of 
various  chromatin  states  by  transcription  factor-rich  domains  within  the  nucleus  during 
differentiation61. Together, these insights highlight the idea that cell geometry, regulated through 
manipulation of the extracellular environment, plays a significant role in chromatin compaction 
and that biophysically induced changes in chromatin states could be critical in establishing adult 
or stem cell identity. 

Emerging adaptations of fluorescence in-situ hybridization (FISH) has brought to light the 
non-random  three-dimensional  organization  of  chromosomes  within  the  nucleus  during 
interphase.  In  addition,  the  development  of  chromatin  immunoprecipitation  (ChIP)  assays  in 
conjunction with the advancement of sequencing technologies has allowed researchers to map 
the  location  of  specific  proteins  or  histone  modifications  across  the  genome  at  high 
resolution62,63. These methods have brought new ways to explore and understand the impact of 
chromatin positioning (and repositioning) on changes in gene expression and the overall  cell 
state. 

Furthermore, a recent study by Solovei et al. reported on the organization of heterochromatin 
in several different tissues and across multiple species.  This work finds that heterochromatin 
positioning is coordinated throughout development and cellular differentiation through Lamin B 
Receptor and Lamin A/C proteins. With knockdown of these two proteins, heterochromatin is 
lost from the nuclear periphery and can lead to gene deregulation in myogenic differentiation58.

2.2.4 Biophysical regulation of the epigenome

Though it is now clear that biophysical regulators have an impact on the chromatin state of 
the  cell,  there  is  still  much  to  learn  before  such  techniques  can  be  utilized  for  epigenetic 
modification.  Largely,  the study of  biophysical  regulation  is  still  in  its  infancy,  with  only  a 
rudimentary  understanding  of  how mechanical  signals  are  conveyed  to  the  cell  to  result  in 
differential  gene  expression.  By  exploring  how biophysical  regulation  can  result  in  varying 
expression of genes through modification of a cell’s epigenetic state, insights into the regulatory 
mechanisms for development and prevention of disease can be gleaned. Though recent work has 
been driven forward by a select few mechanotransductive pathways in a small subset of model 
systems, it is clear that biophysical regulation is an essential regulatory mechanism in many, if 
not all cells.

Recently, the mechanical stimulation of cells has been shown to impact histone modifications 
and consequently the expression of genes. For example, various histone deacetylases (HDACs) 
are regulated by cyclic mechanical loading in a vascular smooth muscle system, resulting in a 
repressed migratory phenotype26.  This work links mechanical  biophysical  cues to phenotypic 
changes  in a cell  through epigenetic  modifications.  Interestingly,  seeding of MSCs on nano-
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patterned substrates resulted in  decreased activity  of HDAC corresponding to an increase in 
histone  acetylation16.  Furthermore,  when  these  substrates  were  stretched  orthogonal  to  the 
direction  of  the  grooves,  a  further  decrease  in  HDAC  activity  was  observed.  Lamin  A/C 
knockdown was used to  determine  whether  these proteins  play a  role  in  the transduction of 
mechanical  signals  to  the  nucleus.  Since  complete  knockdown of  lamin  results  in  severely 
retarded cell viability, partial knockdown of lamin A/C to only half the endogenous amount was 
characterized. This partial knockdown inhibits any mechanotransduction of loading conditions to 
nuclear  epigenetic  changes,  suggesting  that  lamin  proteins  play  a  critical  role  in  the 
mechanosensing of MSCs. 

In a subsequent study, fibroblasts derived from adult mouse ears were transduced with a virus 
encoding factors known to induce pluripotency. The cells were seeded onto a nano-patterned, 
grooved surface and a four-fold increase in reprogramming was observed on 10-micron wide 
grooves18. This system, like the MSC system discussed previously, highlights how topology can 
affect a cell’s epigenetic state. To contrast the previously mentioned work, this study broadens 
the earlier  finding to show that  somatic  cell  histone modification can be altered through the 
topology of a substrate. To further explore the mechanism through which this mechanosensing 
was  taking  place,  reprogramming  was  compared  to  known  chemical  systems  of  induced 
pluripotency. It was observed that this increased efficiency showed the same effect as valproic 
acid (VPA) and tranylcypromine hydrochloride (TCP), which were previously known to increase 
reprogramming  by  inhibiting  HDAC and  lysine-specific  demethylase  respectively64,65.  When 
these chemicals were added in conjunction with biophysical regulation, no significant change in 
reprogramming was observed compared to biophysical regulation alone, suggesting a potentially 
shared mechanism. This work further supports a linkage of biophysical cues to the activity of 
specific histone modification enzymes. As this work draws a connection between pluripotency 
and biophysical regulators, it draws into question what effect biophysical regulation may have on 
cell  differentiation and development.  Additionally,  as this work ties mechanical  regulation to 
pluripotency  it  connects  the  importance  of  the  cell  microenvironment  to  tumorgenesis, 
reinforcing the linkage of substrate mechanics to tumor development and metastasis17,66. 

In addition to application of forces  through the deformation  of a substrate,  shear stresses 
caused  by  flow  of  the  fluid  surrounding  a  cell  imposes  a  biophysical  cue  which  can  be 
transduced  to  influence  cell  function.  Recently,  a  growing  body  of  work  has  been  tying 
physiological  fluid  flow  patterns  to  phenotypic  changes  in  cells  through  epigenetic 
modifications27,67.  Specifically,  the  circulatory  system  serves  as  one  target  system  which  is 
thought  to  be  largely  maintained  by  the  mechanical  signals  conveyed  through  fluid  flow 
conditions. By exposing vascular endothelial cells to turbulent or laminar flow patterns, recent 
work has shown an epigenetic dependence on flow conditions68. By uncovering a dependence of 
two classes of HDACs on the fluid mediated shear stresses,  it  was determined that  multiple 

10



2.2  The cellular environment as an epigenetic regulator

shear-responsive genes were epigenetically  regulated in response to the applied stress69.  This 
regulation correlates to the presentation of oxidative, inflammatory or proliferative phenotypes 
observed in endothelial cells suggesting a mechanically transduced dependence of cell fate and a 
potential  mechanism for vascular  disorders  such as  atherosclerosis.  This  work highlights  the 
importance of environmental stresses on lineage commitment in phenotype stability. 

2.3 Cell adhesion as a biophysical cue

Though it’s clear that the biophysical cues of a cellular environment can have a profound 
effect  on  cell  behavior,  the  exact  parameters  which  govern  this  interaction  remain  rather 
nebulous.  To date,  stiffness  has been deeply explored,  but  many confounding environmental 
conditions remain untouched70. In fact, stiffness in many tissues is derived primarily from the 
density of the extracellular matrix (ECM), drawing into question whether stiffness is the best 
representation of substrate properties71–73. Recent work by Trappmann,  et al. suggests that the 
porosity of an underlying substrate, which is largely covariant with stiffness, can govern stem 
cell lineage commitment74. However, the global assertion of this phenomenon has been met with 
with  much  scrutiny.  Wen,  et  al.  of  the  Engler  lab  have  found  that  there  is  no  significant 
regulation through ligand density in the mechanosensing necessary to direct MSC fate across a 
50-fold interval of protein density75. What effect the availability of binding sites has on a cells 
epigentic regulatory mechanisms remains hotly contested.

Despite the lack of clear consensus that the density of adhesion governs cell fate, there is 
substantial  evidence suggesting that the strength or structure of cell  adhesions can regulate a 
cell's  behavior.  Notably,  vinculin,  a  key  component  in  focal  adhesion  maturation,  is  largely 
mechanically  sensitive  through  the  tension  regulated  exposure  of  talin  binding  sites76.  Such 
biophysically  regulated  pathways  are  dependent  on  the  ability  to  first  form  nascent  focal 
adhesions which are inherently dependent on a basil density of surface protein77. Likewise, it's 
been shown that the morphology of a cell can server as a regulatory mechanism to preferentially 
drive lineage commitment78. As cell adhesions dictate the overarching structure of a cell, and 
more  generally,  adhesion  density  regulates  the  spread  area  of  a  cell,  this  work  hints  at  the 
possibility that surface adhesion may aid in governing cell epigenetic regulations. 

Moreover, it's well understood that adhesion to a surface substantially impacts the rigidity and 
maturation of the actin cytoskeleton79. With this in mind, it's conceivable that any one of the 
biophysically  regulated pathways described above may be a regulator for mechanosensitivity 
through adhesion. That is to say that forces transmitted through the cytoskeleton may be relayed 
through the nuclear lamina or perinuclear cap to distort the chromatin superstructure. 
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2.4 Biophysical pathways and ties to phenotypic or epegenetic regulation

Among the pathways that have been shown to play a profound role in regulating cell behavior 
based  on  environmental  interactions  are  many  familiar  pathways  previously  linked  to  cell 
substrate  interactions.  The  MAPK  pathways80–82,  Wnt  signaling  pathways83,84,  JAK/STAT 
signaling pathways85,86 and SMAD pathways13,87, among numerous others, have all been shown to 
be mechanically linked. The effects of this variety of cellular pathways are not fully understood, 
but their downstream effects are known to play a role in a host of cell phenotypes and decisions. 
Tissue maintenance, renewal and development are all strongly tied to regulation by mechanical 
cues83,88,89. 

Quite recently, the mechanotransductive role of the SMAD pathways has been of particular 
interest in the context of fibroblast to neuron reprogramming because of the decisive effects of 
SMAD inhibition on reprogramming efficiency90. The SMAD pathway had been previously tied 
neurogenesis and is more classically known as a signal transducer for the mechanoregulation of 
bone tissues91–94. In early development, gradients of signaling molecules upstream of the SMAD 
pathways are prominent in Xenopus development95. Likewise, regulation by BMP signaling has 
been tied to driving neural differentiation in human induced pluripotent stem cells96. It is likely, 
then that regulation by SMAD-related pathways is perhaps a key component in directing lineage 
decisions and destabilizing committed lineage phenotype. Within the SMAD pathway there are a 
number  of  key  regulatory  mechanisms  which  span  regulation  of  both  arms  of  the  SMAD 
network.  The  first  is  the  inhibitory  SMAD  6/7,  which  has  a  dual  inhibitory  effect, 
downregulating both SMAD1/5/8(9) and SMAD2/3. The second is through ERK as an offshoot 
of  the  MAPK  signaling  pathway,  which  can  inhibit  both  regulatory  SMAD  families  via 
phosphorylation.  Likewise,  crosstalk with the Wnt signaling pathway through inhibitor  of  β-
catenin,  GSK-3β,  results  in  regulation  of  the  SMAD pathways  through interaction  with  co-
SMADs 3 and 4. 

The culmination  of  these mechanosensitive  pathways may impact  lineage  commitment  or 
adult cell phenotype, lending the possibility that these regulatory mechanisms may be usurped to 
direct cell lineage reprogramming. The mechanosensitive nature of these pathways prompts the 
corollary  that  their  mechanotransductive  differential  expression  may  aid  in  directing  these 
lineage-directing behaviors to disrupt established cell phenotype without the need for exogenous 
expression or outside chemical influence, reducing the systemic footprint and potential genetic 
damage imposed by many modern reprogramming systems. 

2.5 Summary

Herein, biophysical regulators and their impact on direct reprogramming will be explored and 
compared to the effect of viral reprogramming in search of shared regulatory mechanisms. As 
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many of the viral targets are genes of developmental or differentiation origin, they serve as a 
curated  selection  of  sufficient  pathways  for  destabilizing  and  reprogramming  the  fibroblast 
lineage commitment. In this regard, exploration of the common pathways shared between the 
effects of these viral and biophysical factors can give insight into the meaningful ways in which 
substrate mechanics can be used to drive a cell toward reprogramming. 
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3. IMPACT OF SUBSTRATE BIOPHYSICAL PROPERTIES ON FIBROBLAST TO 
NEURON REPROGRAMMING

3.1 Introduction to mechanotransduction in the regulation of cell fate

As alluded to in Chapter  2, the fate of a cell is heavily regulated by the cell’s biophysical 
niche.  This  niche  is  a  catch-all  description  of  the  effects  of  the  cell’s  local  environment. 
Biophysically,  the cell  niche describes  the mechanics  of the surrounding extracellular  matrix 
(ECM), the environmental concentrations of mechanically pertinent proteins, the density of cells 
and their ability to form contacts among numerous more classical environmental features such as 
chemical composition.  It’s becoming increasingly apparent that a tissue’s niche amounts to a 
lineage  maintenance  mechanism,  coercing  circulating  progenitor  cells  to  the  lineage  and 
maintaining the commitment of differentiated cells97–99. Classically, mechanical stem cell niches 
have been described in terms of their stiffness14,100. This is with good reason – the stiffness of a 
tissue  is  an  easily  measured  bulk  property  and  varies  by  over  two  orders  of  magnitude 
throughout the human body14. As an initial differentiator, stiffness can be measured easily and 
surfaces  with  specific  stiffness  can  be  fabricated  fairly  consistently.  These  properties  make 
stiffness a fantastic material property for early screening of biophysical effects. However, much 
recent  work  brings  the  reliance  on  stiffness  under  scrutiny  due  to  its  interdependence  on 
alternative properties such as porosity, density, amount of crosslinking and composition72,74,101.

Cell reprogramming has oft been thought to be governed by many of the same pathways as 
differentiation.  When screening for  influential  genes  which  can  direct  reprogramming,  many 
libraries are originally developed out of a pool of genes known to be key regulators of lineage 
commitment or maintenance. Historically, such a method has been used to screen for the factors 
necessary  to  convert  fibroblasts  to  neural  precursors,  blood progenitors,  cardiomyocytes  and 
hepatocyte-like  cells102–105.  In  much  the  same  way,  the  factors  used  herein  to  convert  from 
fibroblasts to neurons were originally derived as a subset of factors known to be involved in 
neuronal development, lineage commitment and maintenance1. Just as the genetic fingerprint of 
reprogramming is informed by the necessary genes for differentiation, it stands to reason that the 
biophysical niche which directs lineage commitment or maintenance may play a role in a cell’s 
proclivity for being reprogrammed. As neuronal tissues are generally more compliant, materials 
with softer stiffness were explored as substrates for fibroblast to neuron reprogramming. 

To understand the role that biophysical factors may play in this reprogramming system, it’s 
first critical to understand what pathways are known to play a role in its efficacy. Thus far, the 
pathway most strongly linked to fibroblast  to neuron reprogramming is the SMAD signaling 
pathway, whose inhibition has been shown to to produce a ten-fold increase in the number of 
reprogrammed neurons90. Ladewig et al. showed that dual inhibition of both arms of the SMAD 
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pathway,  through  the  TGF-β and  BMP  arms, results  in  this  pronounced  increase  in 
reprogrammed  cells.  Likewise,  SMAD  phosphorylation  has  been  found  to  be  biophysically 
regulated through the Hippo pathway, YAP/TAZ pathway, BMP receptor, and release of active 
TGF-β106–109.  Given  the  numerous  mechanotransductive  linkages  to  the  SMAD  pathway,  it 
warrants investigation into these pathways of the effect of the SMAD inhibition which Ladewig, 
et al. observed. 

In addition to stiffness, it’s important to consider alternative biophysical regulators which may 
play a role in reprogramming. Motivated in much the same way, adhesive ligand density was 
pursued  due  to  its  implication  in  driving  neuronal  outgrowth  activity  and  neural  tissue 
development110–114.  In  the  same  way  that  genes  related  to  neuronal  development  drove  the 
discovery of the original three factor viral system for neuronal reprogramming, it’s postulated 
that  the  same rationale  can  be  extended  to  the  relevant  biophysical  conditions  for  inducing 
neuronal  reprogramming.  The prospect of understanding the biophysical  regulators of a cells 
epigenetic  stability  is  paramount  to  our  understanding  of  disease.  Many  neurological  and 
developmental  disorders,  such as  Parkinson’s,  Hutchinson-Gilford Progeria  and Huntington’s 
have been linked to the degradation of key mechanotransducers55,115–117.  Likewise,  biophysical 
regulators  present  a  non-invasive  mechanism  for  directing  epigenetic  regulation,  ideal  for 
therapeutic purposes or disease modeling. 

3.1.1 Regulation of substrate stiffness impacts fibroblast to neuron reprogramming

In the collection of work building up to this more holistic approach to investigating the role of 
the mechanosensitivity of the fibroblast  to neuron transition,  the effect  of stiffness was most 
promising. The biophysical regulators explored within this body of work is founded largely on 
previous work. Sze Yue Wong had already shown that moderate stiffness can drastically improve 
the efficiency of the fibroblast to neuron transition, but a rationale for this behavior had not yet  
been formulated. As investigation into the biomechanical regulation of this epigenetic transition 
proceeded,  it  quickly became clear  that the roles of adhesion ligands,  substrate  stiffness and 
cytoskeletal rigidity were likely not independent variables and that investigating one of these 
parameters could not be viewed in isolation from the others.

Sze Yue Wong had found that an intermediate stiffness of 20kPa drives fibroblasts to neurons 
under the influence of exogenous expression of neurogenic factors with an approximately four-
fold increase in efficiency when compared to either a softer (1kPa) or a harder substrate (glass). 
Driven largely by the work of Ladewig,  et al.,  who discovered a profound effect  of SMAD 
inhibition in promoting human postnatal fibroblast to neuron conversion, and with knowledge 
that the SMAD pathway interrelated to the heavily mechanosensitive MAPK pathway, the TGF-β 
pathway became a prime target for analysis90,118,119. 
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In  many  ways,  Sze  Yue  Wong’s  work  was  the  impetus  for  investigation  of  alternative 
biophysical cues. Likewise, many of the findings herein are used for informing that investigation 
and similarly the impact of stiffness provides a branching point for an investigation into alternate 
cues. 

3.1.2 Regulation of substrate ligand density impacts fibroblast to neuron reprogramming

The bulk of this work revolves around an investigation into the effect of ligand density on 
fibroblast  to  neuron reprogramming.  Following Sze Yue Wong’s  discovery  of  the regulatory 
effect of stiffness, it was hypothesized that the effect of stiffness could be further improved by 
tuning the amount of binding adhesive ligand on the substrate surface. In 2004 the interplay 
between  stiffness  and  ligand  density  was  addressed  using  the  cell’s  morphology  as  a 
representation of its phenotype. In this work Engler, et al. suggest that there is a local optimum 
of cellular behavior that is dependent on both compliance and adhesion density of the surface70. 
It stands to reason that there are biological mechanisms in place which aggregate biomechanical 
cues to the same downstream effect. 

For example, focal adhesions have been shown to have a threshold ligand spacing requisite 
for full maturation, making the number of mature adhesions inherently linked to the density of 
ligands120,121. Similarly, stiffness has often been shown to drastically impact the number and size 
of mature focal adhesions122,123. Furthermore, the formation of mature focal adhesions marks a 
key regulatory step affecting the activity of the tyrosine-phosphorylated proteins, largely through 
phosphorylation by FAK124–126. If both of these biophysical regulators are effectively governing 
shared pathways, it is hypothesized that the notable increase in reprogramming efficiency can be 
achieved through modulation of ligand density.

More directly, ligand specificity and density play a key regulatory role in the establishment 
and development of neuronal tissues111,127. Similarly, ligand deficiency, particularly for laminin, is 
largely associated with neurological disorders such as Alzheimer’s and Huntington’s128–130. Just as 
genes associated with neuronal development and neurogenesis were first  probed to condition 
fibroblasts to a neuronal phenotype, perhaps the cell microenvironment can be screened for one 
more representative of the environment during neurogenesis.

3.2 Methods

3.2.1 Primary mouse ear fibroblast isolation

Primary  mouse  ear  fibroblasts  were  harvested  from four  week  old  mice  as  described  in 
Appendix section 8.1.5.1. The adult mouse ear tissue was collected and cells were isolated from 
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the ear tissue. The population of cells was then expanded for two passages and cell stocks were 
frozen for long term storage at -80°C. 

3.2.2 Substrate fabrication

Substrates were prepared according to Appendix section 8.1.3. Glass surfaces with a surface 
laminin density of 5µg/cm2, as well as 20kPa polyacrylamide surfaces with a surface laminin 
density of 50, 16, 5.0, 1.6 and 0.5µg/cm2 were used, spanning a range one order of magnitude 
above and below the current field standard of 5µg/cm2 surface protein at half-log increments75,131.

3.2.3 Verification of protein conjugation

To ensure that the amount of protein conjugated to the surface of the polyacrylamide gels was 
reflective of the concentrations used for conjugation, fluorescently tagged conjugation protein 
was used as a means of verification. The fluorescently tagged protein could be easily substituted 
and evaluated  through quantitative  fluorescent  microscopy to determine  a  calibration  for  the 
amount of protein conjugated and remaining following the washes prior to cell seeding. 

3.2.3.1 Surface fabrication

The polyacrylamide gel fabrication protocol outlined in appendix section  8.1.3 was used to 
produce gels  for quantification  with a  few minor  alterations.  To conserve protein,  gels  were 
fabricated from 10µl of polyacrylamide solution.  This solution was sandwiched between two 
glass slides, but separated by a small polydimethyl siloxane (PDMS) sheet with a thickness of 
1mm. This yields a gel with a diameter of approximately 3mm. This particular size was chosen 
to be small enough such that the amount of protein needed would per trial would be minimized, 
but  also such that  the gel was large  enough that  protein could be aliquoted  with reasonable 
accuracy. 

3.2.3.2 EdU staining for cell proliferation

After  staining,  the  cells  were  immediately  fixed,  permeabilized  and  stained  for  imaging 
according to the kit. The ImageXPress Micro (Molecular Devices, Sunnyvale) was used to take 
on the order of 100 images per culture well. These images were analyzed using the ImageJ script 
described in Code 1. 

Histograms were produced for the distribution of EdU fluorescence intensities with 100 bins 
spanning the bitdepth  covered by the EdU stain.  Cells  were considered proliferative  if  their 
average  nuclear  EdU  staining  intensity  was  greater  than  four  times  the  full  width  at  half 
maximum of the peak representing the quiescent cell population. 
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// Parameters
  // File notation parameters
  w2stain="EdU" // Green Channel Target
  w2suf="w2";     // Green Channel Suffix
  w1stain="DAPI"     // Blue Channel Target
  w1suf="w1";     // Blue Channel Suffix
  w1thresh=3600;     // Blue Channel Thresholding
  ext=".TIF";     // File Extension
  
  // Analysis parameters
  min_area=200;      // minimum area to consider a cell in square pixels

// Set Batch Mode
setBatchMode(true);

// Get Files in Directory / Set Output Directory
path = getDirectory("Choose Target Directory");
files = getFileList(path); 

// Loop Through Files in Directory
for (i = 0; i < files.length; i++) { 

w2 = -1; w1 = -1; j = 0;

// For the next file in the file list, get file prefix (info before "w1" or "w2")
if (endsWith(files[i], w2suf+ext))

curpref = substring(files[i], 0, lengthOf(files[i])-lengthOf(w2suf)-lengthOf(ext));
else if (endsWith(files[i], w1suf+ext)) 

curpref = substring(files[i], 0, lengthOf(files[i])-lengthOf(w1suf)-lengthOf(ext));
else

continue; 

// Loop through files with same prefix and get the rest of the file indices 
while (i+j < files.length && startsWith(files[minOf(i+j,files.length-1)], curpref)){

if (substring(files[i+j], maxOf(0, lengthOf(files[i+j])-lengthOf(ext)-lengthOf(w2suf))) 
== w2suf+ext) w2=i+j;

if (substring(files[i+j], maxOf(0, lengthOf(files[i+j])-lengthOf(ext)-lengthOf(w1suf))) 
== w1suf+ext) w1=i+j;

if (w2 != -1 && w1 != -1) break; 
j++;

}

// Analyze EdU 
if (w2 != -1 && w1 != -1) {

open(files[w1]);                               // Open DAPI image
setThreshold(w1thresh, 65535);                 // Threshold DAPI image
setOption("BlackBackground", false);
run("Convert to Mask");

open(files[w2]);                               // Open EdU Stain image
run("Subtract Background...", "rolling=100");  // Subtract background

// Analyze particles, redirecting DAPI particle info to Edu Stain intensity
run("Set Measurements...", "area mean display redirect=["+files[w2]+"] decimal=3");
// Select DAPI image before doing particle analysis
selectWindow(files[w1]);
// Analyze Particles
run("Analyze Particles...", "size="+min_area+"-Infinity show=Outlines display");

while (nImages>0) { selectImage(nImages); close(); } // Close All Images
}
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i += j; 
}

setBatchMode("exit and display");

3.2.3.3 Microscopy for protein conjugation

Gels were imaged within a week of conjugating protein in the appropriate fluorescent channel 
with a constant exposure time (100ms) for each experiment. Photobleaching was not visible even 
after  two  weeks,  giving  consistent  results  upon  re-imaging.  Gels  were  imaged  under  10x 
magnification, encapsulating the majority of the gel surface in the captured image. Images were 
collected and the average pixel  intensity was calculated using ImageJ for triplicate  technical 
replicates  and  triplicate  experimental  replicates.  The  background  intensity  caused  by  the 
autofluorescence  of  the  polyacrylamide  gel  was  subtracted  by  subtracting  its  average  pixel 
intensity from that of each condition’s measured value. These values were normalized to the 
fluorescence of samples conjugated at a protein concentration of 0.1mg/ml protein, representing 
a consensus surface concentration for polyacrylamide protein conjugation.

3.2.4 Cell culture for fibroblast to neuron direct reprogramming

Cell culture was carried out according to Appendix section 8.1.5.2. In short, fibroblasts were 
thawed and cultured for one day in a tissue culture dish. After the first day, cells were transfected 
with the viral Brn2, Ascl1 and Myt1l (BAM) cocktail. After allowing a day for cells to take up 
the  virus,  the  cells  were  resuspended  and  seeded  onto  surfaces  at  a  surfaced  density  of 
approximately 3000 cells/cm2.  After being allowed another day for initial  adhesion, complete 
DMEM was replaced with complete DMEM with doxycycline, marking what is considered day 0 
of the experiment, meaning the start of viral activation. The next day, media was replaced with 
DMEM F12 with supplements N2 and B27 (N2B27) with doxycycline. This media undergoes a 
half media replacement every two days until the termination of the experiment – after 3 days for 
western blotting for early reprogramming factors or after two weeks for early neural conversion 
quantification using TUJ1 stain.

3.2.5 Confocal microscopy

Following a 24 hour culture of fibroblasts on the surfaces of interests, samples were stained 
for vinculin and a DAPI and phalloidin dye were added according to the general immunostaining 
protocol outlined in Abstract section 8.1.6. The samples were then fixed and mounted on glass 
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slides, using FluoromountTM mounting media (Sigma F4680) according to instruction. Generic 
nail polish clear coat was used as a sealant around the periphery of the mounted glass slides. The 
mounted slides were imaged using a Zeiss LSM710 confocal microscope at 20X magnification.

3.2.6 Quantifying adhesion force of cell populations

3.2.6.1 Centrifugal spinning plate

In an effort to measure the adhesion of a cell population to a substrate, a few modalities of 
applying forces  to  cells  were  tested.  These  methods  were  largely  motivated  by the  work of 
Garcia, et al., showcasing many methods for inducing a shear force132. The first modality tested 
was to apply a centrifugal force to the cell surface. This entailed the use of a plate spinner to 
apply the centrifugal force as described in section 3.2.6.1. The spinning plate applies a linearly 
increasing centrifugal force with the radius of the plate. As such, it’s necessary to bin the cell  
population into radial bins so that the cell density within each radial bin can be quantified to 
determine a percentage of cells detached. 

When designing this experiment, the first consideration was the hardware required to apply a 
centrifugal force. The force applied is given by Equation (1) below. The maximum radius of the 
available plate spinner was approximately 8cm. Unlike the plate spinner apparatus described by 
Garcia,  et al., depicting an inverted spinning disk submerged in media, the plate spinner used 
could not be easily inverted due to inadequate vacuum, cumbersome size and frequent use for 
alternative applications. For these reasons, tissue culture plates were filled with solution, sealed 
with  parafilm  and  spun  upside  down  in  their  entirety.  Although  this  evaded  the  issues  of 
submerging a spinning disk, it produced issues due to the mass of the plate and volume of liquid 
being  spun.  For  this  reason,  the  rotational  speed  was  kept  below  2000rpm.  During 
troubleshooting, 1X PBS was used to fill the tissue dish in order to maintain an osmotic pressure 
similar to culture media. After the overall procedure was thoroughly tested, basal DMEM was 

used in its place.  For calculations,  a density of  1g /cm2 and a viscosity of  0.007 g/cm s was 
used133.  With  these  limitations,  the  maximum  shear  stress  applied  is  on  the  order  of 

2000dyne /cm2 . However, because of the plate spinner size, the largest culture plate that could 
be  used  was  a  10cm dish.  Furthermore,  the  spinner  stability  and vacuum strength  becomes 
inconsistent past 1500rpm, making forces at this magnitude unreliable. All things combined, the 
apparatus was able to produce a maximum shear stress on the order of  600dyne /cm2  at the 
periphery of the tissue culture plate. Because of the edge effects of the dish, it would have been 
preferred to reach such stresses more central within the dish. 

The next consideration for this work was to reconcile the pre- and post- force application cell 
seeding such that an accurate quantification of cells removed could be computed. Ideally, this 
would call  for  imaging  of  the plate  before  and after  application  of  a  shear  force.  However, 
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aligning the plate such that cell locations were consistent between the two image sets would be 
extremely  difficult.  Thankfully,  the  seeded  cell  density  was  relatively  consistent  and  a 
representative subset of images can be taken from which a profile of cell seeding can be derived.  
This was compared to a more comprehensive image set taken after application of a shear force to 
determine what percentage of cells have detached.

With all of these considerations in mind, a quantification method was written in MATLAB 
allowing  for  easy  input  of  seeding  images,  quantification  of  a  seeded  cell  density  and 
visualization of the radial distribution of cell densities after the application of a shear force.

3.2.6.2 Tapered flow chamber

Adhesion force was measured using a fluidic device which applies a shear stress to a surface 
using the flow of a fluid through a closed chamber. The device used was previously reported by 
Moon, et al. as part of a previous publication on endothelial mechanotransduction134. This device 
was  a  tapered  alternative  to  a  linear  flow  regime  used  in  previous  studies  and  allows  for 
screening of a continuum of shear stresses135–137. Using a chamber with a curvature of 1/ x allows 
for a linear distribution of shear stresses to be probed133. Equation 2 shows that the only variable 
influencing the shear stress will be the distance along the chamber, which varies linearly, given 
that the dimensions and fluid properties were not changed during experimentation.

τW=
6μ Q

w1 h2 (1−
z
L
)

τW : shear stress
μ : fluid viscosity
Q : flow rate

w1 : widthof chamber at smallest end
h : chamber height
z : distancealong chamber
L : length of chamber

(2)
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The device used for all flow experiments had dimensions as outlined in Figure 1. The height 
of the chamber was dictated by the width of the silicone gasket used and the compliance of the 
substrate used. For glass, all experiments were conducted with a 0.2mm thick silicone gasket, 
with the chamber height confirmed by measuring the distance between focal planes under optical 
microscopy. Although not reported herein,  studies were also conducted using polyacrylamide 
surfaces of various stiffness. The compliance of the approximately 100µm thick polyacrylamide 
surface accounted for a 60µm reduction in chamber height. This substantially increases the shear 
stress imposed on the surface and must be accounted for in calculations. 

For all experiments herein, cells were isolated from adult mouse ears as outlined in Appendix 
section 8.1.5.1. Flow experiments dependent on surface ligand concentration were conducted in 
exploration  of  early  cell  adhesion,  using  cells  cultured  on  the  desired  surface  for  24 hours. 
Inhibitor studies used cells cultured in the presence of 10µM blebbistatin, 0.5µM, 1µM, 5µM or 
10µM PF 573228 FAK inhibitor, or a 10µM DMSO control for three hours prior to beginning 
application  of  the  shear  force.  In  all  cases,  Hoescht  dye  was  added  during  cell  culture  for 
visualization  of  the  attachment  behavior  during  experimentation.  As  each  replicate  flow 
experiment requires about ten minutes to conduct, many replicates would impose a large spread 
of inhibition times. To avoid any adverse effects of this disparity, sample order was randomized 
with each replicate experiment.
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Prior to any cell experimentation, careful attention was given to the flow chamber to ensure 
that no bubbles would be flowing through the chamber once cells were loaded. The chamber 
would be constructed with a plain glass slide as a temporary surface and 1X PBS would be 
pumped through the chamber to remove any unwanted bubbles. After ensuring that there would 
be no bubbles, valves were closed on every inlet and outlet to prevent unwanted backflow after 
disassembling the chamber. The chamber was disassembled and the volume of the inner chamber 
was filled with 1X PBS until a large meniscus forms above the top surface of the chamber. One 
edge of the seeded cell surface was then gently rested against the corresponding edge of the 
chamber and the cell surface was gently rocked downward until it lies flat against the chamber. 
Rocking the surface down onto the chamber as opposed to simply lowering it allows for a fluid 
meniscus to form at one end and slowly push air out the other end, preventing the encapsulation 
of unwanted bubbles. Occasionally bubbles would persist and the cell surface would have to be 
removed  and  the  process  would  be  repeated.  If  it  proved  to  be  too  difficult  to  ensure  a 
satisfactory  construction  in  a  timely  manner,  that  sample  would  be  rejected  to  avoid 
complications with disruption to the cell adhesion profile.

Once the cell surface was loaded atop the cell chamber, a gentle flow was provided using a 
syringe pump at a flow rate of approximately 5ml/min for less than one minute. This low flow 
was  used  to  remove  any  dying  cells  or  cells  detached  during  the  loading  procedure.  From 
observation of this process under bright field microscopy, it appears that a very low fraction 
(estimated  at  less  than  1% of  cells)  were  dislodged  in  this  process.  After  this  initial  flow, 
fluorescence images in the DAPI channel were taken at five roughly equally dispersed location 
across the central  axis of the chamber,  which will  later be used to estimate the cell  seeding 
density  for  each  sample.  Additionally,  a  microscope  stage  meter  was  used  to  position  the 
objective 10mm from the inlet of the flow chamber for direct comparison at this particular site 
before and after the application of the shear stress. A single image was acquired at this location 
prior to shear stress application. 

The syringe  pump was then  replaced with a  peristaltic  pump fed into a  pulse dampener. 
Whenever  the  fluid  source  was  exchanged,  a  clamp  at  the  inlet  was  closed  preventing  the 
introduction  of  bubbles.  Additionally,  the  initial  volume of  fluid  was pumped out  a  bypass, 
allowing  for  the  excretion  of  bubbles  from the  inflow of  fluid  before  experimentation.  The 
peristaltic pump was run at a flow rate of 100ml/min for one minute, flowing warm 1X PBS over 
the cell surface. The flow rate was adjusted prior to each experimental session and held constant. 

After the application of this fluid flow, another fluorescent image in the DAPI channel was 
captured  10mm  in  from  the  inlet  of  the  flow  chamber.  From  these  two  images,  a  direct 
comparison at  a single location can be used to validate  a more extensive measurement.  The 
remaining cells were put back into media and stored in an incubator at 37ºC, 5% CO2 until the 
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remaining samples were finished for a single experimental replicate (approximately 4 hours), at 
which point all samples fixed.

Whole  slide  images  were  acquired  using  an  ImageXPress  Micro  (Molecular  Devices, 
Sunnyvale, CA). The images acquired were analyzed using a custom tool written in MATLAB 
for import of all datasets and associated experimental information and output of quantified shear 
stress and distribution of cell density as outlined in Appendix section 8.3. 

3.2.7 Quantification of mature neurons

Before imaging, cells were immunofluorescently stained for  βIII-tubulin (TUJ1) and DAPI 
and fixed as described in appendix section 8.1.6. Within two weeks, whole plates were imaged 
for these two channels. Consideration was given for substrates seeded on glass coverslips, for 
which the samples were often capable of shifting within the well and not always centered during 
imaging.  With  this  in  mind,  a  rectangular  subsection  of  the  well  was  imaged  such  that  all 
captured regions spanned an area which was certain to be above the sample. Plates were imaged 
using an ImageXpress Micro (Molecular Devices, Sunnyvale, CA) high-throughput microscope, 
allowing for coverage of the majority of the seeded surface for each experiment. 

After  imaging,  an  analysis  script  was  run  within  the  MetaXpress  (Molecular  Devices, 
Sunnyvale,  CA)  software  associated  with  the  microscope.  The  full  script  can  be  found  in 
appendix section 8.4. The intensity of nuclear DAPI stain above background, intensity of TUJ1 
stain in the cell body above background and intensity of TUJ1 stain in the neurite outgrowths 
above  background  were  measured  for  each experiment  to  accommodate  differences  in  stain 
intensity  and amount  of  photobleaching  between  experiments.  All  morphological  parameters 
were held constant across all experiments. 

The script logs a number of cell metrics to an excel sheet, most notable among these are the 
cell body area and maximum length of the neurite outgrowths for a given cell. With these two 
parameters, one can classify neurites as TUJ1 positive cells with a maximum outgrowth length 
greater  than  three  times  the  width  of  the  cell  body.  This  metric  was  chosen  to  reflect  the 
classification metric used by Vierbuchen, et al1.

Likewise, a seeding plate was fixed at day 0, before adding doxycycline, and stained with 
DAPI. This plate was also imaged with the ImageXpress Micro, though only a representative 
selection of sites are imaged. The area imaged was in all cases greater than 30% of the area 
imaged for neurite quantification. These images were exported and analyzed using a script in 
ImageJ. From the seeding densities calculated from this analysis, a percentage of seeded cells 
which reprogrammed into TUJ1 positive neurons could be calculated for each condition.
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3.3 Results

3.3.1 Surface characterization

3.3.1.1 Confirmation of conjugated ligand density using FITC-fibronectin

Early confirmation of the ability to dictate ligand density was done using FITC-fibronectin 
due the lower cost and ease of access when compared to fluorescently tagged laminin and ease of 
quantification  compared  to  alternative  methods  such  as  Elisa.  It  was  proposed  that  the 
concentration of surface ligand can be easily modulated by altering the concentration of protein 
solution used due to the extreme excess of Sulfo-SANPAH used during conjugation, making the 
available  protein  the  limiting  reactant  and  driving  the  reaction  to  approach nearly  complete 
binding  of  provided  protein.  This  hypothesis  neglects  the  ability  for  the  protein  to  migrate 
through the gel, any off-target reactions that may prohibit the binding of the desired protein and 
the decay of exposed Sulfo-SANPAH functional groups as the linking molecule undergoes UV 
exposure.  To confirm that these considerations  would not pose a detriment  to conjugation,  a 
selection of proteins spanning two orders of magnitude, one above and one below the standard 
surface  modification  used  for  neuronal  reprogramming,  were  chosen  as  targets  for  protein 
conjugation.  The  protein  was  conjugated  according  to  the  previously  described  surface 
conjugation protocols and washed three times before imaging.
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Figure  2.  Verification of surface ligand concentration using quantification of fluorescently tagged fi-
bronectin. Quantification (left) and representative images (right). N=3, error bars represent ±1 standard 
deviation.
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Modifying the surface in this way produced a distribution of fluorescence. After subtracting 
background  fluorescence  and  normalizing  to  the  current  standard  for  surface  concentration 
(0.1mg/ml ligand), the surfaces fluorescence scaled linearly with added protein, as expected. As 
seen  in  Figure  2,  the  fluorescent  protein  appeared  to  form  aggregates.  Although  the  total 
fluorescence  did  scale  linearly,  the  presence  of  pockets  of  aggregated  protein  posed  some 
concern. The aggregation was attributed to the age of the fluorescently tagged fibronectin (used 
approximately  two years  since purchasing)  and the subsequent  temperature  cycling  expected 
during that  time.  Confirmation would require  purchase of fresh fluorescently tagged protein. 
Furthermore, at low concentrations the amount of protein produces a fluorescence hardly above 
background  making  measurement  imprecise.  Nevertheless,  this  preliminary  result  seems  to 
indicate that at the very least the amount of protein bound can scale linearly with the amount of 
protein added, confirming assumptions about the conjugation procedure. Further investigation 
will  be  reported  subsequently  with  use  of  fluorescently  tagged  laminin  to  add  more  firm 
confirmation of the suspected substrate composition. 

3.3.1.2 Confirmation of conjugated ligand density with FITC-laminin

This work was repeated using FITC-laminin to better mirror the adhesion of protein to the 
surface.  After  initial  confirmation  of  the  general  trend  using  FITC-fibronectin,  fresh  FITC-
laminin was purchased with the goal of eliminating the aggregation seen when conjugating the 
FITC-fibronectin, attributed to the reagent’s age. As seen in Figure 3, the laminin protein did not 
show the same aggregation, assuaging concerns about protein aggregation. 
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In this work, however,  there were a number of new concerns raised.  First,  as seen in the 
plotted average fluorescent signals for each of the conditions, there is a distinct nonlinearity at 
the low end of concentrations. Over the course of the replicate experiments, it was determined 
that the inaccuracy at the lower end of ligand concentrations was primarily due to experimental 
design. Gels with a much smaller diameter were used to reduce the amount and therefore cost of 
the tagged protein used in each replicate experiment. This design decision came at the expense of 
accuracy due to the heightened edge effects of protein conjugation. It was determined that the 
fluid meniscus formed around the gel when conjugating protein would cause the protein solution 
deposited on the surface to wick off the surface, reducing the amount of protein bound. 

In later experiments, this was addressed by carefully aspirating around the gel to remove any 
residual liquid, while remaining careful not to dehydrate the gel. With careful attention given to 
residual liquid prior to conjugation, the linearity of the lower end of ligand density was resolved. 
This  experimental  alteration  led to  a  much more  accurate  conjugation  procedure  which  was 
employed for the remainder of experiments.

3.3.2 The effect of surface ligand density and stiffness on cell proliferation

The proliferation of cells seeded on each of the substrates of interest is a critical metric to 
frame analysis of reprogramming. To explore this variance, an EdU assay was used to determine 
the relative proliferation of cells cultured on each of these substrates. The EdU was allowed to be 
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Figure 3. Verification of surface ligand concentration using fluorescence quantification of fluorescently 
tagged laminin. Quantification (left) and representative images (right). N=3, error bars represent ±1 stan-
dard deviation.
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incorporated into newly synthesized DNA for 1 hour. At this point it was fluorescently tagged 
and imaged. 

Despite  best  efforts  to  keep  experimental  conditions  consistent,  there  is  much  variability 
between the intensities of EdU stained cells of the two replicate trials. Because of this, a replicate 
independent method for normalizing proliferation was needed. To account for this, a threshold 
was set to mark proliferation as cells which are greater than four times the full-width at half-
maximum measure of the large low-intensity peak representing clearly unproliferative cells. This 
metric  allows  for  normalization  between  various  trials  independent  of  changes  to  the 
fluorescence intensity. 

Following this normalization, the total number of cells whose intensity surpassed this value 
were summed as a measure of proliferation and divided by the total number of all measured cells 
to normalize to cell population. Although a percentage is attributed to this proliferation potential,  
this number is highly dependent on the threshold set and is not necessarily indicative of the total 
number  of  proliferative  cells,  but  is  rather  a  relative  indication  of  changes  in  proliferative 
capacity.

As shown in Figure 4, there is no significant trend associated with cell surface. However, it's 
worth noting that the last represented condition, 50µg/cm2 laminin on a 20kPa polyacrylamide 
surface had a wide discrepancy between replicates. In isolation, this result is inconclusive, but in 
concert with triplicate western blotting for GAPDH representing the metabolic activity of cells 
on various surfaces, this result indicates a predominate stagnation to cell proliferation in cells 
cultured on this surface.
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Figure 4. Relative cell proliferation as measured through EdU stain-
ing intensity. N=2. Error bars represent ±1 standard deviation.
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3.3.3 Confocal microscopy for broad cytoskeletal impact of ligand density

To  explore  the  impact  that  surface  stiffness  and  density  of  protein  may  have  on  the 
morphological  characteristic  of  cells,  fibroblasts  cultured  on  glass  and  polyacrylamide  with 
laminin surface density ranging from 0.5 to 50μg/cm2 for 24 hours, at which point they were 
imaged  and  stained  for  vinculin  as  well  as  dyed  with  DAPI  and  phalloidin.  The  one  day 
timepoint was chosen to represent early adhesion, before extensive environmental remodeling 
could  occur,  in  an  effort  to  explore  the  varying  effects  of  early  adhesion  on  cytoskeletal 
development. The most striking feature contrasted across these conditions is the size of the cell 
spread area. On glass and high surface protein density polyacrylamide, cells have much larger 
spread  area,  where  this  spread  area  falls  of  sharply  as  the  surface  protein  density  drops  to 
0.5μg/cm2.  However,  due to the small  sample size of imaged cells,  this  observation was not 
quantified.

More nuanced, the intensity of the cytoplasmic vinculin appears much greater on the high 
surface protein density polyacrylamide surfaces. Glass has a comparable, but noticeably lower 
cytoplasmic vinculin intensity. Most drastically different is the very faint vinculin staining of the 
low surface protein density polyacrylamide.  As vinculin is a key component of mature focal 
adhesion formation, its abundance likely coincides with either the capability of cells to adhere 
well, or its overexpression in response to the accessibility of surface conjugation targets. Where 
there is a low density of surface protein, vinculin is drastically underrepresented by comparison, 
perhaps indicative of cell adaptation to the low adhesive protein environment. 
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The vinculin stain, however, does not strongly localize to mature focal adhesions as expected. 
Although there are certainly some strong punctae, they do not all appear to be strongly correlated 
with  the  termination  of  large  stress  fibers  as  one  may  expect.  Nevertheless,  there  is  some 
representation of focal adhesions, and those which are visible appear more often either on glass 
or at lower surface protein densities on polyacrylamide. One plausible explanation would be that 
at high surface density of protein, a large number of more nascent focal adhesions account for the 
tensile forces necessary for the large spread area, while at low surface density of protein, larger 
mature focal adhesions are required to sustain cell  spreading. This is perhaps indicative of a 
stochastic distribution of protein which,  at  low density,  only can sustain adhesion at discrete 
points where the local concentration of protein surpasses a threshold concentration, forcing cells 
to adhere at specific points and contort into a more spindle-like structure to properly spread.

3.3.4 The effect of ligand density on fibroblast to neuron reprogramming

Comparison of the percentage of reprogrammed cells allows for exploration into the effect of 
ligand density on fibroblast to neuron reprogramming. In all cases, glass was used as a control 
for comparison against previously held results and cross validation with outside research. In most 
cases, the glass control was found to be accurately representative of these trials. 

In this work, viral reprogramming was largely dependent on viral titer and primary cell batch. 
Though trends appeared consistent independent of viral titer or cell batch, the efficacy of the 
treatment had nearly a three-fold spread between the best and worst trials. For this reason, a 
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Figure 5. Confocal images at 20X magnification of fibroblasts seeded on surfaces of vary-
ing  stiffness  and  ligand  density  stained  for  DAPI  (blue),  vinculin  (red)  and  phalloidin 
(green).
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scaling factor was introduced for normalizing each experimental replicate. Scaling factors were 
fit using a linear regression to minimize euclidean distance between replicate trials while holding 
that the sum of all scaling factors to zero. 

Despite all efforts to normalize against viral variability, the only significant trend found was 
in confirmation of the effect of stiffness, for which a high degree of significance was found (p < 
0.01).  The  effect  of  surface  ligand  density  by  comparison  is  rather  insignificant.  A linear 
regression for the effect of surface density shows that there is an insignificant likelihood of the 
slope being nonzero (p ≈ 0.15), suggesting that the effect of stiffness far outweighs the effect, if 
any, of surface ligand density on fibroblast to neuron reprogramming within this range of ligand 
density.

The effect of stiffness alone seems to corroborate previous findings. More recently, work by 
Sze Yue Wong has shown that the impact of stiffness is heightened in the absence of factors Brn2 
and Myt1l as seen in Figure 23. The current hypothesis for this behavior is that these factors may 
share a common mechanism with that of stiffness to upregulate  reprogramming.  Despite  not 
improving the efficiency of stiffness,  the baseline reprogramming efficiency drops, while the 
efficiency on an intermediate substrate stiffness is recovered. Given this new information, the 
insignificant improvement to reprogramming could perhaps have a more profound impact in the 
absence of Brn2 and Myt1l, which are believed to operate through a common mechanism. 

3.3.4.1 Adhesion force dependence on substrate stiffness & substrate ligand density
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Figure 6.  The effect of laminin surface concentration (μg/cm2) 
on fibroblast to neuron reprogramming. Significance tested by 
two-way ANOVA for both stiffness and surface ligand concen-
tration followed by Tukey’s post-hoc test. * p<0.01.
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In an effort to couple the impact on reprogramming to a surface independent measure of a 
cell's interaction with its surface, adhesion was measured,  reducing the dimensionality of the 
parameter  space at  hand. Particularly,  adhesion was chosen as a way of dissociating specific 
material properties from the impact it causes to a cell's interaction with that surface. Should a 
cell's interaction with a surface be identical across a space spanning from high stiffness with 
moderate adhesion ligand density to a soft substrate with heightened adhesion ligand density, 
then  perhaps  this  can  be  correlated  to  the  efficacy  of  reprogramming  to  inform  which 
downstream  pathways  may  be  impacted  by  this  sensory  interpretation  of  the  cell's 
microenvironment. 

This  is,  of  course,  not  the  only  metric  that  one  could  use  to  try  to  unify  these  surface 
properties.  One could imagine a way in which fluorescent image analysis of the cytoskeletal 
structure  could  be  used  to  infer  a  downstream impact.  Alternatively,  at  the  surface  level,  a 
traction  force microscopy approach could be used to visualize the force distribution  and the 
inferred cytoskeletal structure could be used to inform cellular structure. For this work, however, 
the  adhesion  of  the  cell  population  was  chosen  for  a  number  of  reasons.  First,  the  assay 
developed  allows  for  screening  across  a  spectrum  of  shear  forces  and  provides  a  better 
population-wide distribution of the cellular behavior. Additionally, it is strictly tied to a cell's 
interaction with the surface, removing any inference about the impact of cytoskeletal structure or 
force distribution. 
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The first set of cellular interactions analyzed was to relate the behavior of stiffness to ligand 
density.  Interestingly,  all  other  things  equal  the  softer  substrate  causes  cells  to  adhere  with 
approximately one third the force as of those cells attached on the stiffer substrates. It has long 
been known that stiff substrates cause cells to adopt a wider spread area and form larger, more 
mature focal adhesions122,138,139. More interestingly, a decrease in ligand density correlates with a 
stronger adhesion force. Although the exact mechanism of this behavior was not explored, this 
behavior could be potentially  indicative of a feedback mechanism which reinforces available 
adhesion  sites.  Granted,  this  conclusion  is  quite  counterintuitive  and  reproduction  of  results 
would be  advised should this  conclusion  be used to  inform further  hypotheses.  It  would be 
necessary  to  span a  wider  range of  adhesive  ligand surface  densities.  Presumably,  at  a  low 
enough  density  of  protein  the  adhesion  falls  off  as  the  polyacrylamide  surface  should  be 
predominately bioinert to adhesion interactions. 

Since there is a large shift in cell adhesion between cells cultured on soft and stiff substrates, 
it  is  possible  that  this  altered  adhesion  profile  is  indicative  of  an  underlying  mechanism 
impacting a shift in reprogramming efficiency. To address this question, the same modality for 
measuring cell adhesion force was used to gauge the adhesion effects of inhibitors of proteins 
involved in focal adhesion development and cytoskeletal tension.

To this end, inhibitors of myosin II and focal adhesion kinase (FAK) were used to explore the 
effect that these cytoskeletal contributors may have on adhesion. Blebbistatin, which indirectly 
regulates cytoskeletal development through the inhibition of myosin and the necessary feedback 
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Figure 7. Median detachment force for fibroblasts seeded on surfaces of 
varying stiffness and ligand density. N=6, Error bars represent ±1 stan-
dard deviation. Significance assessed by one-way ANOVA followed by 
Tukey’s post-hoc test. ** p < 0.01. * p < 0.05.
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mechanisms, has a clear detrimental effect on cell adhesion when compared to cells without the 
inhibitor. The FAK inhibitor, on the other hand, does not appear to significantly reduce adhesion 
when  compared  to  the  cells  without,  though  it  is  less  disruptive  at  low concentration  than 
blebbistatin. 

The lowered adhesion profile  imposed through the incorporation  of blebbistatin  coincides 
with a higher reprogramming efficiency through concurrent  work by Jennifer  Soto.  Between 
these  two  experiments,  in  both  cases  the  lowered  median  detachment  force  coincides  with 
improved reprogramming efficiency. Although not conclusively indicative of a shared pathway, 
this work suggests that the cytoskeletal rigidity of a cell, conferred through its interaction with 
the  microenvironment,  may  be  a  core  regulatory  mechanism  for  directing  a  cell's  lineage 
commitment and can be used to improve the directed reprogramming of fibroblasts to neurons. 

3.3.5 Western blotting for ligand density dependence

Westerns were run on samples collected after three days of culture with and without viral 
activation on glass and polyacrylamide surfaces with laminin surface density ranging from 0.5 to 
50µg/cm2. Provided the proliferation study discussed in section 3.3.2, metabolic activity of cells 
measured  through GAPDH comes  with  a  number  of  concerns  in  the  selection  of  a  loading 
control. The first gel run to address this was looking at a panel of loading controls consisting of 
both GAPDH and H3. 
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Figure 8. Median detachment force for fibroblasts under the effect of inhibitors bleb-
bistatin and PF 573228 at a range of concentrations. Replicate counts indicated at the 
base of each bar. Error bars represent ±1 standard deviation. Significance assessed us-
ing one-way ANOVA followed by Tukey’s post-hoc test. * p < 0.05.
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As shown in Figure  9, there is a large discrepancy between the two loading controls. The 
GAPDH bands without viral transduction correlates with the trends shown when measuring cell 
proliferation,  suggesting  that  the  metabolic  protein  is  being  affected  by  the  various  surface 
modifications.  The  other  immediately  obvious  trend  is  that  in  terms  of  metabolic  protein 
expression  as  represented  by  GAPDH,  there  is  a  sharp  downregulation  associated  with  the 
addition of viral  factors.  This same pattern is reflected in most other proteins probed for by 
westerns. To mitigate the effect of this metabolic influence when probing for additional proteins, 
H3 will be used as a loading control and for normalization for all subsequent westerns.

Figure 9. Western screen for loading controls GAPDH and H3. Representative western blot (left) and quantification 
of integrated intensity normalized to 5µg/cm2 laminin on glass without transduction (right). N=3. Error bars repre-
sent ±1 standard deviation.

Prompted by work by Ladewig, et al., exploring the effect of SMAD inhibition on fibroblast 
to neuron reprogramming, one of the first targets of interest was the ERK cascade of the MAPK 
signaling  pathway.  Ladewig,  et  al.  have  shown  that  dual  SMAD  inhibition  can  increase 
reprogramming  efficiency  of  postnatal  mouse  fibroblasts90.  To  this  end,  ERK  is  a  well 
characterized  repressor of both arms of the SMAD signaling pathway through prevention of 
nuclear translocation of activated SMADs and could perhaps account for this regulation140.

With  this  downstream  importance  in  mind,  ERK's  downregulation  with  known  viral 
reprogramming  factors  Brn2,  Ascl1  and Myt1l  coincides  with  the  improved  reprogramming 
efficiency induced through the exogenous expression of these genes. Unexpectedly, ERK is also 
downregulated  by  heightened  protein  concentration,  suggesting  that  high  concentration  of 
adhesive  ligands  in  the  cell  microenvironment  may  impose  a  similar  effect  to  that  of  viral 
reprogramming. This downregulation with the addition of neuronal viral factors is corroborated 
by the approximate two-fold downregulation of ERK seen through RNAseq as shown in section 
4.3.4.

Interestingly,  when  the  differential  expression  of  ERK  is  measured  with  respect  to  the 
stiffness of the substrate alongside viral Ascl1 expression, ERK is most downregulated on the 
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stiffest surfaces. Likewise, these data suggest that ERK is most downregulated on surfaces with 
the most  concentrated  adhesion ligand presentation.  In concert  with adhesion data  shown in 
Figure 7, where both glass and high surface density of protein coincide with greater population 
adhesion strength, this may suggest a regulatory feedback mechanism by which a cells adhesion 
profile regulates the SMAD pathway through the expression of ERK. Unaccounted for in this 
hypothesis is the residual high expression on low protein surface density and glass, which both 
also  showed  heightened  adhesion  by  comparison  to  the  intermediate  ligand  density  on 
polyacrylamide.  This  caveat  may indicate  that  there  are  additional  regulatory  factors  at  play 
feeding into a convergent regulatory mechanism for driving neural reprogramming. 

Figure  10.  Western blots for  ERK, pERK and loading control  H3 (top),  quantification integrated intensity fold 
change above 5µg/cm2 laminin on glass without transduction for ERK (bottom left) and pERK (bottom right), nor-
malized to H3. N=3. Error bars represent ±1 standard deviation.

The expression of phosphorylated ERK was also measured to determine if regulation of this 
arm of the SMAD pathway was being partially governed by upstream ERK phosphorylation. 
However,  levels  of  phosphorylated  ERK trended very strongly with the levels  of total  ERK 
suggesting that this regulatory step is not the governing factor dictating this behavior. The only 
considerable  change  is  on  surfaces  with  a  stiffness  of  50µg/cm2 laminin,  for  which  the 
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appearance of a phosphorylated ERK band where there is no obvious unphosphorylated ERK 
band  suggests  that  heightened  surface  protein  may  play  a  regulatory  role  through  the 
phosphorylation of ERK.

Furthermore, SMURF2, a ubiquitination cofactor in the degradation of the TGF-β receptor, 
appears to be downregulated with the addition of the BAM viral factors. This downregulation is 
not reflected in the RNA-seq analysis of the viral comparison, and this is expected. SMURF2 
acts  as a post translational  regulator  and it  is  unsurprising that  its  regulatory  effects  are  not 
confirmed through the upstream RNA sequencing. To speculate, it’s possible that SMURF2 is 
downregulated as the result of a feedback mechanism by which downregulation of the TGF-β 
arm of  the SMAD pathway necessitates  less  SMURF2 to maintain  a  target  phenotype.  This 
hypothesis  would  suggest  that  there  exists  a  regulatory  mechanism  upstream  of  ubiquitin-
mediated degradation which is governing SMAD signaling if this pathway is to play a regulatory 
role in fibroblast to neuron reprogramming as suggested by Ladewig, et al90.

Figure 11. Western blot for SMURF2 and loading control H3 (left). Quantification of integrated intensity normal-
ized to 5µg/cm2 laminin on glass without transduction (right). N=3. Error bars represent ±1 standard deviation.

Figure 12. Western blot for GSK-3β and loading control H3 (left). Quantification of integrated intensity normalized 
to 5µg/cm2 laminin on glass without transduction (right). N=3. Error bars represent ±1 standard deviation.
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Looking at the regulation of GSK-3β due to stiffness, surface ligand concentration and viral 
transduction, a pronounced downregulation due to addition of the BAM viral factors can be seen. 
This finding is in contrast to RNA-seq results shown in Figure  27, but is in agreement with 
previous  findings  by Ladewig,  et  al.,  suggesting  that  GSK-3β inhibition  can  drive  neuronal 
reprogramming.  Interestingly,  GSK-3β  is  downregulated  on  the  surface  with  highest  ligand 
density, again building to a collection of proteins suggested to be involved in fibroblast to neuron 
reprogramming whose expression profile is similar between this condition and that imposed by 
the addition of viral reprogramming factors. 

In  conjunction  with  these  targets  of  interest,  YAP/TAZ,  FAK and  pFAK were  measured, 
though these results were much less conclusive with no overarching trends observed. 

3.4 Discussion

Taken collectively and in conjunction with concurrent work in adjacent topics, a speculative 
hypothesis into the mechanisms by which fibroblasts surmount the epigenetic hurdle imposed in 
the transition to a neuronal phenotype can be proposed. First,  it  must be conceded that there 
appeared to be no significance imposed by the range of ligand surface density tested on the 
efficacy of fibroblast to neuron reprogramming. Instead, this work reinforced previous findings 
that  substrate  stiffness,  in  conjunction  with  viral  factors,  can  improve  reprogramming.  The 
marginal impact of substrate ligand surface density is perhaps due to the stochastic distribution 
of ligand or the range of ligand densities tested. Due to to local concentration distributions, it’s 
possible that cells’ surface interactions are not as profoundly affected as would be indicated by 
the 10-fold increase  or decrease  in protein  density.  If  these issues  were to  be addressed for 
further exploration, a nanoscale methodology for printing more precise distributions of adhesion 
ligand would aid in controlling for this variation. 

Interestingly,  this  work  showed  a  significant  downregulation  of  cell  metabolic  activity, 
observed through suppression of GAPDH following viral  transduction.  This phenomenon has 
been reported in neuronal lineages due to the update of shRNA, but no literature was found to 
suggest that this can also be the result of exogenous viral expression141. Beyond the impact of the 
viral system alone, the highest tested ligand surface density seemed to impose a similar effect. 
This  was shown at  low significance  through EdU screening for  cell  proliferation  and again 
through western blotting for GAPDH, resulting in the lowest GAPDH measurements to be taken 
at this highest surface density substrate. Even in the absence of viral transduction, this effect 
rivals the effect of its presence. 

In all cases, adhesion force was disrupted on surfaces which have been shown to promote 
neural reprogramming. The cell’s morphological plasticity is perhaps one mechanism through 
which a neuronal phenotype can more readily be adopted. This was shown to be the case both in 
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terms of substrate stiffness as shown in Figure  7, and in response to disruption of cytoskeletal 
contractility as shown in Figure 8. 

Finally, contributors in the SMAD pathway were shown to be strongly impacted by the use of 
the BAM viral factors for reprogramming, furthering a growing body of research suggesting that 
the SMAD pathway is a key regulator of this phenotypic transition. Among these, ERK stands 
out as a promising target for further exploration as it is a close regulator of both arms of the 
SMAD pathway. However, its downregulation, and therefore lowered inhibition of the SMAD 
pathway,  is  seemingly opposed to previous research in the field which suggests that  SMAD 
inhibition is needed for improved reprogramming. GSK-3β, on the other hand, is observed to be 
downregulated, reinforcing previous work and the involvement of the Wnt signaling pathway as 
a regulatory mechanism for governing neural reprogramming.
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4. BIOINFORMATIC ANALYSIS OF SUBSTRATE EFFECT ON REPROGRAMMING

4.1 Experimental design and overview of analysis

Exploratory  experiments  were  used  as  a  basis  for  confirming  or  corroborating  literature 
reports  of  pathways  tied  to  one  or  both  of  lineage  commitment  and  fibroblast  to  neuron 
reprogramming as they are affected by substrate mechanics. Though initial studies were useful in 
narrowing the focus of future research, a wider net was needed to expose the full extent of these 
pathways.  Notably,  screening studies such as RNAseq are prone to error due to the extreme 
number  of  comparisons,  giving  way  to  a  stochastic  subset  of  pathways  which  are 
overrepresented142,143. As such, it's critical that a coherent understanding of related pathways is 
formed before performing a transcriptome-wide study.

Samples were prepared by Jennifer Soto, Sze Yue Wong and Julia Chu according to one of ten 
different conditions spanning a three parameter space. This sample space was chosen to save 
costs by reducing the number of samples at the expense of experimental replication. Though no 
condition  has  exact  experimental  replicates,  all  parameter-wise  conditions  have  replicate 
samples. In this way, differential expression can be called based on all parameters with singlet 
samples,  or  by  single  parameters  with  up  to  three  replicate  samples.  Naturally,  there  are 
analytical costs to both of these methods. Using only a single sample does not encompass large 
biological  coverage.  On the other  hand, treating  samples as experimental  replicates  due to  a 
single shared parameter can conflate results. Because of this, results must be cross referenced 
between these two methods of analysis to isolate the effects of each parameter of interest.

The three parameter experiment varied in the presence or absence of viral Ascl1 transduction, 
the type of substrate and the incorporation of blebbistatin. One of four different substrates was 
used for each culture. Either glass, tissue culture polystyrene, a 20kPa polyacrylamide hydrogel 
or  a  1kPa polyacrylamide  hydrogel.  Blebbistatin  was incorporated  into  culture  medium at  a 
concentration  of  10μm.  For  blebbistatin  control  groups  (blebbistatin  negative  conditions), 
dimethyl sulfoxide (DMSO), the solute used to suspend the blebbistatin in solution, was used at 
the same concentration. 
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Sample Ascl1 (±) Substrate (Pa) Blebbistatin (±)

1 + Glass ( 7×1010 )144

2 + TCPS ( 3×109 )144 +

3 + TCPS ( 3×109 )144 -

4 + PA ( 2×104 )

5 + PA ( 1×103 )

6 - Glass ( 7×1010 )144

7 - TCPS ( 3×109 )144 +

8 - TCPS ( 3×109 )144 -

9 - PA ( 2×104 )

10 - PA ( 1×103 )

Table  1.Sample conditions. Susbtrate acronyms for Tissue Culture Polystyrene (TCPS) and Polyacrylamide (PA). 
Stiffness represents the Young's modulus. Unless cited, all moduli are reflective of measurements previously re-
ported by the Song Li lab. Unmarked samples for the blebbistatin criteria signifies that neither blebbistatin nor the  
blebbistatin DMSO control were used for these samples. 

Sequencing of RNA collected from this pool of samples informs hypotheses pertaining to the 
effect  of  stiffness,  cytoskeletalal  contractility  and  a  single  viral  factor,  Ascl1.  It  is  worth 
discussing  that  the  single  viral  factor,  Ascl1,  was  used  for  this  study  due  to  parallel  work 
uncovering an interplay between stiffness and Ascl1, suggesting that substrates with a Young's 
modulus at 20kPa are able to recapitulate an efficacy of reprogramming comparable to the three 
factor system discovered by Vierbuchen et al1. This single factor has been shown to be sufficient 
for  fibroblast  to  neuron  reprogramming  previously,  though  the  mechanistic  interplay  with 
biophysical cues is as of yet unpublished145.

4.2 Methods

4.2.1 Substrate preparation

4.2.1.1 Glass substrates

Samples seeded on a glass substrate were cultured on a 45mm by 50mm glass slides. Glass 
was  prepared  by  washing  in  70% ethanol  (HistoPrep  Fischer,  HC1000-1GL)  for  at  least  5 
minutes.  The ethanol  was dried and residual  ethanol  was evaporated from the surface.  After 
being dried, the slides were oxygen plasma treated (SPI Supplies Plasma Prep II) at 100mA and a 
pressure  between  150-200mTorr  oxygen  for  5  minutes.  Following  oxygen  plasma  treatment 
samples were placed in a petri dish. 1mg/ml laminin, diluted from a 10mg/ml stock (Corning 
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354259) in 50mM HEPES buffer (HEPES (Fischer BP310-1) dissolved in deionized water, pH 
adjusted to 8.5 with NaOH (Amresco E584-500ml) and HCl (LabChem LC15100) if necessary), 
was added at a volume providing 5ug laminin per centimeter squared of glass. Samples were 
incubated with laminin at 37.5°C in 5% CO2 for at least 8 hours. At this point, samples were 
rinsed once with PBS to remove excess laminin solution. To sterilize the glass substrates, 70% 
ethanol in deionized water was added to the dish containing the glass slides. Slides were gently 
lifted using a needle, allowing the ethanol solution to adequately rinse below the slide. The glass 
was left to sterilize for at least 10 minutes. After sterilization, samples were rinsed three times 
with sterile 1X PBS, leaving the last wash on the surface to keep the surface hydrated until a cell 
suspension could be added. 

4.2.1.2 Polyacrylamide substrates

Polyacrylamide (PA) surfaces were prepared in much the same way as the glass surfaces. PA 
gels  were fabricated  on 45mm by 50mm glass  slides that  were ethanol  washed and oxygen 
plasma treated as described in the glass substrate fabrication. After oxygen plasma treatment, PA 
gels were activated by silanization for 5 minutes according to appendix section  8.1.3.1. After 
silanization,  the  glass  slides  were  washed  in  methanol  three  times,  incubating  at  room 
temperature for one minute for each wash. After the third wash, the methanol was aspirated as 
completely as possible and the remaining methanol was evaporated at 120°C for approximately 
25 minutes or until dry. Polyacrylamide solutions were produced according to Table 7. A volume 
of polyacrylamide solution was added such that a volume with a cross sectional area the size of 
the glass surface and a height of 100um was filled. Additional glass surfaces were produced prior 
to adding the polyacrylamide solution which were cleaned by repeated washing with deionized 
water and wiped twice with a kimwipe dabbed in Gel Slick™ (Lonza 50640) solution. After 
adding  the  polyacrylamide  solution  to  the  surface  of  the  oxygen  plasma  treated  glass,  the 
polyacrylamide was sandwiched by adding the second set of glass slides, Gel Slick™ side facing 
the polyacrylamide solution.  In the absence of oxygen diffusion,  the polyacrylamide solution 
readily polymerizes. After the solution polymerizes, recognized by a visible interface between 
the polymerized center area and a thin unpolymerized liquid film around the perimeter of the gel, 
the glass-gel-glass construction was submerged in 50mM HEPES buffer.  A razor's  edge was 
placed between the two glass slides and twisted slightly to gently allow the HEPES to flow 
between the glass surface treated with the Gel Slick™ solution and the polyacrylamide gel. Once 
delaminated, the polyacrylamide was stored in 50mM HEPES. At that point, samples were left 
up to one day before proceeding with conjugation of laminin. 

To conjugate laminin to the surface of the polyacyrlamide gels, all HEPES solution was first 
aspirated from the well or petri dish containing the gel substrate. A 1mg/ml solution of Sulfo-
SANPAH  (ThermoFischer  22589)  was  prepared  prior  by  diluting  appropriate  mass  Sulfo-
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SANAPH in deionized water and solubilized with 10ul/ml DMSO, incubated in a 37.5°C water 
bath until particulates dissolve and sonicated if necessary after 5 minutes in water bath. This 
Sulfo-SANPAH solution was added to the surface of the gel at a volume resulting in a surface 
concentration of 50μg/cm2. These samples were left to incubate at room temperature covered in 
aluminum foil for approximately 5 minutes to allow for diffusion into the surface of the gel. 
Following  this  short  incubation,  the  samples  were  placed  under  a  300nm  Ultra  Lum 
Transillumination  UV lamp (UVB-20 on  normal setting,  115V 2A 60Hz) and exposed for 5 
minutes. Following exposure, the Sulfo-SANPAH adopts a brownish hue. At that point the Sulfo-
SANPAH was aspirated and the gel was rinsed with enough PBS to cover the surface of the gel  
three times for five minutes each. For each wash, the gel was placed on an orbital shaker at a low 
stirring speed and remains covered in aluminum foil. After rinsing excess Sulfo-SANPAH there 
should be no lingering brownish hue to the polyacrylamide gel. 

After aspirating the last wash, laminin solution was added at a concentration of 0.1mg/ml 
diluted from 10mg/ml stock (Corning 354259) solution in 50mM HEPES buffer. A volume of 
laminin solution was added at a volume necessary for 5μg/cm2 laminin per area polyacrylamide. 
Surfaces were then incubated overnight at 37.5°C in 5% CO2. Following incubation, the surfaces 
were  washed once  with  1X PBS and  sterilized  by  the  same protocol  outlined  for  the  glass 
substrate fabrication. 

4.2.1.3 Tissue culture polystyrene substrates

Tissue culture polystyrene (TCPS) surfaces were prepared by adsorption of laminin during an 
overnight incubation step. Culture plates were incubated at 37.5°C in 5% CO2 for at least 8 hours 
in 0.1mg/ml laminin diluted from 10mg/ml stock (Corning 354259) solution in sterile 1X PBS. A 
volume of laminin solution was used such that there was 5ug laminin per centimeter squared of 
tissue culture surface. Following incubation with laminin, plates were washed briefly with sterile 
1X PBS. 

4.2.2 Lentiviral production

Doxycycline-inducible  lentiviral  constructs  were  produced  for  Tet-O-FUW-Ascl1,  Tet-O-
FUW-Brn2 and Tet-O-FUW-Myt1l for the transduction of fibroblasts. Lentivirus was prepared 
using calcium phosphate transduction and concentrated using Lenti-X Concentrator (Clontech) 
according to manufacturer protocol. Once virus was collected it was stored at -80°C until use. 

4.2.3 Primary cell isolation

Primary mouse ear fibroblasts were isolated from four week old mice according to Appendix 
section  8.1.5.1. Fibroblasts were extracted from the ear tissue and expanded for two passages. 
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The stock cell suspensions of the expanded population were then stored at -80°C in freezing 
medium until use. 

4.2.4 Cell culture 

Cell culture was carried out according to Appendix section 8.1.5.2. In short, fibroblasts were 
thawed and cultured for one day in a tissue culture dish. After the first day, cells were transfected 
with the viral Brn2, Ascl1 and Myt1l (BAM) cocktail. After allowing a day for cells to take up 
the  virus,  the  cells  were  resuspended  and  seeded  onto  surfaces  at  a  surfaced  density  of 
approximately 3000 cells/cm2.  After being allowed another day for initial  adhesion, complete 
DMEM was replaced with complete DMEM with doxycycline, marking what is considered day 0 
of the experiment, meaning the start of viral activation. The next day, media was replaced with 
DMEM F12 with supplements N2 and B27 (N2B27) with doxycycline. This media undergoes a 
half media replacement every two days until the termination of the experiment after two weeks, 
at which point RNA was extracted.

4.2.5 RNA extraction

RNA extraction was done using TRIzol (Fisher 15596-026) according to TRIzol instruction. 
This entails aspirating media from cell cultures and adding 1ml TRIzol reagent to each 60mm 
tissue culture dish. The TRIzol was briefly mixed with a pipette and let sit for 2-3 minutes at 
room temperature. The lysate was then transferred to a 1.5ml Eppendorf tube and stored at -80°C 
until ready for further processing. 

When ready, the lysate was thawed and 0.2ml chloroform was added to the Eppendorf tube 
and shaken vigorously for 15 seconds. After shaking it was let to rest for an additional 3 minutes 
at room temperature. The solution was then centrifuged at 12,000rcf for 15 minutes at 4°C. After 
centrifugation  the  aqueous  supernatant  (approximately  50%  of  total  volume)  was  gently 
transferred to a new centrifuge tube without disrupting the remaining solution.

The interphase and organic phase were discarded unless the isolation of DNA or protein  was 
desired.  To  the  extracted  aqueous  supernatant,  one  half  of  an  equal  part  of 
Phenol:Chloroform:IAA  (approximately  0.3ml,  drawn  from  the  bottom  of  the  solution; 
ThermoFisher AM9730) was added. The mixture was shaken for 15 seconds and centrifuged at 
12,000rcf  for  15  minutes  at  4°C.  Again,  the  aqueous  component  was  gently  removed  and 
transferred to a new Eppendorf tube.

An equal part isopropanol (approximately 0.6ml) was added to the remaining solution. The 
solution was mixed gently by inversion at which point it was stored at -20°C overnight to allow 
for precipitation. After the overnight incubation, the Eppendorf tube was centrifuged at 12,000rcf 
for 30 minutes at 4°C. The supernatant was then removed and discarded. The remaining pellet 
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was washed with 0.5ml 75% ethanol by vortexing and subsequently centrifuged at 7,500rcf for 
five minutes at 4°C. The ethanol supernatant was then removed and discarded. The pellet was 
then left to air-dry for 5 to 10 minutes. At this point, the RNA pellet was redissolved in 20µl 
diethylpyrocarbonate (DEPC) treated water (ThermoFisher R0601). 

4.2.6 RNA Concentration Quantification

RNA  quantification  was  done  using  the  Quant-iTTM RiboGreen  RNA  Assay  Kit 
(ThermoFisher R11490) according to the packaged instruction. In short, a standard curve for 
RNA concentrations  was  produced  using  a  ribosomal  RNA standard  and  used  to  evaluate 
concentrations of sample RNA. A RNA-specific fluorescent dye was used to stain the samples 
and a fluorescence plate reader was used to determine the amount of RNA. Using the standard 
curve, the fluorescence can be converted to an amount of RNA in solution. After a concentration 
was determined, a portion of the RNA sample solution was diluted to produce a 10µl solution of 
0.5µg RNA for submission for RNA sequencing.

4.2.7 RNA Sequencing

Sequencing was done through the Univeristy of California Quantitative Biosciences (QB3) 
Vincent  J.  Coates  Genomics  Sequencing  Laboratory  (supported  by  NIH  S10  OD018174 
Instrumentation  Grant)  using  an  Illumina  HiSeq4000  sequencer  (San  Diego,  CA).  Illumina 
sequences  all  used  the  universal  p5  adapter  sequence  (below),  as  well  as  an  index  specific 
barcoding sequence pertaining to each of the five samples. Samples were split across two lanes.

Sample Lane Index Index Sequence

1 1 9 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTGATCAGATCTCGTATGCCGTCTTCTGC

2 1 10 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTTAGCTTATCTCGTATGCCGTCTTCTGC

3 1 2 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTCGATGTATCTCGTATGCCGTCTTCTGC

4 1 12 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTCTTGTAATCTCGTATGCCGTCTTCTGC

5 1 35 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTCATTTTATCTCGTATGCCGTCTTCTGC

6 2 4 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTTGACCAATCTCGTATGCCGTCTTCTGC

7 2 8 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTACTTGAATCTCGTATGCCGTCTTCTGC

8 2 7 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTCAGATCATCTCGTATGCCGTCTTCTGC

9 2 5 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTACAGTGATCTCGTATGCCGTCTTCTGC

10 2 6 5’ GATCGGAAGAGCACACGTCTGAACTCCAGTGCCAATATCTCGTATGCCGTCTTCTGC

Table 2: Illumina sequences and corresponding samples for RNA sequencing.

4.2.8 RNAseq raw data read cleanup
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Reads were cleaned using Trim Galore! (A wrapper for Cutadapt and FastQC)146–148. 

cd $SLURM_SUBMIT_DIR
module load trim_galore/0.3.7
module load fastqc/0.11.2

# Arguments
# $1 : filename of .fastq.gz file to trim with trim_galore
# File input and output directories specified and used in script
trim_galore -o "$output_trim_galore_dir" --fastqc --fastqc_args "--outdir 

'$output_fastqc_postQC_dir'" "$1"

FastQC was  run  before  trimming  and after  (as  specified  in  the  parameter  input  of  Trim 
Galore!).  By  default,  this  script  will  automatically  identify  the  necessary  index  sequences. 
However,  the script was also run by providing the above sequences,  producing outputs only 
marginally different from those produced automatically. In all cases, the most liberal trimming of 
data was by the automated detection of sequences, purging approximately twice as many reads as 
when provided with the exact sequence when removing sequences with less than 20bp reads. 
However, this pool represents approximately 0.005% of reads, meaning that the vast majority of 
data was trustworthy. To be overwhelmingly cautious with what data was used, data was rejected 
if  the  read  lacked  more  than  3  base  pairs  (of  the  50  base  pair  maximum length  of  reads). 
Approximately 0.1% of all samples were lacking more than 3 base pairs. 

4.2.9 Read alignment, annotation and counting

Reads were aligned using tophat149,150.  Analysis  was run with a couple notable parameters 
specified:  (1)  –b2-very-sensitive,  representing  the  sensitivity  of  bowtie2,  and  (2)  –segment-
length 23, representing the length of segmentation for the reads (this value was chosen as it is 
half of the minimum length of selected reads). The high sensitivity of bowtie2 alignment was 
chosen  to  produce  highly  restrictive  results.  As  this  experiment  was  conducted  with  low 
experimental coverage, it was imperative to be restrictive with accepted reads at the expense of 
higher read counts. 

cd $SLURM_SUBMIT_DIR
module load tophat2/2.0.13
module load bowtie/2.2.3
module load samtools/0.1.19

# Requires two arguments (1) an input file and (2) an annotation (either “mus_musculus” or 
“homo_sapien”)

# Ensure that there are two arguments provided
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if test $# -lt 2; then
echo "Two arguments required." ; exit

fi

# Ensure that the first argument points to a valid file
if ! [ -f $1 ]; then

echo "$(date)\nFile in argument 1 does not exist." ; exit
fi

# Ensure that the genome provided is a valid argument and specify correct index
index_dir=""
prefix="genome"
case $2 in

"mus_musculus")
index_dir="/path/to/referenceData/igenomes/Mus_musculus/UCSC/mm10/Sequence/

Bowtie2Index/"
;;

"homo_sapien")
index_dir="/path/to/referenceData/igenomes/Homo_sapiens/UCSC/hg19/Sequence/

Bowtie2Index/"
;;

*)
echo "$(date)\nInvalid genome index specified (either 'mus_musculus' or 'homo_sapien')"
exit
;;

esac

ins_dat_dir="/path/to/data"
sub_dir_out="/path/to/tophat/out”
sub_dir_file_out="/$(basename $1 .${1#*.})"

# Call tophat
tophat --resume "$ins_dat_dir$sub_dir_out$sub_dir_file_out/" --b2-very-sensitive --segment-

length 23 -p 4 -o "$ins_dat_dir$sub_dir_out$sub_dir_file_out/" "$index_dir$prefix" "$1"

Following  alignment  of  each  read  against  the  annotation  genome,  the  number  of  reads 
mapped to each gene were counted using HTSeq (using the HTSeq-count functionality)151. The 
only experimental parameter needed for this is a specification of the stranded behavior of the 
sequencing. As the reads were done with singly stranded sequencing that is the only parameter 
provided.  Following  counting  of  reads,  analysis  can  continue  with  calling  of  differential 
expression.  At this  point,  the file  size of the respective  files was small  enough (~100kB) to 
compute locally and all subsequent computation was done on local hardware (8GB RAM, 2012 
Intel Core i5-3570K 3.7GHz dual-core processor) within an Ubuntu 14.04 virtual machine (2GB 
dedicated RAM). 

# Arguments
# $1 : filename of SAM format file to count
# $2 : genome to use ("mus_musculus", "homo_sapien")
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# $3 : output filename (ex. "filename.txt")

cd $SLURM_SUBMIT_DIR
module load htseq
module load pysam
module load samtools

# Ensure that there are two arguments provided
if test $# -lt 2; then

echo "Two arguments required." ; exit
fi

# Ensure that the first argument points to a valid file
if ! [ -f $1 ]; then

echo "$(date)\nFile in argument 1 does not exist." ; exit
fi

# Ensure that the genome provided is a valid argument and specify correct index
annotation=""
case $2 in

"mus_musculus")
annotation="/path/to/referenceData/igenomes/Mus_musculus/UCSC/mm10/Annotation/

Archives/archive-2013-03-06-15-06-02/Genes/genes.gtf"
;;

"homo_sapien")
annotation="/path/to/referenceData/igenomes/Homo_sapiens/UCSC/hg19/Annotation/

Archives/archive-2013-03-06-11-23-03/Genes/genes.gtf"
;;

*)
echo "$(date)\nInvalid genome annotation specified (either 'mus_musculus' or 

'homo_sapien')"
exit
;;

esac

ins_dat_dir="/path/to/data"
sub_dir_out="/path/to/htseq-output"

# Run HTSeq module in python
#           sam/bam  stranded    file annotation_file
htseq-count -f "bam" --stranded=no "$1" "$annotation" > "$3"

4.2.10 Clustered Computing

All  RNAseq  computation  up  to  differential  expression  calling  was  done  using  the 
Computational Genomics Research Laboratory (CGRL) at the University of California, Berkeley 
using the Vector server cluster. For all code snippets shown above, a SLURM header precedes 
the  analytical  code  dictating  parallelization  of  the  computation  –  either  by  splitting  the 
processing  amongst  multiple  compute  nodes  or  by  allowing  for  the  submission  of  parallel 
analysis jobs. This header is omitted from the above code for simplicity, but can be found below.
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#!/bin/sh -I
#SBATCH --partition=vector
#SBATCH --qos=vector_batch
#SBATCH --nodes=1
#SBTACH --ntasks-per-node=3
#SBATCH --mem=4000
#SBATCH --time=01:00:00
#SBATCH --mail-user=user.email@berkeley.edu
#SBATCH --mail-type=END

4.2.11 Differential expression calling

All differential expression was called using DESeq2 within the bioconductor project using 
R152–154. Generally, the bioconductor vignette for DESeq2 was followed for all analysis. Notably, 
analysis was performed grouping like parameters as well as grouping individual samples (single 
sample differential expression). 

# Load libraries
library("DESeq2")

# Prepping DESeq Table from Sample Data
# set directory of data

dir <- '/path/to/htseq-output'

# load sample filenames (all sample data filenames begin with “SLSY”)
sample_files <- grep('SLSY', list.files(dir), value=TRUE)

# sample names
sample_names <- c(1:10)

# set conditions *in order of sample filenames*
sample_conds <- c('+AR +Blebb TC', '-AR -Blebb Glass', '-AR -Blebb 20kPa', '-AR -Blebb 1kPa', 

'-AR -Blebb TC', '-AR +Blebb TC', '+AR -Blebb Glass', '+AR -Blebb 20kPa', '+AR -Blebb 1kPa', 

'+AR -Blebb TC', )

transf_conds <- array('', length(sample_conds))
transf_conds[grep('+AR', sample_conds)] = "A"
transf_conds[grep('-AR', sample_conds)] = "noA"
transf_conds <- factor(transf_conds)

blebb_conds <- array('', length(sample_conds))
blebb_conds[grep('+Blebb', sample_conds)] = "Blebb"
blebb_conds[grep('-Blebb', sample_conds)] = "noBlebb"
blebb_conds <- factor(blebb_conds)

stiff_conds <- array('', length(sample_conds))
stiff_conds[grep('TC', sample_conds)] = "TC"
stiff_conds[grep('Glass', sample_conds)] = "Glass"
stiff_conds[grep('20kPa', sample_conds)] = "20kPa"
stiff_conds[grep('1kPa', sample_conds)] = "1kPa"
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stiff_conds <- factor(stiff_conds)

# produce table of sample names, files and conditions
sample_table <- data.frame(sampleName=sample_files, fileName=sample_files,
                           transfected=transf_conds, 
                           blebbistatin=blebb_conds, 
                           stiffness=stiff_conds)
sample_table_isogroups <- data.frame(sampleName=sample_files, fileName=sample_files,

     group=factor(paste(transf_conds, 
     blebb_conds, 
     stiff_conds, sep="-")))

# create a data table compiled from individual files
dds <- DESeqDataSetFromHTSeqCount(sampleTable=sample_table, directory=dir, 

  design=~transfected+blebbistatin+stiffness)
dds_isogroups <- DESeqDataSetFromHTSeqCount(sampleTable=sample_table_isogroups, directory=dir, 
                                            design=~group)

# prefilter out extremely low read-count genes (get rid of anything with 5 or less reads)
dds <- dds[rowSums(counts(dds)) > 5, ]
dds_isogroups <- dds_isogroups[rowSums(counts(dds_isogroups)) > 5, ]

# Running differential expression and plotting comparisons of various variables
dds <- DESeq(dds)
dds_isogroups <- DESeq(dds_isogroups)

At this point, genes were excluded from analysis if they have less than five reads for any 
given  gene.  The  DESeq2  dataset  (dds)  that  was  output  from  this  script  contains  relative 
expression  for  parameter-wise  comparisons,  meaning  that  samples  which  share  a  single 
parameter  were  considered  replicates  for  that  parameter.  By  contrast,  samples  were  also 
compared as independent groups in isolation (dds_isogroups). In this way, samples were always 
considered unique.  Both methods of analysis  were followed through for the entire  analytical 
pipeline. 

Following DESeq processing,  comparison between groups was called  using the following 
code snippet.

res_omni <- results(dds, 
                    contrast=c('transfected', 'A', 'noA'))
res_iso  <- results(dds_isogroups, 
                    contrast=c('group', 'A-noBlebb-Glass', 'noA-noBlebb-Glass'))
res_iso  <- results(dds_isogroups, 
                    contrast=c('group', 'A-noBlebb-TC', 'noA-noBlebb-TC'))
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In  this  example,  the  first  line  of  code  contrasts  all  groups  differentiated  by transduction, 
whereas the last two lines compare specific examples for the effect of transduction on specific 
surfaces. Each of these calls outputs an R dataframe with rows representing genes and columns 
containing  information pertaining  to their  differential  expression between the tested samples. 
Most notably, this includes columns for log2(Fold Change) of gene expression, the p-value of the 
differential expression as well as an adjusted p-value, altered for the multiple comparisons made.

4.2.12 Experimental visualization by MA-plots, volcano plots and heatmaps

The overview of the experiment was visualized using a set of current standards for visualizing 
RNA sequencing differential expression. This included the use of MA-plots, volcano plots and 
heatmaps. 

MA-plots  (the  prefix  MA-  meaning  Minus  Average referring  to  the  difference  between 
conditional expression plotted against the average expression per gene) represent a measure of 
the log2(fold change) of a given gene between two conditions as a function of the gene's average 
expression across all compared conditions. This plot provides a quick visual to gauge the fraction 
of significant comparisons. Generally, low fold change genes and genes with a very low average 
count were not of interest. An adjusted p-value was used to threshold genes of interest, providing 
an immediate readout for the number of significant genes of interest.

Volcano plots were used for a similar purpose. Instead of plotting fold change against gene 
expression,  the log2(p-value)  was plotted against  the log2(fold change).  Much like MA-plots, 
volcano plots were used as a quick indication of how many genes have both a large fold change 
between conditions as well as high significance after adjusting for the multicomparisons of the 
RNAseq analysis. 

Finally, a set of heatmaps were produced to quickly indicate how gene expression changed 
across conditions. The heatmap itself is a colormetric visualization of gene expression. The color 
of each gene for each condition was color coded to indicate it's z-score, the number of standard 
deviations above or below the average of the selected comparison set (Equation  3). Z-scores 
were  calculated  row-wise,  representing  deviations  across  conditions  or  across  all  genes  and 
conditions,  allowing visualization of the general expression profile across all samples for the 
genes of interest. Using R's internal heatmap function, dendrogram plots were plotted alongside 
the heatmap to display the hierarchical relationship between samples. This plot is derived from 
hierarchical clustering of nearest neighbor sample sets calculated by euclidean distance between 
set means. 

51



4.2  Methods

z=
(x−μ)

σ

z : z−score
x : value
μ : mean
σ : standard deviation

(3)

4.2.12.1 R function for MA-plot generation

The statistical  programming  language  R was used to  generate  MA-plots  from the  counts 
output  by  htseq-counts  after  calling  differential  expression  in  DESeq2  and  subsequently 
contrasting pairwise conditions to determine fold changes between the two given conditions. 

# MA Plot
#  resTable: DESeq2 dataset results dataframe to plot
myPlotMA <- function(res) {

# Use DESeq2 internal method for producing MA plots
plotMA(res)

# Label top 5 highest differentially expressed genes
resOrdered <- res[order(res$padj),]
text(resOrdered$baseMean[1:5], resOrdered$log2FoldChange[1:5], 

 labels=row.names(resOrdered)[1:5])
}

4.2.12.2 R function for volcano plot generation

Additionally, volcano plots were generated within R from a given results table. Additional 
functionality was added to highlight particular regions of interest – namely genes with high fold 
change, very low p-value, or both.

# Volcano Plots
#  res:  results table to plot
#  pval: pvalue of datapoints to highlight
myPlotVolcano <- function(res, padj_thresh=0.05, l2fc_thresh=4) {

with(res, plot(log2FoldChange, -log10(padj), pch=20, main="Volcano Plot", 
                 xlab="log fold change", ylab="-log10(adjusted p-value)"))

# Add colored points: red if padj<0.05, orange of log2FC>1, green if both)
with(subset(res, padj<padj_thresh), 

 points(log2FoldChange, -log10(padj), pch=20, col="red"))
with(subset(res, abs(log2FoldChange)>l2fc_thresh), 

 points(log2FoldChange, -log10(padj), pch=20, col="orange"))
with(subset(res, padj<padj_thresh & abs(log2FoldChange)>l2fc_thresh), 
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Code 8. R function used to produce an MA-plot with the top 5 most differentially expressed genes labeled. Function 
accepts a single argument,  res containing the results dataframe of a single contrast comparison within a DESeq2 
dataset. 
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 points(log2FoldChange, -log10(padj), pch=20, col="green"))
with(subset(res, padj<padj_thresh & abs(log2FoldChange)>l2fc_thresh), 

 text(log2FoldChange, -log10(padj), 
   labels=rownames(subset(res, padj<padj_thresh & 

                                   abs(log2FoldChange)>l2fc_thresh)), cex=.8))
}

4.2.12.3  R function for heatmap generation

The default heatmap function was used to generate heatmaps, but with heavy parametrization 
to accommodate the datasets naming scheme, as well as to adjust formatting.

# Heatmap
#  dds:          Dataset for heatmap
#  select_genes: Used to dictate which gene subset to plot the histogram for
#  scale_val:    Used to dictate whether the z-value is calculated by row (“row”) or 
#                across all genes and conditions (“none”) 

# Other parameters used as needed, this is the basis for all heatmaps
myHeatmap <- function(dds, select_genes, scale_val) {

heatmap.2(assay(dds)[select_genes,], 
   labCol=paste(dds$transfected, dds$blebbistatin, dds$stiffness, sep=' '),
   margins=c(10,10), 
   col=redgreen(32), 
   trace="none", 
   scale=scale_val, 
   denscol="#FFFFFF")

}

# Example call to myHeatmap to plot genes contained in 30_highest_variance, a list of gene
# names of the 30 genes of highest variance across all conditions

# Use one of three transform operations to normalize dataset
nt <- normTransform(dds)                     # normalized transform
rl <- rlog(dds)                              # regularized log transform
vs <- varianceStabilizingTransformation(dds) # variance stabilizing transform

highest_variance = order(rowVars(counts(dds)), decreasing=FALSE)

# Plot heatmap given a transformed DESeq2 dataset
myHeatmap(rl, highest_variance[1:30], "row")

4.2.13 Gene enrichment pathway analysis
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Code 9. R function used to produce a volcano plot with gene markers highlighted in red if the adjusted p-value is 
less than 0.05, orange if the fold change is greater than two-fold and green if both. Function accepts a two argu-
ments,  res containing the results dataframe of a single contrast comparison within a DESeq2 dataset and  pval, a 
scaler representing the p-value cutoff for highlighting. This code draws heavily from Stephen Turner's article, “Us-
ing Volcano Plots in R to Visualize Microarray and RNA-seq Results.”191

Code 10. R function used to produce a heatmap from a DESeq2 dataset. Function accepts a three arguments,  dds 
containing the transformed DESeq2 dataset, select_genes, a list of all genes' rows within the dataset, and scale_val, 
a setting for heatmaps scale parameter.
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To add structure to the genetic variance uncovered through calling of differential expression, a 
workflow  was  developed  to  determine  over  represented  pathways  with  high  fold  change 
differential  expression  between  conditions.  For  this  purpose,  the  gage  package  within 
bioconductor  was  used,  taking  in  a  set  of  gene  fold  changes  and  outputting  a  list  of  the 
significance of association with all annotated pathways. This information was passed to pathview 
which overlays a representation of gene fold change over KEGG pathway schematics to better 
visualize the full context of the gene changes within an over represented pathway155,156. KEGG 
pathways were identified using the gage package and visualized using pathview. For every set of 
comparisons, the top ten most significantly overrepresented pathways were plotted. Significance 
was determined using gage's  built-in  Fischer  Exact  test.  For  binary comparisons,  plots  were 
produced plotting the experimental fold change above controls. For comparisons between more 
than two samples, plots were produced plotting all samples as tiled plots on each component of 
the pathway. 

# Convert between identifiers
print('Mapping Ids ...')
addIdentifiers <- function(res) {

res$symbol   <- mapIds(org.Mm.eg.db, keys=row.names(res), 
                         column="SYMBOL", keytype="SYMBOL", multiVals="first")

res$ensembl  <- mapIds(org.Mm.eg.db, keys=row.names(res), 
                         column="ENSEMBL", keytype="SYMBOL", multiVals="first")

res$entrez   <- mapIds(org.Mm.eg.db, keys=row.names(res), 
                         column="ENTREZID", keytype="SYMBOL", multiVals="first")

res$name     <- mapIds(org.Mm.eg.db, keys=row.names(res), 
                         column="GENENAME", keytype="SYMBOL", multiVals="first")

res <- res[!is.na(res$entrez),]
return(res)

}

# Add extra gene identification information
res_A <- addIdentifiers(res_A)

# Pathway Analysis
data(kegg.sets.mm)
data(sigmet.idx.mm)
kegg.sets.mm = kegg.sets.mm[sigmet.idx.mm]

# Produce a foldchange dataframe to input into gage
foldchange = res_A$log2FoldChange
names(foldchange) = res_A$entrez

# Call gage to determine over represented pathways
kegg_gage <- gage(foldchange, gsets=kegg.sets.mm, same.dir=TRUE)
keggrespathways <- row.names(kegg_gage[order(kegg_gage$greater[,'q.val'])]$greater)[1:10]
keggresids = substr(keggrespathways, start=1, stop=8)

# Call pathview to plot pathways and output diagrams
plot_pathway = function(pid) pathview(gene.data=foldchange, pathway.id=pid, 
                                      species="mmu", new.signatures=FALSE, limit=3)
tmp = sapply(keggresids, plot_pathway)
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write.csv(head(kegg_gage$greater, 50), file='kegg_data.csv')

Similarly,  when  multiple  comparisons  were  being  made,  care  must  be  taken  when 
constructing the dataframe to input into gage. In this case, comparisons were drawn against the 
intermediate 20kPa PA sample. Therefore all differential expression calls were by comparison to 
this sample and it was held constant for the gage pathway analysis. A column was produced for 
the  control  condition  in  the  foldchange  dataframe  reflecting  the  comparison  of  20kPa  gels 
against 20kPa gels. However, the log2(Fold Change) for this column was set to 0's to reflect that 
there is clearly no change. 

# Fold change 1kPa vs 20kPa
res_omni_1k_v_20k <- addIdentifiers(res_omni_1k_v_20k)
# Fold change Glass vs 20kPa
res_omni_gl_v_20k <- addIdentifiers(res_omni_gl_v_20k)

# Pathway Analysis
data(kegg.sets.mm)
data(sigmet.idx.mm)
print('Determining Pathways ...')
kegg.sets.mm <- kegg.sets.mm[sigmet.idx.mm]

foldchange <- res_omni_1k_v_20k['log2FoldChange']
row.names(foldchange) <- res_omni_1k_v_20k$entrez
names(foldchange) <- 'Log2FoldChange 1kV20k'
foldchange['log2FoldChange 20kV20k'] <- 0 # All zeroes for comparison with itself
foldchange['log2FoldChange GlV20k'] <- res_omni_gl_v_20k$log2FoldChange
foldchange <- as.matrix(as.data.frame(foldchange))

# Use regular gage settings for determining critical pathways
# Define second column as reference data (0s, no fold change as reference)
keggres_gage <- gage(foldchange, ref=2, gsets=kegg.sets.mm, same.dir=TRUE)

4.3 Results

Before addressing analytical results, it should be reiterated that all data was analyzed from 
singlet experimental replicates. As such, only the most profound trends were used to drive future 
research  and  subsequent  findings  require  literature  corroboration  of  their  effect  and  further 
analysis. 

4.3.1 Visualization of RNA sequencing dataset

55

Code  11.  R script highlighting method used for gene ontology and pathview representation of annotated KEGG 
database pathways.

Code 12. R script highlighting gene ontology with multiple experimental conditions.
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The effect of the three incorporated treatments was first vetted by visualizing the distribution 
of genes. As mentioned in section  4.2.12. MA-plots were produced to compare the effects of 
each of the individual treatments. For all of these plots, all samples of a given condition for that 
treatment were treated as replicates despite not being of identical conditions. For example, two 
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Figure 13. MA plots of the differential expression of mouse ear fibroblasts between conditions of 20kPa poly-
acrylamide and glass surfaces (top left), 20kPa polyacrylamide surfaces and 1kPa polyacrylamide surfaces (top 
right), exogenous viral  Ascl1 expression and wild type (bottom left),  and blebbistatin and DMSO (bottom 
right). For all plots, red markers represent an adjusted p-value < 0.05. Note: that the scale of the ordinate axis  
changes by an order of magnitude across all four plots.
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samples both treated with viral Ascl1 would be considered replicates despite being seeded on 
different substrates.

These plots provide a rough impression of the distribution of overall gene expression and fold 
change.  First,  to  address  the  transformation  artifacts  at  low  mean  counts.  This  dove  tail 
appearance  is  due  to  low  expression  causing  noisy  fold  change  to  appear  extreme.  These 
extremes are corrected using transformations to adjust for the high noise of the low expression 
built into the DESeq2 R package.

 Looking at the three treatments collectively it's immediately clear that blebbistatin has the 
least impact on gene regulation. This is clear when comparing the scale of the ordinate axes and 
the  number  of  significant  genes  in  each  plot.  The  role  of  Ascl1  and  stiffness  is  less 
distinguishable. Where stiffness seems to have a profound effect across a wide range of genes, 
the incorporation of exogenous Ascl1 appears to have a sizable effect on a smaller set of genes. 
Looking  specifically  at  the  MA-plot  for  blebbistatin  treatment,  the  marginal  impact  of 
blebbistatin incorporation is reflected by the small fold change spread and the low number of 
significant  genes highlighted in red.  Comparatively,  the effect  of stiffness has a much larger 
spread in gene fold change, suggesting that there is a much larger population of high fold change 
genes.  Finally,  and  perhaps  most  interesting  of  the  three,  the  effect  of  exogenous  Ascl1 
expression produces a large population of high fold change genes with high mean expression. 
Among these, is of course the Ascl1 gene itself, which undergoes a 215 fold change due to the 
exogenous expression. Interestingly, the fold change of this population skews positive due to the 
exogenous expression of the Ascl1 factor,  suggesting that  overexpression of Ascl1 has a net 
positive effect on overall gene expression and that it is predominately an activator of downstream 
targets. 

These same trends can be observed from the volcano plots produced. Where a MA-plot plots 
the fold change per gene against the mean expression and often uses colorization to represent 
significance, the volcano representation plots statistical importance as measured by an adjusted 
p-value  plotted  against  fold  change.  In  both  cases,  the  extreme  values  represent  genes  of 
particular interest due to their significance and fold change. The volcano plots provide a quickly 
accessible understanding of the number of meaningful gene changes observed. The blebbistatin 
condition serves as an example for a condition which shows little to no significant change in 
gene expression, whereas the other three samples all have a wide horizontal and vertical spread, 
suggesting that there are many genes which show significant change across these comparisons. 
The criteria used to distinguish significant genes is more strict than the one used for the MA-
plots,  therefore  fewer  gene  markers  are  colored.  However,  as  only  the  most  differentially 
expressed genes were labeled in the MA-plots, many of these same genes can be seen in the pool 
of labeled markers in the volcano plots. Again, the positively skewing differential expression due 
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to the exogenous expression of Ascl1 causes a clear asymmetry to the volcano plot similar to the 
skewing of the MA-plot. 
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Figure 14. Volcano plots of the -log10(adjusted p-value) against the fold change per gene representing the dif-
ferential expression of genes comparing 20kPa polyacrylamide and glass surfaces (top left), 20kPa polyacry-
lamide surfaces and 1kPa polyacrylamide surfaces (top right), exogenous viral Ascl1 expression and wild type 
(bottom left), and blebbistatin and DMSO (bottom right). For all plots, orange markers represent genes with a 
log2(fold change) above 4, red markers represent genes with an adjusted p-value < 0.00001, and green markers 
represent genes which satisfy both criteria. Note: the scale of both axes changes drastically across all charts.
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Furthermore,  many  insights  into  the  makeup  of  genetic  variations  can  be  gleaned  from 
heatmaps of the gene expression under these various conditions. The heatmaps produced were 
normalized  according to  row or  all  plotted  genes.  Though the data  represented  is  the  same, 
different trends become more obvious dependent on which normalization is used. To expand on 
this, various normalizations can also be used which deform the distribution of genes to correct 
for the large variation of genes with low gene overall counts and reduce artifacts caused by a log 
transformation  when  very  few  or  no  counts  are  measured.  Strictly  using  a  log  function  to 
normalize gene counts would result in an asymptote as gene counts approach zero. To adjust for 
this,  a  shifted  log  transform is  used,  effectively  adding  a  small  constant  to  avoid  the  zero 
condition. The regularized log addresses this problem by fitting the data with a term to regularize 
across samples. Finally, the variance stabilized transform, like the regularized log, fits the data 
with terms not normalize across samples, but unlike regularized log uses a higher order function 
to regularize the data.

As seen in Figure 15, there is a considerable amount of variation at low gene counts using a 
simple log transform. For exploring data for conditional dependence, the regularized transform 
and  variance  stabilized  transform  were  used.  However,  for  gene  selection  when  preparing 
heatmaps, no transformations were applied. 

To  better  understand  the  relationship  between  samples,  a  distance  map  was  produced  to 
understand the hierarchical nature of the conditions as shown in Figure 16. From this plot, it’s 
indicated that the predominate regulator of global gene expression is the surface – whether the 
cells are culture on a soft substrate, polyacrylamide, or a stiff substrate, either glass or tissue 
cultured polystyrene. The next factor in this hierarchical ordering of conditions is the effect of 
viral  Ascl1.  Finally,  it  appears  that  blebbistatin  has  a  relatively  small  effect  on  the  overall 

59

Figure 15. Gene expression standard deviations plotted against the mean counts per gene across all samples, nor-
malized by either a shifted log (left), a regularized log (middle) or variance stabilized (right) transform. The artifacts 
deviation in gene counts at low base mean reads is most visible in the regime below 5000 reads in the shifted log  
plot. This is minimized by using a regularized log or variance stabilized transform as seen above.
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differential gene expression between samples. This confirms trends observed in both the MA-
plots and volcano plots, highlighting stiffness as having a large pool of differentially expressed 
genes, Ascl1 as having a small  pool of highly differentially expressed genes and blebbistatin 
having a minimal role by comparison.

First, to visualize the distribution of genes, the 500 and 50 most expressed genes as calculated 
by the mean gene counts  are  plotted.  The exact  numbers are  largely  arbitrary  and governed 
predominately by ease of interpreting data. 500 was chosen because it was the largest number to 
be plotted which could still be easily visualized for interpretation of global trends and 50 was 
chosen to look specifically at the top subset of genes from each pool of genes.

Looking at the heatmaps of the 500 most expressed genes, there is clear banding which occurs 
between samples on hard surfaces (glass and tissue culture polystyrene) and those cultured on 
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Figure  16.  Heatmap of sample distances as calculated from the regularized log transform of 
sample gene counts. Sample distances are calculated as the sum of euclidean distances between 
base mean gene expression across all genes. Hierarchical clustering dendrograms are shown 
above and to the left of the heatmap of intersample distances.
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polyacrylamide. As observed in the MA-plots, there is a single gene which is expressed to an 
extreme compared to all  other genes, indicated by the singular row with reddish cells  in the 
globally  normalized  heatmap  in  Figure  17,  which,  although  unmarked  for  visual  clarity, 
represents Ascl1. However, taken as a collective, the influence of this overexpression does not 
supersede  the  influence  of  stiffness  as  indicated  by  the  column  dendrogram  denoting  the 
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Figure 17.  Heatmap of the 500 most expressed genes. Cell values represent the z-
score of the regularized log transform above the mean of all plotted samples (left) or 
per row (right).
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hierarchical structure among samples. The stiffness-dependent banding is made more obvious 
when the z-scores are calculated row-wise. 

Looking now at only the top 50 most expressed genes in Figure 18, it remains clear that the 
exogenous Ascl1 expression trounces all other gene expression. Visually, this is clear because the 
Ascl1 control samples are the only samples on the low end of expression comparatively, causing 
the entirety of the globally scaled heatmap to appear green. This is also reflected by the column 
dendrogram which reflects the governing impact of the Ascl1 expression among the measured 
samples.  The dendrogram indicates  that  among this  pool  of genes,  Ascl1 is  the predominate 
condition in determining their expression. Stiffness plays a secondary role, and blebbistatin has a 
comparatively very small effect on the gene expression profile. This hierarchy can be justified 
considering the various mechanisms of operation. Ascl1 is virally transduced and the exogenous 
expression causes an abundance of mRNA for sequencing. Stiffness, playing a secondary role, 
has  a  profound impact  on the  cell’s  structural  gene  pathways  and results  in  a  shift  in  gene 
expression in a large number of genes, but to a lesser extent than exogenous expression. To this 
end, when comparing this dendrogram to the dendrogram produced when analyzing the top 500 
genes,  Ascl1  overexpression  governs  the  overall  behavior  of  the  top  50 genes,  but  stiffness 
governs that of the top 500 genes. Finally, blebbistatin has a comparatively small effect because 
its mode of action is predominately posttranslational, though it is entirely possible that there are 
secondary  responses  to  blebbistatin’s  inhibition  of  cell  contractility  through  feedback 
mechanisms which in turn govern gene expression. This again reiterates the conclusions drawn 
from the MA-plots, volcano plots and sample distance heatmap to indicate an overall hierarchical 
structure to the parameters of interest. 

When the heatmap is instead normalized on a per row basis, the secondary structure of the 
condition hierarchy becomes much more apparent. It’s clear that among these genes, stiffness is 
the secondary governing factor dictating their  expression.  In concert  with this  observation,  a 
large selection of the genes listed are involved in cytoskeletal structuring, extracellular matrix 
protein synthesis and surprisingly, calcium binding. Also among this pool of highly expressed 
genes is the gene App. This gene is of interest because if it’s involvement in neuronal lineage 
commitment,  on which exogenous Ascl1 will  have a profound effect.  More specifically,  it  is 
heavily tied to neural development and triggering neurodegeneration, being involved in many 
neurodegenerative disorders157. 
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However, the utility of the most expressed genes is questionable. As expected, many genes 
necessary for general cell  function will naturally  gravitate  to the top of this list.  Though the 
substrate stiffness surely has a profound impact on pathways involved in extracellular matrix 
protein synthesis and cytoskeletal structure, the effect of the relative overexpression due to the 
constitutive need for these proteins can not be ignored. 
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Figure  18.  Heatmap of the 50 most expressed genes. Cell values represent the z-
score of the regularized log transform above the mean of all plotted samples (left) or 
per row (right).
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p-value Genes

Extracellular Matrix 3.7×10−16 Timp2, Anxa2, Bgn, Calr, Col1a1, Col1a2, Col3a1, Col5a2, 
Fibn1, Fn, Hspg2, Lgals1, Ogn, Spp1, Sparc

Calcium Binding 1.8×10−7 S100a6, Anxa2, Calr, Fbn1, Lrp1, Sparc, Thbs1

Actin Binding 2.7×10−6 Anxa2, Cald1, Flna, Gsn, Sptbn1

Cytoskeletal 4.3×10−3 Acta2, Actb, Cald1, Flna, Gsn, Sptbn1, Tmsb4x

Table 3. Overrepresented pathways and the corresponding genes in the pool of the 50 most expressed genes across  
all conditions as determined using the NIAID/NIH tool DAVID158,159. P-values reported from DAVID's Fisher Exact 
test for overrepresentation. 

For this reason, the 500 and 50 genes with the highest variance across all samples were also 
plotted. These plots provide a much more interesting look into the differential gene expression, 
which will inform which conditional comparisons warrant further investigation. As with the 500 
most expressed genes, the 500 most variant genes are governed predominately by the effect of 
the substrate. Again, many of the most variant genes are from the same pool of extracellular 
matrix genes, cytoskeletal genes and calcium binding genes as shown in Table 4. Pertinent to this 
research, the gene GABA is among the pool of most variant genes, but is absent from the pool of  
most expressed genes, suggesting that its expression is highly dependent on the conditions being 
imposed despite its overall expression being outweighed by more constitutive genes.

p-value Genes

Extracellular Matrix 4.0×10−13 Anxa2, Bgn, Col1a1, Col1a2, Col3a1, Col5a2, Col8a1, 
Fbn1, Fn1, Hspg2, Lgals1, Spp1, Sparc

Calcium Binding 1.8×10−7 S100a4, S100a6, Anxa2, Fbn1, Lrp1, Sparc, Thbs1

Cytoskeletal 4.3×10−3 GABA, Acta2, Actb, Gsn, MACF1, Sptbn1, Tmsb4x

Table 4. Overrepresented pathways and the corresponding genes in the pool of the 50 most variant genes across all 
conditions as determined using the NIAID/NIH tool DAVID158,159. P-values reported from DAVID's Fisher Exact test 
for overrepresentation. 

In the same way that the 500 most expressed genes are predominately governed by stiffness 
whereas the 50 most expressed genes are predominately governed by overexpressed Ascl1, the 
most variant genes show the same discrepancy dependent on the size of pools examined. 
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Using the general input from visualizing the RNA sequencing data using MA-plots, volcano 
plots  and heatmaps,  this  will  inform a more  robust  screening for  overrepresented  pathways, 
taking into consideration the number of significant genes, range of fold changes and distribution 
of affected pathways when vetting computationally deduced results.

4.3.2 Effect of substrate stiffness on mouse ear fibroblasts
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Figure 19. Heatmap of the 500 most variant genes. Cell values represent the z-score 
of the regularized log transform above the mean of all plotted samples (left) or per 
row (right).

Figure 20. Heatmap of the 500 most variant genes. Cell values represent the z-score 
of the regularized log transform above the mean of all plotted samples (left) or per 
row (right).
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The  effect  of  stiffness  is  fairly  well  documented,  with  a  growing  body  of  knowledge 
pertaining to the downstream impact of the cell microenvironment. As expected, many of these 
previously explored pathways were strongly influenced by comparison across the three stiffness 
conditions measures, a glass surface, a 20kPa polyacrylamide surface and a 1kPa polyacrylamide 
surface. Many of these pathways rise to the top of the list of overrepresented pathways due to the 
effect of stiffness alone – that is to say, the effect of stiffness in the absence of blebbistatin and 
Ascl1 transduction. Namely, these pathways include ECM-receptor interaction, focal adhesion 
formation,  the Wnt signaling pathway,  general  cell  adhesion molecules  and vascular  smooth 
muscle contraction – all strongly correlated with the ability for the cell to effectively adhere to 
the surface. These pathways were determined using the bioconductor package gage to associate 
pathways based on differential expression155. This set of pathways is used largely to gauge the 
reliability of such an assay as associated pathways are much better documented than the other 
tested conditions.

p-value Adjusted p-value

 ECM-receptor interaction 5.7×10−5 0.0090

 Focal adhesion 0.00030 0.024

 Protein digestion and absorption 0.00055 0.029

 ErbB signaling pathway 0.0010 0.042

 GnRH signaling pathway 0.0020 0.050

 Jak-STAT signaling pathway 0.0023 0.050

 Melanogenesis 0.0024 0.050

 Wnt signaling pathway 0.0025 0.050

 Cell adhesion molecules (CAMs) 0.0031 0.055

 Vascular smooth muscle contraction 0.0034 0.055

Table 5. Top 10 overrepresented pathways among differential gene expression between all stiffness conditions with-
out blebbistatin or viral transduction.

To visualize many of these pathways, the differential expression of genes specific to these 
pathways were represented using the bioconductor package pathview which aggregates data to 
display  atop  KEGG pathway  diagrams156,160.  Looking  first  at  the  ECM-receptor  interactions, 
which had the most significant overrepresentation of differentially expressed gene targets, it’s 
clear that nearly all ECM proteins are approximately five fold increased on glass compared to the 
other two conditions.
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In the context of neuronal reprogramming, one pathway among these is of particular interest. 
The Wnt signaling pathway, which connects downstream with the GSK-3β and TGF-β pathways, 
stands out because of the implication of these pathways in neuronal reprogramming161. The TGF- 
β pathway is a key regulatory arm of the SMAD pathway, and both GSK-3β, as well as TGF-β 
have been implicated in directly impacting neuronal reprogramming through the incorporation of 
viral Ascl1, by the work of Ladewig, et al90. Therein it was discovered that dual inhibition of the 
arms of the SMAD pathways had a  profound effect  on fibroblast  to  neuron reprogramming, 
boasting  an  increase  from  approximately  5%  to  80%  neuronal  reprogramming  in  human 
postnatal  fibroblasts.  Though this  profound increase  was not  able  to  be reproduced in adult 
mouse ear fibroblasts, their findings may provide insights into the pathways of interests moving 
forward. 

 Quite interestingly, the Wnt gene expression itself as well as SMAD3 both show a biphasic 
dependence of neuronal reprogramming on stiffness. This trend has been observed previously in 
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Figure 21. Differential gene expression within the ECM-receptor interactions pathways for 
1kPa polyacrylamide, 20kPa polyacrylamide and glass substrates.  Colorbar represents log 
base 2 of the expression fold change normalized to the 20kPa polyacrylamide condition.
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the Li lab, through work by Sze Yue Wong in which the intermediate stiffness of the 20kPa 
polyacrylamide surface appears to have a profound positive impact in improving the efficiency 
of reprogramming. Though this alone does not confirm an effect of stiffness, the dependence of 
reprogramming  on  stiffness  in  conjunction  with  the  previously  reported  reprogramming 
efficiency improvements based on inhibition imply heavily that the regulatory effect of stiffness 
is perhaps acting through a unifying mechanism. 

4.3.3 Effect of blebbistatin inhibition on mouse ear fibroblasts
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Figure 22. Differential gene expression within the Wnt signaling pathway for 1kPa polyacry-
lamide, 20kPa polyacrylamide and glass substrates. Colorbar represents log base 2 of the ex-
pression fold change normalized to the 20kPa polyacrylamide condition.



4.3  Results

Of the three factors explored,  blebbistatin  inhibition of myosin II  had the least  impactful 
effect. As deduced by the bioconductor package, gage, there are only four pathways affected by 
blebbistatin  inhibition  with a  p-value  less  than  0.05.  These  include  the  pathways of  smooth 
muscle contraction, of which myosin II plays a central role; PPAR signaling (and notably the 
fatty acid oxidation arm), corresponding with the migration of cells towards a more adipocytic 
phenotype; fatty acid metabolism, again indicative of a migration to adiocytic phenotype; and the 
calcium signaling pathway. Though the most differentially expressed components of the calcium 
signaling  pathway  are  responsible  for  neurotransmitter  reception,  the  lack  of  reliability  of 
singular sample comparisons prohibits profound conclusions to be drawn.

4.3.4 Effect of viral factors used to induce reprogramming

As observed when initially screening the differential expression across all samples, the effect 
of  Ascl1  transduction  is  drastic,  causing  Ascl1  itself  to  be  expressed  at  3×104 times  its 
endogenous expression. When Vierbuchen, et al. were initially screening for factors to induce the 
reprogramming of fibroblasts into neurons, Ascl1 (also known as Mash1) was chosen as a factor 
due to its involvement in neurogenesis and early development1,162,163. It’s unsurprising, then, that 
of the approximately 1500 genes with an adjusted p-value < 0.05, 28 of those are related to axon 
guidance (As determined by DAVID, associating the axon guidance pathway family with a p-
value of 2.8×10−3 ). 
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Figure 23. Effect of stiffness on fibroblast to neuron reprogramming of mouse 
ear fibroblasts. Error bars represent ±1 standard deviation. Significance deter-
mined  by  one-way  ANOVA followed  by  Tukey’s  post-hoc  test,  *p<0.05. 
(credit: Sze Yue Wong)



4.3  Results

Again  exploring  the  TGF-β  pathway,  Ascl1  transduction  appears  to  manifest  itself  in  an 
upregulation of SMAD6/7 and downregulation of ERK. Although SMAD6/7 upregulation results 
in decreased inhibition of SMAD2/3, ERK downregulation reduces the inhibition at this point in 
the pathway. However, it also reduces the amount of inhibition of the SMAD1/5/8(9) arm of the 
pathway. In concert with the work by Ladewig,  et al, Ascl1 has the effect of downregulating 
SMAD2/3 correlating with an upregulation of reprogramming efficiency. Interestingly, new light 
is  shed on the  various  downstream effects  of  Ascl1.  Most  notably,  the  immense  increase  in 
expression along the BMP arm of the pathway seems to indicate that a preferential upregulation 
of  the  SMAD1/5/8(9)  arm  of  the  SMAD  pathway  is  perhaps  responsible  for  increased 
reprogramming efficiency due to Ascl1 transduction. 

Much like the effect of blebbistatin, the effect of only Ascl1 is difficult to conclude due to low 
significance  resulting  from singular  sample  comparisons.  For  this  reason,  the  remainder  of 
discussion will be looking at differential expression due to combinatorial effects of conditions, to 
attempt  to  elucidate  the  interplay  of  the  SMAD  pathway,  TGF-β  pathway,  stiffness  and 
exogenous Ascl1 transduction with the goal of informing downstream experiments from which 
more robust conclusions may be drawn.
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Figure 24. Differential gene expression within the TGF-β signaling pathway representing the 
effect of the exogenous expression of Ascl1. Colorbar represents log base 2 of the expression 
fold change normalized to untransfected control.



4.3  Results

4.3.5 Combinatorial effects of factors

By comparing the effect of stiffness with Ascl1 transduction against Ascl1 negative controls, 
insights  can be gained into  the combinatorial  effects  of  these  two treatments.  As alluded to 
previously, it appears that the effect of Ascl1 and stiffness overlap in the span of highly regulated 
pathways. Notably, this intersection occurs at a previously suggested mechanism for improved 
efficiency as discovered by Ladewig, et al. 

Plotting  the  fold  change  of  all  genes  in  the  TGF-β  pathway  due  to  the  expression  of 
exogenous Ascl1 gives a glimpse into the effect it  has on the pathway as a whole. First, it’s  
evident that there is a net positive increase in gene expression. This broad trend coincides with 
the conclusions drawn from the heatmaps and MA-plots previously. Likewise, a few key targets 
can be selected from this list as being of particular interest. First, there are a number of SMADs 
which  appear  to  be  Ascl1  dependent.  Given  previous  mechanosensitive  associations  of  the 
SMAD pathway and its relevance in the findings of Ladewig, et al., these genes are of particular 
interest for future investigation. 

From this figure it is clear that the incorporation of Ascl1 outweighs the effect of stiffness in 
governing SMAD6/7 expression, TGF-β expression and Id expression, and the upstream BMP 
inhibitors Chordin and Dan, though stiffness plays a governing role in regulating BMP itself, 
BMP receptor I and II expression, SMAD1/5/8(9), SMAD2/3, SMAD4 and ERK. The dual arm 
inhibition  of  the  SMAD  pathway  through  repression  via  SMAD6/7,  downregulation  of 
SMAD2/3 on the TGF-β arm, and downregulation of the BMP arm through lowered expression 
of co-SMAD4 all corroborate the work of Ladewig,  et al., and provide many insights into the 
exact  mechanisms  by  which  Ascl1  operates  to  promote  neuronal  reprogramming  and  how 
stiffness can be used as a governing factor to drive this conversion without the need for chemical  
inhibitors.
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Figure 25. Distribution of expression fold changes due to exogenous Ascl1 expression in the TGF-β pathway 
(Aggregate fold change contrasts between all +Ascl1 conditions against all -Ascl1 conditions). All fold changes 
relative to untransfected control. 



4.3  Results

Looking at the effect of exogenous Ascl1 expression across all conditions, consideration for 
the effects on the Wnt signaling pathway warrants discussion given the historical relevance of 
GSK-3β in neural development and previous investigations90,161. In this analysis, GSK-3β was 
shown to have a slight upregulation in response to the Ascl1 treatment. This contradicts findings 
by Ladewig,  et al.,  who showed that GSK-3β inhibition could be used to drive fibroblast  to 
neuron reprogramming in postnatal fibroblasts. 
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Figure 26. Differential gene expression within the TGF-β signaling pathway representing the 
differential expression of (from left to right) Ascl1 negative control, Ascl1 transfected cells 
on 1kPa polyacrylamide, Ascl1 transfected cells on 20kPa polyacrylamide and Ascl1 trans-
fected cells on glass. Colorbar represents log base 2 of the expression fold change normal-
ized to untransfected control.



4.4  Discussion

4.4 Discussion

This  work serves to explore the biochemical  pathways through which Ascl1 and stiffness 
cooperate to improve reprogramming efficiency. As discussed, the primary means of regulation 
appears to be through the TGF-β pathway, for which this work corroborates previous studies. 
Although this work was initiated to uncover differential expression that may help to understand 
the biphasic behavior of reprogramming efficiency with stiffness, it appears that there may be no 
immediate singular gene which governs this behavior. Despite the dual SMAD inhibition which 
agrees with the conclusions of Ladewig, et al., both arms appear to be further down regulated on 
stiffer substrates. The TGF-β arm is further downregulated on extremely stiff surfaces through 
downreglation  of  SMAD2/3  and  the  BMP arm is  further  downregulated  on  stiffer  surfaces 
through inhibition of SMAD1/5/8(9) and upregulation of its inhibitor, ERK. To this end, this 
work does not suggest a causal regulator of the stiffness effect on reprogramming and the mRNA 
expression level.

The full effect of exogenous Ascl1 expression can be visualized in Figure 25, where the fold 
change increase of each gene due to Ascl1 expression is plotted. Looking primarily at SMAD-
related genes, there are a number of SMADs which are upregulated due to the addition of Ascl1 
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Figure 27. Differential gene expression within the Wnt signaling pathway represent-
ing the effect of the exogenous expression of Ascl1. Colorbar represents log base 2 of 
the expression fold change normalized to untransfected control.



4.4  Discussion

in addition to TGF-β. On the other side of the spectrum, ERK (MAPK) is downregulated due to 
the addition of Ascl1.

ERK, which has a monotonic decrease with increasing stiffness would appear to promote 
neuronal  reprogramming  on  the  softest  substrates.  However,  as  shown  in  Figure  23,  cells 
cultured on the softest substrates revert back to a reprogramming efficiency more closely in line 
with  that  of  stiff  substrates.  This  suggests  that  there  must  be  an  associated  counterpart 
responsible for regulation on softer substrates. Though not strictly monotonic in the same way 
that ERK was measured to be, SMAD6 fulfills this role, showing an increase in expression on 
the softer substrates. SMAD6 is a key regulator of both arms of the SMAD pathway. Between 
both  ERK  and  SMAD6,  the  dual  SMAD  inhibition  required  for  increased  reprogramming 
efficiency is achieved at both the low and highest ends of stiffnesses tested. 
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5.  Microarray Analysis of the Effect of Stiffness On Mesenchymal Stem Cell Gene Expression

5. MICROARRAY ANALYSIS OF THE EFFECT OF STIFFNESS ON MESENCHYMAL 
STEM CELL GENE EXPRESSION

In the  wake of  insights  provided by the bioinformatic  analysis  of  RNA sequencing data, 
further use of modern computation tools was employed to expand on preexisting high throughput 
screening datasets. Previous research into the effect of substrate stiffness mirrored much of the 
recent work into the biophysical regulators of fibroblast to neuron reprogramming. From this 
perspective, the now five year old microarray data exploring the effect of substrate stiffness on 
the microRNA (miRNA) profiles of mesenchymal stem cells (MSCs) could provide insights into 
shared  mechanisms  of  biophysical  regulation  in  sculpting  cell  lineage  commitments  or  the 
differentiating behavior necessary to distinguish the biophysical response of these progenitors. 

Unfortunately,  many  of  these  datasets  are  incomplete.  Information  of  each  dataset  and 
associated experimental data are no longer maintained with the collection of analysis and many 
inferences must be made about the approach taken in their analysis. Where RNAseq analysis 
with DESeq2 assumes a negative binomial distribution and assumes large counts, analysis for 
microarrays,  by  comparison,  historically  draws  from linear  models  which  use  an  empirical 
Bayesian estimation to estimate the impact of measurements with reads below the background 
noise. Traditionally, in the bioconductor package LIMMA would be used to model data from the 
microarry164.  Unfortunately,  without  more exact  information about  the experimental  methods, 
gene  target  association  information  associated  with  the  microarray  and  background 
measurements  for  some datasets,  concessions  must  be  made  to  try  to  parse  out  meaningful 
insights. 

With these considerations in mind, an extremely restrictive threshold was used to filter data 
with incomplete reads on each of the four replicate points of the microarrray to avoid the need 
for the empirical Bayesian stabilization of the near-noise measurements. This manifests itself in 
low representation of microarray data when associating groups of pathways. Because of this, the 
significance  as  estimated  using  Fisher's  Exact  test  for  the representation  in  each pathway is 
artificially low. In light of the difficulties in pulling precise statistical significance from this data 
using  an  unconventional  methodology,  only  the  most  significant  pathways  of  interest  are 
explored and of that subset, only pathways with a history of involvement in stiffness response, 
cell lineage decisions or mesenchymal tissue maintenance are considered. 

5.1 Methods

Unfortunately, thorough documentation of methods used for generation of these datasets was 
not attached to the datasets themselves. Due to this lapse of documentation, culture methods used 
in preparation of these experiments were derived from previous theses and published works from 
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the time around the origin of the datasets. The datasets used span work done by Jennifer Park 
between 2005 and 2007 in collaboration with the Gladstone Institute, and previous works from 
this time period were used in sourcing methods165,166. 

5.1.1 Sample Preparation Protocols

5.1.1.1 Cell Culture

Human  bone  marrow  derived  mesenchymal  stem  cells  (MSCs)  were  sourced  through 
Cambrex (Walkersville,  MD) and maintained in MSCGM medium (Cambrex) at 37°C at 5% 
CO2. Passage 5 to 9 MSCs were used for all experiments, harvested at 80-90% confluency.

5.1.1.2 Substrate Fabrication

Polyacrylamide and glass substrates were produced using the procedure outlined in Appendix 
Section  8.1.3.  Surface  of  both  1kPa  and  20kPa  stiffness  as  well  as  glass  were  used  for 
experimentation.  Surfaces  are  believed  to  have  been  conjugated  with  5  µg/cm2 collagen  I, 
although  concurrent  work  from  this  time  also  used  either  elastin  or  laminin  at  the  same 
concentration.

5.1.2 Dataset updating for modern analysis

Since the microarray data was originally collected, many genetic loci for mature sequences 
have been discovered and some miRNA sequences which at the time had only a single associated 
sequence now have multiple precursors. To update the original pool of miRNA targets to return 
results dependent on the precursor where the parent miRNA would no longer return results, all 
outdated precursors were appended with all known precursor specifications. For example, this 
would mean that mmu-mir-7 would branch into two separate miRNA reads, mmu-mir-7a and 
mmu-mir-7b, which can then be used for identification of predicted gene targets. 

Once a  comprehensive  list  of  all  modern  miRNA precursor  specifications  was  compiled, 
miRDB.org was used to associate the 100 most highly associated gene targets predicted for every 
miRNA precursor167,168. Not all genes were used. As outlined in the analysis methods sections, 
contribution  to  a  gene’s  representation  by  the  miRNA profile  is  weighted  by  the  prediction 
accuracy. 

5.1.3 Bioinformatic analysis

5.1.3.1 DNA microarray circa 2006

Average intensities for triplicate trials on Glass, 1kPa and 20kPa surfaces were stripped from 
provided documents and used as representations  of counts for differential  expression calling. 
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This  data had already been coupled with official  gene names,  which were also stripped and 
associated with the provided intensity measures.

The  bioconductor  package  DESeq2,  pathview,  gage  and  kegg  were  used  as  described 
previously in Section 4.2.9. In this way, relevant statistics such as the significance and adjusted 
p-values were readily calculated.  This was used to generate  heatmaps of miRNA targets  and 
prevalent pathways of interest as outlined in Sections 4.2.12.3 and 4.2.13. 

5.1.3.2 miRNA microarray circa 2007

Using the gene associations produced using miRDB.org, all read intensities were loaded as 
independent measurements and their corresponding background measurements were subtracted 
to produce a relative indication of target gene prevalence in the sampled miRNA screen. For this 
dataset, only surfaces of 1kPa and 20kPa stiffness were submitted for analysis. 

Because many prominent miRNA transcripts have predicted gene targets for the same genes, a 
method must be developed to aggregate the contribution of all miRNA. This requires careful 
consideration to effectively represent all miRNA contributions while ensuring that repeated gene 
targeting isn’t over represented due to numerous low-likelihood interactions. For this purpose, 
miRNA array intensity was normalized against the corresponding background intensity for that 
point on the microarray. Any replicate predicted target genes were aggregated on the average of 
their read intensities, scaled by the prediction score on a scale from 60% to 100%. This metric 
was drawn from the miRDB recommendation of the 60% targeting rating as a low end cutoff for 
gene association with any miRNA sequence. The linear scaling of the remainder after this cutoff 
allows  for  better  predictions  to  be  weighted  appropriately  in  their  contribution  to  the 
representation of that gene. The genes of interest were further filtered by only those genes with 
an average pixel intensity more than 10 intensity units above background, removing most low 
singlet reads amongst replicates below background.

As with the 2006 dataset, DESeq2 was used to determine differential representation of genes 
associated with the miRNA array. Using this tool, the fold change between genes as well as the 
confidence of the measurement can be easily ascertained. 

5.2 Results

5.2.1 Heatmap interpretation of DNA microarray data

The 2006 DNA microarray encapsulates readings of nearly ten thousand genes. From this, a 
broad analysis  of  the expression profiles  of  MSCs on surfaces  of various  stiffnesses  can be 
conducted. The triplicate samples submitted allows for meaningful confidence intervals for each 
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of  the  fold  change  measurements  to  be  drawn  from  the  dataset,  allowing  for  informed 
conclusions to be drawn without prior knowledge of the mechanisms of interest. 

To first explore the relevance of this dataset and the relative changes between the submitted 
samples, the first visualization used for this dataset was to explore the heatmaps generated from 
the genes with the most significant fold change. Specifically, this subset of genes was derived 
from the set of genes with the minimum sum of adjusted p-values for comparisons between all 
pairs of groups. The sum was chosen to expose trends between stiffnesses where fold change 
differences are less pronounced. By comparison, nearly all genes selected through a product of 
adjusted p-values are only significant by comparison against the glass condition. 
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Figure 28. Heatmap of the 200 most significantly differential genes. Cell values rep-
resent the z-score of the regularized log transform above the mean of all plotted sam-
ples (left) or per row (right).



5.2  Results

Interestingly, when focused on the top 200 most significantly differential genes as shown in 
Figure 28, there is no clear separation between the polyacrylamide substrates with a stiffness of 
20kPa or 1kPa. In fact, the hierarchical clustering of the sample replicates can not accurately 
differentiate these two groups, resulting in the mixed ordering of their samples. Glass is visually 
distinct from the other groups, indicating a more pronounced shift in expression across this pool 
of genes. Focusing now on a more restrictive pool of the top 50 most significantly differential 
genes, a few trends become clear. In contrast to the hierarchy imposed when analyzing the top 
200 genes, the top 50 genes are clearly defined by stiffness condition. The distinction between 
polyacrylamide  surfaces  is  less  pronounced  than  in  comparison  with  glass,  but  noticeably 
distinct.
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Figure 29. Heatmap of the 50 most significantly differential genes. Cell values rep-
resent the z-score of the regularized log transform above the mean of all plotted sam-
ples (left) or per row (right).



5.2  Results

Likewise,  many genes of interest  from the work done with reprogrammed fibroblasts  are 
again  prevalent  in  this  pool  of  genes.  Of  particular  interest,  SMURF2  and  ID1  reappear, 
highlighting  a  reliance  of  MSC's  surface  interaction  response  to  the  SMAD  pathway. 
Furthermore, this is accompanied by a number of new genes of interest. This includes STAT1, 
strongly  displaying  a  reliance  of  the  JAK/STAT  pathway  on  substrate  stiffness.  Similarly, 
SERPINE1,  a  thrombosis  regulator  is  largely  downregulated  with  substrate  stiffness.  Quite 
interestingly, these MSC's show an increased expression of beta tubulin (TUBB) on the 20kPa 
polyacrylamide gels by comparison to both glass and 1kPa. This finding may be indicative of a 
neural  predisposition  of  MSC's  on this  intermediate  substrate,  reinforcing  the  impact  of  this 
intermediate stiffness in directing to neuronal lineages.

Among this pool of genes, there are very few genes which present a biphasic dependence on 
stiffness. In addition to the aforementioned TUBB gene, these include the UBE2C, TOP2A and 
ANGPTL2 genes.  The UBE2C gene encodes  a ubiquitin  E2 protein.  The ubiquitin-mediated 
degradation pathways were also observed to be heavily influenced by stiffness in the stiffness 
response  of  fibroblast  to  neuron  reprogramming  and  interact  with  the  SMURF2  protein  to 
regulate the SMAD pathway, presenting a more coherent picture of how stiffness may regulate 
this mechanosensitive pathway. The TOP2A gene is a topoisomerase. Like the ubiquitin-related 
protein  mentioned  previously,  TOP2A represents  a  rather  quintessential  biological  function. 
Though the regulation of the topoismerase gene family may represent a predisposition to a gene 
condensation state, it's difficult to draw strong conclusions from such conserved and requisite 
pathways  for  cell  function.  Interestingly,  the  MSC's  probed  showed  a  downregulation  of 
ANGPTL2, a member of the vascular endothelial growth factor family on the intermediate 20kPa 
stiffness. 

Here, the selection of significantly differential expression is largely dictated by genes which 
show a fold change in comparison to the glass substrate condition. This is not unexpected due to 
the more nuanced difference between the 1kPa and 20kPa conditions. To explore the effect of 
this  more nuanced shift  in stiffness,  genes were also sorted based on the significance of the 
change in expression between only the two polyacrylamide conditions.
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In representing the genes this way, genes which are sensitive to stiffness on the order of 10kPa 
are drawn from the pool of the most significantly differential genes. Among these genes, there is 
a strong representation of genes of interest within the context of this body of work. First, many 
tubulins (α6, α3, β, β6) are selected for in this way, suggesting that the cellular stiffness response 
is largely through restructuring of the microtubule network. For all four of these genes, tubulin 
expression  is  starkly  contrasted  between the  20kPa and 1kPa conditions,  but  there  are  only 
marginal differences between the expression on 20kPa and glass surfaces. This lends itself to 
indicate that the acute stiffness response to changes in soft  surface stiffness may be through 
expression of microtubule precursors. 
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Figure 30. Heatmap of the 50 most significantly differential genes. Cell values rep-
resent the z-score of the regularized log transform above the mean of all plotted sam-
ples (left) or per row (right). (Note that the columns have been rearranged)



5.2  Results

Furthermore,  both  SERPINE1  and  SERPINB2  are  differentially  expressed  across  the 
stiffnesses  sampled.  However,  after  liberal  multicomparison correction,  neither  is  significant. 

SERPINE1 is nearly significant (p-value < 5×10−5 , adjusted p-value < 0.1). Despite this, the 
antithrombogenic  effect  represents  an  interesting  wound  healing  pathway  through  which 
recruitment  of  MSCs may  feedback  to  inhibit  thrombosis  and encourage  the  recruitment  of 
additional MSCs or serve a tissue maintenance role while circulating in blood or marrow. These 
genes'  upregulation  on  the  two  stiffer  substrates  may  represent  an  engagement  of  this 
antithrombogenic response. In both cases, there appears to be a linear response across the three 
stiffness conditions. 

log2(Fold Change) p-value adjusted p-value

1 VCAM1 -0.644 5.7×10−6 0.0081
2 RGS4 0.460 6.5×10−6 0.0081
3 TUBB 0.333 7.2×10−6 0.0081
4 TOP2A 0.782 4.4×10−5 0.037
5 NMB -0.706 1.0×10−4 0.071
6 UBE2C 0.708 1.2×10−4 0.071
7 SMURF2 0.436 1.9×10−4 0.074
8 KPNA2 0.414 2.1×10−4 0.074
9 RRM2 0.532 2.1×10−4 0.074

10 SERPINE1 0.382 3.3×10−4 0.094

Table 6. Top 10 most significantly differentially expressed genes comparing MSCs cultured on 20kPa against 1kPa 
(positive log2(fold change) is more expressed on 20kPa)

 One  of  the  most  significantly  differentiated  genes  is  the  vascular  cell  adhesion  protein, 
VCAM1 (adjusted p-value < 0.01). The downregulation of this gene in comparison to both 1kPa 
and glass substrate conditions is perhaps indicative of a substrate stiffness response to tissue 
modulus while circulating in the vasculature. Taken collectively with the SERPINE response, it 
appears that MSCs may undergo a mechanosensitive response directing their circulation, tissue 
targeting and antithrombogenic response. 

Another recurrent gene that crops up into the pool of most significantly differentiated genes is 
SMURF2, one of the principle targets of the induced neuronal reprogramming RNAseq work. 
The appearance of this gene in the context of MSC mechanosensitivity in addition to fibroblast 
to neuron reprogramming is perhaps indicative of a more global role that stiffness may play in 
governing cell  plasticity or phenotypic disruption. Consistent the RNAseq work, SMURF2 is 
downregulated on polyacrylamide surfaces, potentially signaling a shared mechanism through 
which the TGF-β pathway is regulated by substrate stiffness. 
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5.2.2 Heatmap interpretation of miRNA microarray data

Shifting focus now to the 2007 miRNA dataset, it’s inherently much more difficult to discern 
useful trends from this dataset. Whereas the DNA array has a coverage of nearly ten thousand 
genes, the miRNA array, after filtering for low reads, has only on the order of a couple thousand 
target genes. In this vein, there are less than a hundred genes which are significant between the 
two conditions (p-value < 0.05). After adjusting for multiple comparisons, there are only a few 
genes that show even marginal significance. For this reason, only a heatmap of the top 50 genes 
is shown in Figure 31. 

The only gene that maintains high statistical significance is Mycn. This gene is strongly tied 
to the development of neuroblastoma, but is also a necessary for normal embryonic development. 
The prominence of this gene in stem cell phenotypes is not unreasonable, but the low statistical 
power of this microarray dataset makes strong conclusions impossible.

Unlike the DNA array, clear trends in terms of the importance of stiffness and a conjoined 
story with the current effort into fibroblast to neuron reprogramming are not seen within this 
dataset. The predominant genes represented by this array are largely related to quintessential cell 
function. This is likely reflective of the gene target prediction being too broad in combination 
with the small sample size of the dataset, allowing genes and gene families which are naturally 
conserved to be most represented. 
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5.2.3 Pathway Analysis

After reviewing the data using heatmap representations, the DNA microarray dataset appears 
to show a large subset of genes which are dependent on stiffness. Though the miRNA microarray 
visually  shows  a  similar  separation  with  stiffness,  the  low  statistical  significance  of  this 
separation draws its conclusions into question. With this in mind, conclusions pertaining to the 
relevant  pathways  altered  through  substrate  stiffness  will  be  largely  dictated  by  the  DNA 
microarray dataset. As mentioned previously, the low breadth of a DNA array in comparison to a 
RNAseq experiment results in less coverage of the possible gene expression profile. Because of 
this,  the  calculated  significance  of  pathway representations  are  artificially  low for  pathways 
analyzed  using  the  toolsets  and methods  used  in  RNAseq analysis.  For  this  reason,  domain 
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Figure 31. Heatmap of the 50 most significantly differential genes. Cell values rep-
resent the z-score of the regularized log transform above the mean of all plotted sam-
ples (left) or per row (right).
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knowledge is factored into the evaluation of potential areas of interest. Likewise, the represented 
pathways are also a reflection of the target space of the microarray used, biasing significantly 
represented  pathways  towards  overrepresented  sequences  on  the  microarray.  All  things 
considered, the pathway annotation used herein is a reflection of cell substrate interactions in the 
context  of  knowledge  about  surface  adhesion,  material  properties  and  potentially  influential 
players in the MSC niche.

Although  basic  cell  functions  such  as  oxidative  phosphorylation  and  ribosomal  genes 
dominate  the  most  significantly  differentially  expressed,  a  handful  of  substrate  interaction 
pathways also pepper the list. Among these, ECM-receptor interaction, cell adhesion and cardiac 
muscle contraction pathways are most significantly differentially expressed (adjusted p-values < 
0.05). 
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Figure  32.  Differential gene expression from DNA microarray within the ECM-re-
ceptor interaction pathway representing the effect of stiffness on MSCs with regions 
of each gene representing MSCs cultured on Glass, 20kPa polyacrylamide and 1kPa 
polyacrylamide respectively.  Colorbar  represents log base 2 of the expression fold 
change normalized to the glass substrate condition.
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The first  of  these  adhesion dependent  pathways,  ECM-receptor  interaction,  highlights  the 
sharp falloff of ECM protein synthesis and the downregulation of the corresponding adhesion 
molecules  necessary  to  sustain  their  adhesion.  Unsurprisingly,  this  decrease  comes  with  the 
alteration of substrates  with substantially  less ECM and receptor  synthesis  on substrate  with 
lesser  modulus.  A similar  large  scale  downregulation  of  ECM  protein  synthesis  was  also 
observed in  the  RNAseq profiling  of  neuronal  induced  fibroblasts  cultured  on  substrates  of 
various stiffnesses. This governing trend is largely expected, but does highlight one of the most 
quintessential shifts in gene expression in response to substrate with disparate modulus.

As alluded to previously, a secondary interaction pathway affected by the differing surface 
modulus is in the expression of cell adhesion molecules. Interestingly, there is a clear divergence 
of  MHC  distribution  with  decreasing  stiffness,  promoting  a  reallocation  towards  MHC-II 
expression. This transition may represent a shift in immune-system involvement by MSCs as 
they transition to softer substrates, adopting a more differentiated phenotype. 
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Figure  33.  Differential gene expression from DNA microarray within cell adhesion 
pathways representing the effect of stiffness on MSCs with regions of each gene rep-
resenting MSCs cultured on Glass, 20kPa polyacrylamide and 1kPa polyacrylamide 
respectively. Colorbar represents log base 2 of the expression fold change normalized 
to the glass substrate condition.
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Furthermore,  the  cardiac  muscle  contraction  pathway  shows  significant  regulation  as 
dependent on substrate stiffness. Most obvious in this pathway is the heightened expression of 
the Cyto family of genes. This includes many cytochrome c oxidase subunits and ubiquinol-
cytochrome reductase subunits. The cytochrome complex is a key component of the electron 
transport chain and its upregulation is perhaps indicative of heightened energy demands of the 
cell,  whether  that  be  due  to  the  differential  gene  expression  profile  or  shifting  metabolic 
requirements. More interestingly,  however, is the downregulation of three genes pertaining to 
contractile  regulation.  Though the shift  in expression is slight,  SERCA2a and TPM are both 
downregulated  as  MSCs  are  cultured  on  softer  substrates,  representing  a  downregulation  of 
contractile  ATP dependent  Ca2+ transport  and contractile  response mechanisms.  This  shift  in 
expression may represent a lineage differentiator as MSCs use the stiffness cue to regulate the 
decision to commit to a more contractile phenotype on stiffer surfaces. 

As  mentioned  previously,  the  low  coverage  of  the  miRNA microarray  means  that  few 
pathway conclusions can be drawn. The reliability of these results is questionable and is only 
considered in the guise of the DNA microarray results. In this context, one particular pathway 
stands out. Among the most differentially regulated pathways, genes related to vascular smooth 
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Figure  34.  Differential  gene  expression  from DNA microarray  within the  cardiac 
muscle contraction pathway representing the effect of stiffness on MSCs with regions 
of each gene representing MSCs cultured on Glass, 20kPa polyacrylamide and 1kPa 
polyacrylamide respectively.  Colorbar  represents log base 2 of the expression fold 
change normalized to the glass substrate condition.
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muscle contraction shows cohesion with the cardiac muscle contraction genes identified by the 
DNA array. Within this pathway, miRNA targetting the IP3R glicoprotein complex, regulating 
Ca2+ transport in the sarcoplasmic reticulum, is upregulated with decreasing stiffness, potentially 
serving  as  a  regulator  of  the  Ca2+ transport  observed  in  the  DNA microarray.  The  miRNA 
regulating ITPR1 gene product was expressed with a nearly a two fold increase on 1kPa surfaces 
compared to 20kPa surfaces (p < 0.1). Despite the insignificant confidence of this finding, the 
context warrants discussion due to the cohesion with the findings in the DNA microarray. 

5.3 Discussion

The mesenchymal stem cell response to stiffness is well documented, and dates back to some 
of  the  defining  mechanotransductive  discoveries.  However,  the  governing  pathways  of  this 
transition are still  not entirely characterized.  In the context of fibroblasts  induced to become 
neurons,  and  the  governing  pathways  of  this  reprogramming  process,  previous  large  scale 
screening data has been revisited in search of communal pathways of interest. As discussed at 
length,  these datasets are largely incomplete,  with documentation maintained with only basic 
experimental information. Because of this, assumptions of the dataset were made resulting in a 
conservative estimate of significant  genes of interest.  In exploring this  dataset,  two common 
threads of information become self evident. The first is in wound and immunoresponse and the 
second is in cell adhesion response. 

The DNA microarray exposes a set of antithrombogenic genes, SERPINE1 and SERPINB2 
which are differentially expressed. Though the change in expression is rather minimal, at around 
30% change, the shift may spell a subtle transition in wound response. This increase comes with 
increasing  stiffness  and  may  represent  a  mediating  clotting  or  tissue  fibrosis  in  the  wound 
healing  response.  In  a  somewhat  related  vein,  the  transitioning  expression  of  MHCs in  the 
kilopascal  regime stiffness  response was quite  interesting.  The MSCs transitioned from high 
MHC-I expression on the stiffest substrate to a relatively increased expression of MHC-II on the 
softest substrate, spelling a shift in the role that the MSCs may play as immuno-related cells and 
the  dependence  of  this  role  on  environmental  stiffness.  This  antithrombogenic  conclusion 
reinforces previous work from within our lab highlighting the antithrombogenic effects of MSCs 
in vascular grafts169. Likewise, the role of MSCs have been tied to immunological regulation, 
lending credence to the differential role of MHC expression due to mechanoregulation170. Quite 
recently, the stiffness dependence of MSC immunoregulation appears to have a growing interest 
for the role that MSCs may play in combating atherosclerosis171. 

In terms of adhesion, the DNA microarray shows a strong dependence of ECM gene protein 
synthesis and receptor expression as well as the regulation of various cell adhesion molecules. 
This is largely expected due to the nature of the conditions tested, but gives strong indication of 
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which classes of adhesion molecules are predominately regulated in this regime. This adhesion 
appears  to  be  manifested  in  restructuring  of  the  microtubule  skeleton  of  the  cell  through 
differential expression of a handful of tubulins. This behavior has recently been observed in the 
same stiffness regime to govern expression of  β3-tubulin in MSCs, potentially representing a 
component of the pathway through which MSCs undergo a neurogenic transition172. 

Finally,  and perhaps most  interesting  when coupled  with  the  induced  neuron project,  the 
SMAD pathways appears again as a potential  target for mechanoregulation through substrate 
stiffness. In both experiments, SMURF2 decreases in expression with decreasing stiffness. The 
TGF-β pathway has previously been shown to be mechanically coupled in directing osteogenic 
differentiation,  and this may provide insight into the possible mechanism through which this 
decision is made173. There is currently growing interest in the role that SMURFs may play in the 
regulation of the SMAD pathways for stiffness regulation of MSCs. Recent exploration of MSC 
stiffness  response posits  that  SMURFs may serve as  one of  the  key regulatory  mechanisms 
through  which  MSC  stiffness  response  is  driven,  but  clear  conclusions  have  not  yet  been 
drawn174.
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6. CONCLUSIONS

Initial  work into the effect  of ligand density showed very little  impact  on reprogramming 
efficiency. However, in the process of exploring this behavior and using an intermediate ligand 
density on glass as a comparative control, insights were gained into the role that stiffness plays in 
the regulation of reprogramming efficiency and in parallel, a more comprehensive picture of the 
dependence of cell adhesion on substrate ligand presentation was constructed.

Most notably, previously discovered regulators of reprogramming efficiency such as ERK and 
GSK-3β were  shown  to  be  heavily  influenced  by  the  addition  of  Ascl1.  This  work  was 
corroborated in part by Sze Yue Wong and Jennifer Soto and reinforces their findings and the 
findings of the greater scientific community of the role of the SMAD pathways in regulating the 
neuronal transition of fibroblasts. The role that these proteins play in neuronal reprogramming 
and,  in  conjunction  with  more  general  curiosity  for  the  unexplained  regulatory  mechanisms 
through which Ascl1 may be acting to destabilize committed fibroblastic phenotype, prompted a 
three-factor RNAseq panel exploring the effects of Ascl1 transduction, stiffness and cytoskeletal 
stability regulated through blebbistatin inhibition. 

In this work, dual SMAD inhibition previously reported by Ladewig, et al. was corroborated 
and found to be predominately through the downregulation of SMAD2/3 and the inhibition of the 
SMAD1/5/8(9) arm through the upregulation of ERK90. This behavior was seen to be heightened 
on stiffer substrates. To this end, a clear biphasic implication of substrate stiffness was not found 
through mRNA expression, and it’s more likely that the upregulation on an intermediate stiffness 
is  likely  due to  a  composite  effect  of  multiple  convergent  pathways.  One such candidate  is 
SMAD6,  a  key  regulator  of  both  arms  of  the  SMAD  pathway,  whose  inverse  monotonic 
regulation  with  stiffness  may  compete  with  ERK  to  reach  an  optimum  at  an  intermediate 
stiffness and explain the heightened reprogramming efficiency of fibroblasts to neurons in the 
presence of Ascl1 on an intermediate stiffness (20kPa). 

This  work  was  also  matched  against  previously  conducted  stiffness  studies  to  uncover 
communal  regulatory  pathways  governed  by  substrate  stiffness  in  a  comparison  with  MSC 
cultures.  Interestingly,  many  shared  pathways  present  themselves  in  this  companion  study. 
SMURF2, a regulator of both arms of the SMAD pathway through SMAD6/7, was found to be 
differentially expressed in MSCs dependent on substrate stiffness, suggesting a shared stiffness-
dependent  mechanism  between  differentiated  fibroblasts  and  MSCs.  Likewise,  changes  in 
tubulin  expression  in  MSCs  suggests  a  microtubule  structural  response  of  MSCs  to  their 
substrate. In conjunction with β3-tubulin being used as a marker for neuronal conversion and as a 
principle marker for early neuronal phenotype, this finding may suggest a potential avenue for 
MSC neurogenic conversion. This, of course, must be taken in the context of substrate regulated 
mechanics which naturally manifest themselves in the structural mechanisms of the cell. 
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Finally, there are a number of peripheral conclusions which modern ontological methods were 
capable of deducing from the MSC dataset.  An immunoreactive response was found causing 
MSCs to  shift  expression  from MHC class  II  to  class  I  as  their  substrate  shifts  to  a  softer 
modulus.  Likewise, antithrombogenic genes SERPINE1 and SERPINB2 were observed to be 
differentially expressed in conjunction with numerous cardiac and vascular contractile genes, 
potentially spelling a mechanism through which MSCs are recruited to wound sites and engage 
in a wound healing modality dependent on their motility across tissues of varying stiffness. 

Collectively, this work explores the regulatory mechanisms through which cell phenotype is 
governed. The recurrence of the SMAD pathway across progenitor and reprogramming cells in 
the context of substrate stiffness suggests strongly that it is a more broadly relevant regulatory 
mechanism.  The  recurrence  of  the  SMURF  genes  in  particular  seems  to  indicate  that 
ubiquitination  within  the  SMAD  pathway  may  govern  a  more  rapid  response  than  can  be 
achieved through translational regulation. 
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8. APPENDIX

8.1 General methods

8.1.1 Reagents

8.1.1.1 10% SDS

10% weight per volume SDS is produced by suspending 10g of SDS in 90ml deionized water. 
After suspension, the solution is brought to 100ml total volume with deionized water.

8.1.1.2 1.5M Tris-HCl, pH 8.8

1.5M Tris-HCl is produced by adding 90.38g Tris base (Trizma Base with a molecular weight 
of 121.1) to 270ml deionized water. The solution is mixed and adjusted to pH 8.8 using 6N HCl. 
The solution is let to cool before finely adjusting pH. The total volume is brought to 500ml with 
deionized water and stored at 4°C until use.

8.1.1.3 0.5M Tris-HCl, pH 6.8

0.5M Tris-HCl is produced by adding 30.28g of Tris base (Trizma Base (Fisher BP152-500) 
with molecular weight of 121.1) in 300ml deionized water. The solution is adjusted to a pH of 
6.8 using 6N HCl. The solution is allowed too cool before finalizing pH. Finally, the volume is 
brought to 500ml using deionized water and stored until use at 4°C.

8.1.1.4 10X Electrode Running Buffer, pH 8.3

Concentrated electrode running buffer is produced by mixing 30.3g Tris base (Trizma Base 
with molecular weight 121.1), 144.0g glycine and 10.0g SDS (Fisher BP166-500). The solution 
is allowed to dissolve and brought to a final volume of 1L using deionized water. The solution is 
stored at 4°C until use.

8.1.1.5 1X Electrode Running Buffer

Working concentrations of electrode running buffer are made by diluting 50ml of the 10X 
electrode running buffer in 450ml deionized water.

8.1.1.6 8% paraformaldehyde

8% paraformaldehyde (PFA) was made by dissolving 40g PFA powder (EMD PX0055-3) in 
400ml of heated 2X PBS (diluted from 10X PBS (Corning 46-013-CM) stock with deionized 
water). This solutions is heated to 60°C while stirred in a fume hood. If after 30 minutes the 
paraformaldehyde had not fully dissolved, 10N NaOH (Amresco E584-500ml) is slowly added 
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until the PFA goes into solution. After the PFA has fully dissolved, the pH is brought to pH 7 
using HCl (LabChem LC15100) and aliquots are frozen for storage at 4°C. 

8.1.1.7 4% paraformaldehyde

8% PFA stock is diluted in an equal volume deionized water to produce a 4% PFA solution. 

8.1.1.8 0.5% Triton X-100

Triton X-100 (Fisher BP151-500) is diluted to a working concentration of 0.5% in 1X PBS. 

8.1.1.9 Transfer Buffer

Transfer  buffer  is  prepared by mixing 3.03g of Tris  Base (Trizma Base with a molecular 
weight  of  121.1)  with  14.4g  glycine  (Fisher  BP381-1),  200ml  Methanol  (20%  weight  per 
volume, BDH BDH1135-4LP) and filled to reach a total volume of 1L with deionized water. The 
entire solution is mixed thoroughly and stored at 4°C until use. 

8.1.1.10 5X Washing Buffer (5X TBS-T)

Concentrated washing buffer is produced by adding 250ml of 1M Tris at pH 7.5, 200ml 3M 
NaCl, 12.5ml 20% Tween20 (Amresco 0777-1L) to 537.5ml deionized water. The solution is 
stirred thoroughly until it has entirely dissolved and stored at room temperature until use.

8.1.1.11 1X Washing Buffer (TBS-T)

A working concentration of TBS-T is produced by diluting 5X TBS-T in deionized water to 
reach the desired concentration. 

8.1.1.12 3% Bovine Serum Albumin

Powdered bovine serum albumin (BSA) is weighed out and dissolved in deionized water at a 
3:100 mg:ml ratio. BSA is not readily dissolved in water and requires approximately 30 minutes 
of sonication after its addition. 

8.1.2 0.1% gelatin culture surface preparation

Gelatin culture surfaces were prepared by incubation of tissue culture dishes with a sterile 
0.1% gelatin solution at 37°C for at least one hour, allowing for passive adsorption of gelatin to 
the tissue culture surface. 

8.1.3 Polyacrylamide gel fabrication and protein conjugation

8.1.3.1 Glass subsurface silanization
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Glass  surfaces  are  cleaned  in  70%  ethanol  (HistoPrep  Fischer,  HC1000-1GL)  under 
sonication for at least five minutes. Generally, 18mm diameter circular glass coverslips (Fischer 
12-545-100)  are  used,  although  the  protocol  is  generally  applicable  for  any  glass  surface. 
Limitations only exist based on the ability to use an inverted microscope to image through the 
glass.  After  ethanol  cleaning,  the  glass  is  transferred  to  a  Kimwipe  and  gently  dried.  The 
coverslips  are  arranged  on the  metal  mesh of  the  oxygen plasma treatment  instrument  (SPI 
Supplies Plasma Prep II) and treated with 100mA at a pressure between 150 and 200mTorr for 
five minutes. 

After oxygen plasma treatment, the glass is transferred to a Pyrex dish and arranged such that 
no  glass  overlaps  another.  An  MTMS silane  solution  is  added  to  submerge  the  glass.  This 
solutions is produced by adding 5ml deionized water, 1ml silane and 5.73µl glacial acetic acid to 
94ml anhydrous methanol (Macron 3016-16). Smaller volumes of this solution were made to the 
same proportions when the amount of glass surface did not warrant such a large volume. The 
glass is left  in this  solution for five minutes,  at  which point as much solution as possible is  
aspirated  using  an  autopipette  and  disposed  of  in  chemical  waste  for  the  silane  solution. 
Methanol  (BDH BDH1135-4LP) is  used to  remove any remaining silane solution by rinsing 
three  times  for  one  minute  each.  Finally,  slides  are  baked  at  110°C  for  30  minutes.  This 
temperature could be lowered and the slides baked for a longer duration. In this research, it was 
occasionally necessary to bake slides at 60°C for one hour to accommodate temperatures needed 
of other parallel work. Critically, it is important that the methanol fully evaporate over a duration 
on the order of 30 minutes. If this criteria is met, the exact conditions are not crucial.

8.1.3.2 Polyacrylamide gel fabrication

40%  acrylamide,  2%  bis-acrylamide,  1M  HEPES  buffer  and  deionized  water are  mixed 
according to Table 7. These gel solutions are mixed by vortexing and then degassed in a vacuum 
chamber using the Stanley hall building vacuum for at least 20 minutes. During this time, glass 
slides are made hydrophobic using Gel Slick (Lonza 50640) by twice wiping with a Kimwipe 
damp with the solution and subsequently drying the excess solution with a dry Kimwipe.
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Stiffness 40% Acrylamide 2% Bis-acrylamide 1M HEPES buffer Deionized water

(kPa) (µl) (µl) (µl) (µl)

0.6 75 30 10 885

1.0 150 25 10 815

8.0 125 150 10 715

20 200 132 10 658

40 200 240 10 550

Table 7. Formulation for polyacrylamide gel base solutions for fabrication of gels of various stiffnesses.

Once the methanol  has completely evaporated from the glass substrates in the oven, 10µl 
ammonium  persulfate  (APS)  (BioRad  161-0700)  at  a  0.1mg/ml  concentration  and  1µl 
tetramethyleethylenediamine  (TEMED) (Sigma T22500-100ml)  are  added to the  gel  solution 
described in Table  7.  After addition,  the polymerization reaction has been initialized and it's 
important to work quickly. The solution is briefly mixed by gentle stirring and mixing using a 
micropipette for approximately five seconds. At this point, a volume of 11.4µl initialized gel 
solution is added per centimeter squared of glass surface area. This volume was chosen as it 
produces  a  gel  height  of  approximately  110µm,  tall  enough  such  that  the  stiffness  of  the 
underlying glass substrate is not sensed by the seeded cells. It is not recommended to attempt to 
produce more than 20 gels from a single gel solution aliquot as the gel droplets will begin to gel 
before silanized glass can be placed atop them all. After distributing gel solution across the Gel 
Slicked glass surfaces, the silanized glass should be placed atop with the silanized surface facing 
the gel. If it's apparent that the solution is beginning to gel, either by visually observing a small 
ring at the interface of gelled and liquid solution, or by observing difficulty in the ability for the 
liquid solution to fully spread under the silanized glass, the silanized glass surface should be 
removed and the droplet can be wiped away with a kimwipe. At this point, 20 minutes should be 
allowed for the gel to fully crosslink. It will be clear that the gel has crosslinked when a visible  
ring is observed at the interface of the gelled interior and the liquid exterior of the gel which 
should  account  for  the  outer  one  millimeter  of  the  gel  where  the  solution  is  exposed  to 
environmental conditions. 

Once the gel has fully polymerized, the sandwich formed between the silanized glass and the 
hydrophobic glass should be fully submerged in 50mM HEPES buffer. A razor's edge can be slid 
slightly between the two glass layers and gently twisted. This will slowly separate the gel from 
the  hydrophobic  glass  and  allow  for  liquid  to  slowly  flow  under  allowing  for  the  gentle 
separation of the two layers. After separation, the slides containing the gel can be moved two a 
well plate for storage and submerged in 50mM HEPES buffer to prevent dehydration and hydrate 
with a basic solution to aide the sulfo-SANPAH conjugation. 
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8.1.3.3 Protein conjugation using sulfo-SANPAH

A 1mg/ml solution of sulfo-SANPAH (Thermo-Fischer 22589) is produced by suspending the 
sulfo-SANPAH powder in deionized  water. 10µl DMSO is added for every milliliter of sulfo-
SANPAH solution  to  help  the  sulfo-SANPAH to solubilize  in  the hydrophilic  solution.  This 
mixture is placed in a warm water bath at 37°C at left for approximately five minutes or until 
fully  solubilized.  If  after  five  minutes  the sulfo-SANPAH has  not  dissolved into  solution,  a 
sonicator can be used. 

The  50mM  HEPES  buffer  should  then  be  aspirated  from  each  well  containing  a 
polyacrylamide gel. It is important to aspirate as much buffer as possible from each well. Center 
the gel such that the sulfo-SANPAH solution will not have an avenue to wick off the gel through 
contact  with the well  wall.  The sulfo-SANPAH should be added atop the gel  taking care to 
ensure it stays atop the gel. A volume should be added such that there is a surface concentration 
of 50mg/cm2 sulfo-SANPAH equating to roughly 0.1mmol/cm2 sulfo-SANPAH. This will equate 
to a volume of 50μl/cm2. The surface of the gel is incubated at room temperature with the sulfo-
SANPAH solution for at least five minutes. At this point, the gels are placed under UV at 300nm 
at 230W (UltraLum UVB-20) for five minutes. After UV exposure, any excess sulfo-SANPAH 
solution should be gently dislodged from the gels by tapping the well plate. This excess solution 
can  be  aspirated  to  quickly  remove the  bulk  of  the sulfo-SANPAH solution.  The remaining 
solution should be removed through a series of three washes using 50mM HEPES buffer under 
gentle orbital shaking for five minutes each. 

Finally,  the  last  HEPES  wash  should  be  aspirated  thoroughly  similar  to  how  gels  were 
prepared prior to sulfo-SANPAH addition, leaving gels without excess HEPES solution which 
are centered in each well. An extracellular matrix protein solution can be added to top of the gels. 
A volume of  50μl/cm2 is  added at  a  concentration  necessary to  produce  the desired  surface 
density of protein. Generally, a protein solution is added at a concentration of 0.1mg/ml, equating 
to 5mg/cm2. For laminin (~400kDa), this surface concentration equates to a surface density of 
13nmol/cm2,  meaning the  conjugated  sulfo-SANPAH is  in  extreme excess  to  the  amount  of 
protein added. The gels are incubated with the protein solution at 37°C for at least 3 hours, or 
until use within the next 24 hours. 

8.1.3.4 Surface sterilization

Prior to any cellular work, these surfaces must be sterilized. To accomplish this, the gels are 
first rinsed briefly with 1X PBS to quickly remove the majority of HEPES solution. Afterward, 
the PBS is aspirated and wells are filled with 70% ethanol (HistoPrep Fischer HC1000-1GL). 
Any gel surfaces are lifted with a syringe needle or tweezers to allow ethanol to flow under the 
glass subsurface and ensure that the bottoms of the gels are also sterilized. The inside and outside 
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of both the well plate and lid are sprayed thoroughly with 70% ethanol and the gels are placed in 
a cell culture hood to incubate at room temperature in the ethanol for at least 10 minutes. At this 
point, the ethanol is aspirated and each well is washed with 1X PBS three times. The gels are 
then incubated at 37°C until use within the next 24 hours. 

8.1.3.5 Cell seeding for polyacrylamide gels

Cells are seeded for a desired seeding density by first adding a volume of culture media to 
adequately cover the polyacrylamide surface. Afterward, a cell suspension is added such that 
cells are seeded at the desired density throughout the entire well, using the well cross sectional 
area when calculating the amount of cell suspension needed. 

8.1.4 Western Blotting

8.1.4.1 Western sample preparation

Samples for western blotting were cultured for three days (for viral work, this is three days 
after induction with doxycycline) prior to being lysed. Lysis buffer includes 50mM Tris-HCl, 
150mM NaCl,  0.5% sodium deoxycholate,  1% SDS, 1% Triton  X-100,  5% glycerol,  0.01% 
bromophenol  blue  and  working  concentrations  of  protease  inhibitors  phenylmethylsulfonyl 
fluoride, Na3VO4 and leupeptin. Cell cultures were aspirated of all media, rinsed in chilled 1X 
PBS and then lysed in the lysis buffer, at which point the lysis buffer could be collected and 
stored on ice prior to further processing.

Once all samples are collected, all lysate samples are boiled at 95°C for five minutes and 
subsequently centrifuged at 12,000rcf for fifteen minutes at 4°C. Relative protein amounts are 
quantified using a trial western blot for GAPDH or H3 which is quantified and used to normalize 
subsequent western blotting experiments. 

8.1.4.2 Western gel electrophoresis and transfer to membrane

Once  samples  have  been  prepared  for  western  blotting  and  particulate  matter  has  been 
centrifuged out of the samples, the solutions can be loaded for running in the gel. For all western 
blots herein, a BioRad Mini PROTEAN 3 Cell chamber was used for all 10-well electrophoresis 
and transfers and a BioRad Criterion TGX chamber was used for all 24-well electrophoresis and 
transfers. 

To load the samples, the chamber is loaded with an appropriate gel, either a BioRad Mini 
PROTEAN  TGX  10%  gel  or  a  BioRad  Criterion  TGX  10%  gel  according  to  provided 
instructions and the chamber is filled with 1X running buffer. A volume of approximately 20 to 
40μl is used to flush any residual solution from the gel packaging out of the gel wells with the  
goal of producing a more homogeneous running buffer solution. Samples are loaded by equal 
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volume if there is no known protein amount disparity between samples and weighted thereafter 
by the quantification of westerns for housekeeping genes GAPDH or H3 to produce an even 
distribution of protein for each sample well.

Samples are warmed to 95°C for five minutes and centrifuged for approximately 30 seconds 
thereafter. At this point, samples are loaded into each well using gel loading pipette tips, being 
exceedingly  careful  not  to  spill  solution to  adjacent  wells.  Once all  samples  are  loaded,  the 
chamber lid can be attached according to instruction and plugged into a power supply. For this 
work, either a BioRad PowerPac 300 or BioRad PowerPac Basic were used. For the first 15 
minutes, a voltage of 80V is applied. At this point the directionality of the voltage is assured by 
observing bubbles forming from the negatively charged electrode in the outer chamber. After the 
first 15 minutes the instrument is checked for any leaking marked by a lowering of the inner 
chamber running buffer level. If everything appears acceptable, the voltage is slowly increased to 
110V over the course of approximately five minutes.

The gel is left to run until the dye front of the loaded solution nears the bottom of the gel. 
Generally this process takes another hour to an hour and fifteen minutes. Once this occurs, the 
power supply is to be turned off and disconnected, the lid of the chamber can be removed and the 
running buffer solution can be discarded. Before assembly, the first well was marked. The gel 
can then be removed from the gel cassette and assembled in the transfer cassette. Generally, this 
entails  two  outer  layers  of  fibrous  padding  to  ensure  a  tight  contact  between  the  gel  and 
membrane followed by more dense fibrous sheets to prevent particulate matter from entering the 
transfer followed by a nitrocellulose (BioRad 162-0177) or PVDF (BioRad 162-0115) membrane 
and the gel. The gel at this point, should be activated by soaking in methanol for approximately 
one  minute,  ensuring  that  the  membrane  is  able  to  be  submerged  in  transfer  buffer  before 
proceeding. All fiber pads and filter papers have also been soaked in transfer buffer to avoid 
contamination with outside solutions. The cassette should be ensured to be assembled such that 
the membrane is to the negative end of the voltage potential such that protein will be drawn to it 
and not away from it. 

Once the transfer cassette is assembled it is once again placed inside the chamber. An ice pack 
is added to ensure the transfer buffer remains cold. The chamber is ensured to be filled above the 
membrane and gel and the cover is placed atop. The entire assembly is moved to a cold room at 
4°C and plugged into a voltage source with a voltage of 30V. A voltage is confirmed by bubbles 
forming from the negatively charged electrode in the transfer buffer and the assembly is left to 
transfer overnight for between 16 and 18 hours.

After transferring, the chamber is disassembled, the gel is removed carefully and stored in a 
1% Ponceau dye solution and left on a gentle orbital shaker for approximately 5 minutes. During 
this time, the remainder of the cassette is disassembled. After staining, the gel is inspected for the 
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presence of protein stained non-specifically by the dye. At this point, if it's desired to section the 
gel  to  be capable  of imaging multiple  proteins,  the gel  may be sectioned accordingly.  Once 
confirmed, the gel is washed three times with TBS-T for five minutes or until the dye is no 
longer apparent. 

8.1.4.3 Western membrane staining

Before staining, membranes are blocked using 3% dehydrated milk or Bovine Serum Albumin 
(BSA). For all westerns within this body of work, 3% milk was chosen. The remaining TBS-T 
solution is removed and replaced with the desired blocking agent. The gel is left to sit in the 
blocking agent overnight at 4°C or for one hour at room temperature.

After this incubation,  the membrane is briefly rinsed with TBS-T twice followed by three 
washes  for  five  minutes,  five  minutes  and  15  minutes  respectively  at  room temperature.  A 
primary antibody solution is prepared in TBS-T according to the dilutions in Table 8, or 1:1000 if 
a previous dilution was unknown. A total volume of 6ml of primary antibody solution is prepared 
for  the  gel.  The  gel  is  then  incubated  with  the  primary  antibody  for  1-2  hours  at  room 
temperature or overnight in a cold room at 4°C on a gentle shaker. 

Once again,  the membrane is rinsed twice, then washed for five, five and fifteen minutes 
respectively.  During  this  time,  a  solution  of  secondary  antibody  labeled  with  horseradish 
peroxidase (HRP) is  prepared to  a concentration  of 1:1000 or as denoted in Table  11.  After 
washing, the membrane is incubated with the secondary antibody solution for one hour at room 
temperature with gentle shaking. Once again, the gel is washed, this time for four washes of five 
minutes followed by one wash of fifteen minutes. At this point the gel is thoroughly washed and 
ready to be imaged. 

8.1.4.4 Western blot membrane imaging

When ready the membrane is set on a piece of parafilm and whatever imaging modality is to 
be  used  is  prepared,  an  ECL solution  (PierceTM ECL Western  Blotting  Substrate  32106)  is 
prepared by mixing the provided solutions 1:1 as described in the provided instruction. Once 
mixed, the solution is distributed on the surface of the membrane and allowed to incubate at 
room temperature on the surface for one minute. At this point, excess solution is allowed to flow 
off the membrane and the membrane is covered with a plastic sleeve and set inside an imaging 
hood (BioRad Universal Hood II). Imaging is begun quickly thereafter using BioRad Quantity 
One software. The membrane is centered on the stage under White Epi Illumination and, once 
satisfactory, the imaging modality is switched to Chemi Hi Sensitivity for imaging. Images are 
collected at five second intervals, recording the sum of all previous exposures. Imaging proceeds 
until a band from every membrane being imaged saturates. The most exposed image without 
saturation is saved for analysis. In some cases, the most exposed image also appears to have 
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intense  background  and  an  image  with  higher  contrast  between  sample  and  background  is 
chosen. 

Target Species Vendor Catalog Size (kDa) Dilution

Ascl1 Rabbit Abcam ab74065 25 1:3000

Brn2 Mouse Santa Cruz A1014 52 1:500

ERK Rabbit Cell Signaling 4695S 44,42 1:300

FAK Rabbit Cell Signaling 3285S 125 1:1000

GAPDH Rabbit Abcam ab8245 37.5 1:2000

GSK-3β Rabbit Cell Signaling 9331S 46,51 1:300

H3 Rabbit Abcam ab1791 17 1:10000

Myt1l Rabbit Abcam ab139732 133 1:1000

Myt1l Rabbit Abcam ab93671 133 1:100

pERK Rabbit Cell Signaling 4370S 44,42 1:300

pFAK Rabbit Cell Signaling 3283S 125 1:1000

pSMAD 1/5/9 Rabbit Cell Signaling 13820 58,52 1:500

pSMAD 2/3 Rabbit Cell Signaling 8828S 60,52 1:500

SMAD 1 Rabbit Cell Signaling 6944S 60 1:1000

SMAD 2/3 Mouse BD Biosciences 610843 60,52 1:500

SMURF1 Rabbit Cell Signaling 2174S 81 1:500

SMURF2 Rabbit Cell Signaling 12024S 80 1:500

YAP/TAZ Rabbit Cell Signaling D24E4 70,50 1:1000

YAP1 Rabbit Abbiotec 254542 70,(65),50 1:1000

Table 8. Primary antibodies used for western blot immunostaining. Sizes in parenthesis represent exceptionally faint 
bands. Any antibodies unused in the body of research are included for documentation completeness and the used di-
lution should not be assumed to be well characterized as it did not yield meaningful information.

Species Vendor Catalog Dilution

Rabbit Santa Cruz SC-2313 1:1000

Mouse Santa Cruz SC-2314 1:1000

Goat Santa Cruz SC-2020 1:1000

Table 9. Antibody HRP reagents used for western blot imaging.

8.1.5 Cell culture for neuronal reprogramming

8.1.5.1 Primary fibroblast isolation for fibroblast to neuron reprogramming

Mouse ear fibroblasts were isolated from 4 week old mice. Ears were harvested and stored in 
sterile 1X PBS. When ready, the ears were cut into small pieces of approximately 1mm squares – 
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small enough such that cells be leached from the tissue and not so small that large sections of 
tissue are mechanically disrupted. The pieces are added to sterile 20ml glass vials and stored in 
10ml complete DMEM F12 (DMEM F12 (Gibco 11320-033), with 10% FBS (Hyclone) and 1% 
penicillin/streptomycin (Gibco)) with 100μl LiberaseTM enzyme (0.025mg/ml, Roche) for every 
six ears of tissue. A sterile stir bar is added and the tissue pieces are stirred at  37.5°C in 5% CO2 

for 45 minutes to one hour. After incubating with enzyme, the suspension is moved to a 50ml 
conical tube and an additional 10ml complete DMEM F12 is used to rinse each glass vial twice. 
The entirety of this solution is centrifuged at 1500rpm for 4 minutes. The centrifuged pellet is 
again resuspended in 30ml of fresh complete DMEM F12 and once more centrifuged at 1500rpm 
for 4minutes. A cell suspension is produced, suspending pellets in 4ml complete DMEM with 
10% FBS for every two ears of tissue in the pellet. 4ml of this solution is seeded into a gelatin 
coated dish (0.1% gelatin incubated at  37.5°C in 5% CO2 in a 10cm tissue culture dish for at 
least  one  hour).  Media  is  replaced  every  two  days  and  cells  are  passaged  when  reaching 
approximately 70% confluency, expanding passage to gelatin coated 15cm tissue culture dishes 
when necessary,  but no later than day five.  A second passage occurs when cells  again reach 
approximately 70% confluency, at which point cultures are expanded to three 15cm tissue culture 
dishes. When this passage again reaches confluency, cells are frozen down at a concentration of 
approximately 3×105 cells/ml in freezing medium (50% DMEM, 40% FBS and 10% DMSO). 

8.1.5.2 Culture for fibroblast to neuron reprogramming

The second passage primary mouse ear fibroblasts are thawed from stock and suspended in 
complete  DMEM.  The  cell  suspension  is  centrifuged  at  1000rpm for  four  minutes  and  the 
DMEM and freezing medium mixture is aspirated leaving a small cell pellet. The pellet is once 
again resuspended in 6ml complete DMEM for every vial of cell stock used. This solution is split 
between two 60mm tissue culture dishes for every vial of cell stock used.

After allowing cells to adhere to the surface for approximately 24 hours, viral factors (Brn2, 
Ascl1, Myt1l & rtTA transactivator) in addition to 8μg/ml polybrene (Sigma 107689) are added 
to the media. The cells are allowed another day to adopt the viral transduction. The next day, 
samples  are  displaced from the surface.  The complete  DMEM is first  aspirated and the cell 
surface is rinsed with sterile 1X PBS. 0.5% Trypsin-EDTA (1X working concentration) is added 
at a volume requisite for adequately covering the surface of the culture surface. This solution is 
incubated at 37.5°C and 5% CO2 for at least five minutes, until cells fully dislodged after the 
plate  is  gently  tapped.  Once the vast  majority  of cells  have detached,  as  observed under an 
optical  microscope,  complete  DMEM is  once  again  added  in  at  least  equal  part  volume  to 
neutralize the trypsin solution. The volume can be greater to further dilute the cell stock prior to 
seeding. The cell suspension is then seeded on the appropriate surfaces (either polyacrylamide, 
tissue culture polystyrene or glass) at a seeding density of approximately 3000 cells/cm2. 
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After  a  day  of  attachment,  the  viral  factors  are  induced  at  a  concentration  of  2ng/ml 
doxycyline (dox; Sigma D9891), in complete DMEM. The addition of doxycycline marks the 
beginning of a viral transduction experiment and for all purposes herein, this is considered day 0 
for experiments drawing comparison with viral factors. After one day in complete DMEM with 
dox,  the  media  is  exchanged  with  complete  DMEM  F12  with  dox  and  supplements  N2 
(Invitrogen 17502001) and B27 (Invitrogen 17504044) at their working concentrations (N2B27 
medium). This media undergoes a half  media change every two days until  the experiment is 
terminated and the cells are fixed.

8.1.6 Immunofluorescent Staining

Media is aspirated from cell cultures and they are briefly washed with 1X PBS to remove any 
residual  media.  The cell  cultures  are  then incubated  at  room temperature in 4X PBS for 12 
minutes. After this time, the PFA is aspirated from each well and the wells are washed with 1X 
PBS three times for five minutes each. At this point, the surfactant 0.5% Triton X-100 is added at 
a volume adequate for complete sample coverage and the culture is incubated for another 12 
minutes at room temperature. After permeabilizing, a volume of 3% BSA is added to adequately 
cover the surface of the samples. The cultures are incubated with this blocking agent for one hour 
at room temperature. 

Following blocking, primary antibodies can be added for staining. Before adding primary, the 
original  BSA solution  is  aspirated.  Primary  antibodies  are  diluted  in  fresh  3%  BSA in  a 
concentration  dependent  on  the  affinity  of  the  antibody  and  the  intensity  of  signal  strength 
needed. For the antibodies used herein, their respective dilutions are denoted in Table  10. The 
primary antibody solution is added to the fixed cell cultures and the plates are incubated at 4°C 
overnight. 

The following day, the primary antibody solution is aspirated and the fixed cell cultures are 
rinsed three times in 1X PBS for five minutes each to remove residual BSA solution. Secondary 
antibody for the corresponding target species and desired emission wavelength, in addition to 
either  DAPI or Hoescht dye are diluted in 1X PBS at a dilution of 1000X unless otherwise 
specified. The secondary antibody solution is then added to the fixed cell cultures and incubated 
at room temperature for one hour, covered in aluminum foil to shield from photobleaching. At 
this point, the samples are once again rinsed with 1X PBS three times. After removing residual 
secondary antibody, the samples are sealed with parafilm, wrapped in aluminum foil and stored 
at  4°C until  they  are  imaged.  Samples  were imaged within  two weeks  of  staining  to  avoid 
degradation of the cellular structure and bound fluorophores. 
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Target Species Vendor Catalog Number Dilution

DAPI - Multiple Used - 0.1μg/ml

Hoescht - Molecular Probes H3570 0.1μg/ml

Phaloidin 488 - Molecular Probes A12379 1:300

TUJ1 Mouse Millipore MAB1637 1:300

Vinculin Mouse Abcam ab18058 1:200

Table 10. Primary antibody and dye details and dilutions for immunostaining procedures.

Species Excitation Vendor Catalog Dilution

anti-goat 488 Molecular Probes A11055 1:1000

anti-goat 546 Molecular Probes A11056 1:1000

anti-mouse 350 Molecular Probes A21049 1:1000

anti-mouse 488 Molecular Probes A21202 1:1000

anti-mouse 546 Molecular Probes A10036 1:1000

anti-mouse 633 Molecular Probes A21052 1:1000

anti-rabbit 488 Molecular Probes A21206 1:1000

Table 11. Secondary antibodies used and the corresponding dilutions necessary for immunostaining.

8.2 Centrifugal spinning plate shear force quantification

8.2.1 Considerations and design criteria

A centrifugal adhesion modality is appealing because of the linear dependence of centrifugal 
force applied as a function of spinning plate radius. The growing circumferential area with radius 
also allows for better resolution of force response at higher centrifugal force. Furthermore, the 
modality can be attempted with common lab equipment and allows for ready full-plate imaging 
for large population quantification. 

One of the greatest concessions made to attempt this procedure was in using a plate spinner to 
apply a centrifugal force as opposed to a submerged plate as suggested by Garcia, et al132. This 
results in more weight to be spun by the plate spinner and, at high speeds, some concern for its 
stability,  limiting the maximum rotational speed. Furthermore,  using culture media to fill  the 
chamber volume is extremely cost prohibitive. For this reason, 1X PBS is used. Though PBS 
maintains the osmotic pressure needed, deviating from culture conditions is not ideal.

Analytically  this  method also provides  many hurdles.  Though consideration  was taken to 
make  cell  seeding  consistent,  circular  culture  plates  are  prone  to  radially  symmetric 
heterogeneity in seeding density. If initial seeding was considered homogenous, there would be 
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considerable systematic error. To avoid this concern, plates were imaged both before and after 
the  application  of  centrifugal  force.  Though  this  method  avoids  concerns  with  seeding 
heterogeneity, it imposes experimental delays involved in the imaging, application of force and 
imaging the remaining cells. The added imaging step prior to application of force drastically 
reduces how quickly in succession these experiments can be conducted. To reduce imaging time, 
images canvas the area of the plate sparsely while still attempting to cover a wide range of radial 
distance.

8.2.2 Analysis

The script written to analyze images of the tissue culture plate before and after application of 
a shear stress follows the pseudocode outlined below:

• Generate mask of concentric circles for sectioning of images
• Calculate cell region statistics based on each of the image sections
• Plot histogram of cell densities from each image section

The mask is generated using a distance map image and thresholding the resulting image to 
produce the desired number of bins. In retrospect, it’s clear that this method is terribly inefficient 
and relies on the generation of an image. This method is also limited in that the number of bins is 
limited by the bitdepth of the resulting distance map and can be quite inaccurate in how cells are 
binned dependent on how the number of bins compares to the bitdepth of the distance map. In 
practice,  it  would  be  much  easier  and  more  precise  to  calculate  the  position  of  each  cell 
identified by the script and use the calculated distance from the center of the dish to bin cell 
locations.  However,  this  revelation came after  this  method was abandoned and therefore the 
script has not been updated to reflect this method. Changes to the analytical methods would not 
have had an impact in resolving the systemic issues with this methodology.

Any imperfections in images are manually rejected. Occasionally, images were blurry due to 
the  ImageXpress  Micro  (Molecular  Devices,  Sunnyvale,  CA)  automated  microscope  being 
unable to identify the correct focal plane. Images which were otherwise usable were masked and 
left with a value of 0 pixel intensity. Because of the background noise of the microscope, only 
areas manually masked had a pixel intensity of 0, allowing for these masks to be rejected from 
the total seeded area when calculating the cell density. 

8.2.3 Comments
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As previously mentioned, the method used to bin cells was inefficient and imprecise. Should 
this methodology be used in the future, it would be highly advised to quantify cell position and 
bin  by  radial  distance  from  those  values  as  opposed  to  sectioning  images  and  quantifying 
encapsulated cells. Regarding the overall assay, it quickly became clear that this methodology 
would not be capable of providing ample shear stress in a reliable manner given the limitations 
of the plate spinner. Confounding this issue, the assay would call for a large volume of culture 
media,  which,  when  combined  with  the  sporadic  results,  would  necessitate  a  substantial 
investment  before reasonable confidence in any difference in adhesion could be deduced. As 
shown in Figure 35, a rectangular subset of the plate was imaged. Because of this, very little area 
at the periphery of the dish was imaged. If this method were to be reproduced, it would be highly 
encouraged to image a circular subset of the disc to cover more of the periphery. Despite the 
small  surface area imaged at  this  distance,  it  was clear  that  this  method was not capable of 
providing the resolution or shear force magnitude needed to resolve cell adhesion statistics. This 
conclusion  was  confirmed  after  transitioning  to  a  flow chamber  to  measure  adhesion  force, 
which found a shear force on the order of 500 dyne /cm2  required to displace cells. This translate 
to 50% of cells being removed within one centimeter of the culture dish wall. 

8.3 Tapered flow chamber shear force quantification

8.3.1 Considerations and Design Criteria
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There  exist  a  few  locations  within  the  analyzed  surface  where  cells  easily  agglomerate. 
Namely,  detached cells occasionally cluster against  the walls  of the flow chamber instead of 
flowing entirely out of the chamber. Furthermore, the inlets and outlets will form pockets of cells 
in their immediate periphery. Most likely, this is due to a tumultuous flow pattern created by the 
abruptness of the inlets and outlets, creating eddies and stagnant locations where cells can pool. 
These areas were excluded from analysis to avoid conflating results. Finally, because cells are 
seeded on the glass slides before being loaded into the flow chamber, there is a large population 
of cells  which are outside the fluid flow chamber.  To exclude these,  the profile  of the flow 
chamber  is  used  as  an  input  for  analysis  allowing  for  computationally  excluding  any  cells 
identified outside the region of fluid flow. 

Two different microscopes were used to collect the data necessary for the quantification. A 
Zeiss Axio Imager.A2 microscope (Zeiss 430005-9910) at 5x magnification and Zeiss AxioCam 
MRc Rev.3 camera (Zeiss 426508-9902) was used to take five images of the Hoescht dye stained 
cells  before applying the fluid shear stress at roughly evenly spaced intervals throughout the 
centerline of the chamber. These images were used to represent the seeding of the cell population 
on the underlying substrate. Five images were taken as a minimal quantity needed to provide a 
reasonable  representation  of  the  distribution  of  seeding  densities  along  the  chamber. 
Furthermore, this number was chosen as to be not too many images such that it would cause a 
significant barrier  to imaging many samples in a single work day. Finally,  a last  preliminary 
image  was  taken  at  10mm  from  the  inner-most  end  of  the  inlet.  Under  the  experimental 
conditions  used  in  this  work,  this  position  represented  a  shear  stress  of  approximately 

250 dyne /cm2 , a value chosen because it represents a shear stress were a sizable portion of cells 
under all conditions could be quantified as being detached. After applying a fluid flow, this same 
position was once again imaged, allowing for one-to-one pre- and post- image comparison at this 
particular  shear  stress  to  confirm  quantified  detachment  forces.  In  quantifying  all  images 
collected using this microscope, nuclei contacting one horizontal and one vertical edge of the 
image were excluded while nuclei contacting the opposite edge were included, quantifying much 
in the same way as when using a hemocytometer. A threshold value was chosen to produce a 
mask of the nuclei in each image such that only nuclei were masked. The value used for this 
thresholding had to be evaluated for each experiment as the intensity of staining and amount of 
photobleaching could vary between samples. 

The second microscope used for analysis was an ImageXpress Micro (Molecular Devices, 
Sunnyvale, CA). This microscope was set up to image the entirety of the flow area. A bracketing 
mount was produced as an adapter for the flow chamber to expand its profile to that of a standard 
wellplate. With this adapter, the position of remaining cells along the flow chamber could be 
quantified  with  high  precision.  After  imaging,  all  images  were  exported  for  analysis  using 
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MATLAB. Again a thresholding value must be evaluated and provided on a per-sample basis to 
accommodate changes in staining intensity and photobleaching. 

Finally, imperfections in gel surfaces used in these experiments would cause irregularities in 
the surface density of cells. Exposed glass regions under the gels would allow for an alternative 
surface for cell adhesion and the crater-like morphology produces ridges which allow for small 
pockets of low flow. These factors combined results in a small ring of high cell density in such 
abnormalities  making them quite easy to identify from images of nuclei.  After analysis,  this 
would result in extremely high cell densities in these areas. Following confirmation as to the 
cause, these regions were excluded from analysis. Similar issues would sometimes be caused by 
small particulate left on the surface which would be misidentified as a large aggregate of cells. 
Likewise, these regions could be easily identified and the regions removed from analysis. 

8.3.2 Analysis

Software was developed in MATLAB which was capable of reading in images of pre- and 
post- shear stress application cells and output a binned plot of cell densities with area. Parameters 
were taken in for the magnification of the microscopes (for which the exact image dimensions 
were stored), thresholding values for masking of neurons, nuclear size filter cutoffs, a function 
describing the shape of the flow chamber, a distance from the edge of the chamber to exclude for 
analysis,  the flow rate  of the fluid in the chamber and the height  of the chamber (which is 
dependent on the modulus of the substrate used).

This software was used to easily and reproducibly analyze the datasets associated with each 
experiment. A representative experimental analysis setup is shown in Figure 36. A logarithmic fit 
produces a sigmoid curve used to determine where 50% of seeded cells detached. The green line 
and patch represent the mean and mean  ± standard deviation of the cell density from the cell 
seeding images. In this example, there is very high variance among the seeding cell images. This 
was not uncommon for reasons outlined the main text.
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Images were analyzed with the code block in Code 13. This was done for every image and the 
cell metrics produced were compiled into a complete dataset. Although this represents only a 
small portion of the overall code needed for the analysis software, it is the most functionally 
important  component.  The  remainder  of  the  software  is  cosmetic  and  used  for  immediate 
feedback of this analysis.

% Convert image to 16-bit (this is a catch-all for 12-bit images produced by IXM)
img = im2uint8(bitshift((img-min(min(img))), ...

16-ceil(log2(single(max(max((img-min(min(img))))))))));

% Apply a slight gaussian blur to minimize affects of spotty nuclei
gaussian = fspecial('gaussian',[5 5],2); % Create gaussian filter
img = imfilter(img, gaussian, 'same'); % Filter image with gaussian

% Apply a bernsen adaptive filter
%   Bernsen filter from Jan Motl (2013) through MathWorks File Exchange

117

Figure 36. Software developed and used for the analysis of cells before and after application of shear stress 
using a tapered flow chamber. Software generally applicable to flow chambers of any geometry with little  
or no modification.



8.3  Tapered flow chamber shear force quantification

imgbrn = bernsen(img, windowSize, threshContrast*(2^(8-native_img_depth)))>0;

% Omit any masked regions smaller than the minimum nucleus size – nice as a visualization
% This can be excluded as only nuclei within this region are included for analysis anyways
imgbrn = bwareaopen(imgbrn, round(pi*
nuclearRadMin*nuclearRadMin));
imgbrn = ~bwareaopen(~imgbrn, round(pi*nulcearRadMax*nuclearRadMax));

% Create a distance map and use it to watershed and split conjoined nuclei
imgdist = -bwdist(~imgbrn);
imgdist(~imgbrn) = -Inf;
imgws = watershed(imgdist);

% Collect statistics per nucleus region
imgcellstats = regionprops(imgws, 'area', 'centroid', 'majoraxislength', 'minoraxislength');

for j=1:numel(imgcellstats) % Loop through nuclei stats to add custom stats
    % Calculate absolute cell position using params from well and image positions
    imgcellstats(j).CellPos = [imgpos(1)*imageSize_mm(1) + ...

imgcellstats(j).Centroid(1)*imageSize_mm(1)/size(img,2), ...
    -(imgpos(2)-(size(siteR,1)*0.5))*imageSize_mm(2) +  ...

imgcellstats(j).Centroid(2)*imageSize_mm(2)/size(img,1)];

    % Create new stat for whether the identified cell is inside the flow chamber
    imgcellstats(j).InChamber = (imgcellstats(j).CellPos(2)+buffer <= ...

chamberFunc(imgcellstats(j).CellPos(1)) && ...
      imgcellstats(j).CellPos(2)-buffer >= -chamberFunc(imgcellstats(j).CellPos(1)))

    % Create stat for whether identified nucleus is within the size range
    imgcellstats(j).WithinSizeRange = (imgcellstats(j).Area >= ...

pi*nuclearRadMin*nuclearRadMin && imgcellstats(j).Area <= ...
pi*nuclearRadMax*nuclearRadMax)

end

8.3.3 Comments

The  analysis  methods  listed  herein  worked  quite  well  given  the  limitations  of  our 
instrumentation and cost. A more ideal situation would be replicated imaging of the whole slide 
before and after flow. Unfortunately, to do this with the given equipment would have required 
booking of a microscope charged at an hourly rate for the entire day. By comparison, doing all 
the flow experiments outside this microscope and using this microscope only for imaging of the 
fixed slides afterward required less than an hour to acquire images for a day’s worth of adhesion 
study samples. It was decided that the order-of-magnitude increase in cost was not worth the 
added precision.

However, if the cost were less of a concern, it would be highly advised to take whole slide 
images before and after application of the shear force. Ideally, the force could be applied with the 
sample on the stage of the automated microscope to avoid any shifting of the sample at all. With 
this set-up, cells could be classified as ever detached or adhered on a per-cell basis based on the 
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two images, negating the need for exceptionally even seeding of cells. I believe this style of 
quantification  would produce results  that  would be  much more  consistent  and give  stronger 
insights into the population heterogeneity in adhesion force. 

8.4 Neuronal quantification using the ImageXpress Micro and MetaXpress

Plates were imaged using an ImageXpress Micro microscope (Molecular Devices, Sunnyvale, 
CA).  A rectangular  subsection  of  each  well  was  imaged,  with  the  area  of  the  rectangle 
maximized  while  still  ensuring  that  all  images  were  of  seeded  portions  of  the  well.  As  all 
conditions were atop glass coverslips which were liable to shift within the well, it was important 
to ensure that regardless of their shifting, the entire area imaged would be the seeded surface. 
Acquisition exposure time was calculated using a target exposure producing a maximum pixel 
intensity  of  approximately  60% of  maximum bitdepth.  The z-distance  for  the  objective  was 
determined computationally using a built-in autofocusing procedure on a per-site basis. 

After acquisition, a script was run using the MetaXpress software. This method was chosen 
because of the ease of access to preexisting colocalization and neuronal quantification modules 
within  the  software.  Unfortunately,  this  came  at  the  expense  of  requiring  the  use  of  the 
MetaXpress  internal  scripting  suite  to  write  the  protocol  which  necessitated  some otherwise 
superfluous steps. Nevertheless, the neuronal quantification tools used had been vetted and were 
easily incorporated into the analysis script saving substantial time upfront.

The first component of the quantification was the script's main file (referred to as a  journal 
within the MetaXpress software). This journal is called for every site of the acquired plate and is  
associated to the necessary settings file through a MetaXpress naming convention. 

CurrentWell = LEFT(Image.StageLabel, 3)
CurrentSite = VAL(RIGHT(Image.StageLabel, LEN(Image.StageLabel)- INSTR(Image.StageLabel, "Site 
")-4))

# Run analysis for neuronal quantification
NuclearImage = Nuclear
NeuriteImage = Neurite

1: Run Journal("run_module_file_basename")

The most critical part of this initial script is the last line which defers to a second journal  
which is responsible for the principle computational segment of processing for each site (Code 
15). In brief this script follows a basic workflow as outlined below:
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Code 14. Journal file for analysis within the Molecular Devices MetaXpress software using the software's internal 
scripting language. The first two lines are vestigial components of the script from an attempt to montage all images 
within a given well. This method proved to be too resource intensive. 
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• Colocalization of DAPI and TUJ1 stain quantified using an internal cell scoring module
• Positively stained cells used to produce a mask representing only TUJ1 positive nuclei
• The TUJ1 stain image is masked and the resulting image is used to find cell bodies for 

neurons using the neuronal analysis module 

There is a small amount of code included to ensure that there are no conflating images left 
open prior to running the script or after the script has completed. It's worth noting that there is 
also a small amount of code included which is remaining from an effort to automate the analysis 
for  handling  of  various  bitdepth  images.  However,  this  proved  to  be  unintuitive  within  the 
MetaXpress software and was abandoned for a hardcoded solution. Ultimately, the product of the 
mask and TUJ1 staining images is divided by the maximum bitdepth of a 16-bit image. 

# Montage Neurite Outgrowth Analysis & Positive Marker Cell Scoring - run module
# Doug Kelkhoff - UC Berkeley - July 2014 - MX5.0

# Close any images from a previous trial
IF ImageExists("Product") THEN

1: Close("Product")
ELSE
END IF
IF ImageExists("PositiveNuclei") THEN

2: Close("PositiveNuclei")
ELSE
END IF
IF ImageExists("PositiveNucleiMask") THEN

3: Close("PositiveNucleiMask")
ELSE
END IF
IF ImageExists("PositiveNucleiBinary") THEN

4: Close("PositiveNucleiBinary")
ELSE
END IF

# === Run analysis ===
# 1. Get the bitdepth of the image for normalizing after multiplying the nuclear and positive 
marker
5: Select Image("%NuclearImage%")
NuclearBitDepth = Image.Depth

# ****Hardcoded**** Nuclear Image Bit Depth Here (setting to 12, the camera bit depth, instead 
of 16, the image bit depth)
NuclearBitDepth = 12

# 2. Multiply - multiply nuclear stain by neuronal stain to make it easier to threshold for 
colocalization
# (Disabled)6: New "Product" = ("%NuclearImage%" * "%NeuriteImage%") / Overridden
Denominator = pow(2, NuclearBitDepth)

# 3. Cell Scoring - find cells that stain positive for neuronal stain
7: Overwrite "PositiveNucleiMask" = Cell Scoring(All nuclei = "%NuclearImage%", Positive 

marker = "%NeuriteImage%")
All nuclei: Approximate min width = NuclearMinWidthSetting
All nuclei: Approximate max width = NuclearMaxWidthSetting
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All nuclei: Intensity above local background = NuclearIntensitySetting
Positive marker: Approximate min width = CellBodyPositiveMinWidthSetting
Positive marker: Approximate max width = CellBodyPositiveMaxWidthSetting
Positive marker: Intensity above local background = CellBodyPositiveIntensitySetting
# (Disabled)8: Close("Product")

# 4. Mask to Image - convert cell scoring mask to an image so that multiply can be used to 
mask negative nuclei
9: New "PositiveNucleiBinary" = "PositiveNucleiMask" - 1
10: Close("PositiveNucleiMask")

# 5. Multiply - multiply positive nuclei binary image by nuclei to mask out negative nuclei 
(divide by 65535 because the binary image is 16-bit)
11: New "PositiveNuclei" = ("PositiveNucleiBinary" * "%NuclearImage%") / 65535
12: Close("PositiveNucleiBinary")

# 6. Neuron Quantification - run neuron quantification using masked positive nuclei
13: [None] = Neurite Outgrowth(NeuriteSrc="%NeuriteImage%", NuclearSrc="PositiveNuclei", 
NuclearDest=[None])

Cell bodies: Approximate max width = CellBodyMaxWidthSetting
Cell bodies: Intensity above local background = CellBodyIntensitySetting
Cell bodies: Minimum area = CellBodyMinAreaSetting
Nuclear stain: Approximate min width = NuclearMinWidthSetting
Nuclear stain: Approximate max width = NuclearMaxWidthSetting
Nuclear stain: Intensity above local background = NuclearIntensitySetting
Outgrowths: Maximum width = OutgrowthMaxWidthSetting
Outgrowths: Intensity above local background = OutgrowthIntensitySetting
Outgrowths: Minimum cell growth to log as significant = OutgrowthMinCellGrowthSetting

14: Close("PositiveNuclei")
# === End analysis ===

15: Select Image("%Neurite%")

# Close any images from a previous trial
IF ImageExists("Product") THEN

16: Close("Product")
ELSE
END IF
IF ImageExists("PositiveNuclei") THEN

17: Close("PositiveNuclei")
ELSE
END IF
IF ImageExists("PositiveNucleiMask") THEN

18: Close("PositiveNucleiMask")
ELSE
END IF
IF ImageExists("PositiveNucleiBinary") THEN

19: Close("PositiveNucleiBinary")
ELSE
END IF
20: Select Image("%Neurite%")

Finally, the last component of the complete module is the settings journal which is run before 
analysis to set analysis parameters. This script issues a series of dialogues requesting input from 
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Code 15. Run module for neuronal quantification written within the Molecular Devices MetaXpress internal script-
ing language. Uses a number of image quantification packages and settings to output pertinent information regarding 
neuronal stain nuclear localization, cell nuclear statistics and neuron quantification. 
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the user about morphological dimensions as well as fluorescence intensities to use for analysis. 
The  provided  values  will  be  logged  to  an  open summary  log  as  issued by the  MetaXpress 
software. In practice, this is the same file that contains the analysis data after running the script. 
This allows for safe keeping of all analytical parameters and association with all data files. 

# Montage Neurite Outgrowth setup journal
# Paula Gedraitis (Molecular Devices) - MX4 and above - August 2012
# Modified: Doug Kelkhoff (UC Berkeley) - MX5.0

1: Pause Summary Logging()
2: Pause Data Logging()
3: Pause Object Logging()

# General variables
NewLine = CHR(13)+CHR(10)
ConfirmSettings = "N"
WHILE (ConfirmSettings = "No") OR (ConfirmSettings = "N") DO

# User must select neurite image for analysis
IF VariableExists(Neurite) THEN

4: Select Image("%Neurite%")
ELSE
END IF
5: Select Image("Select wavelength for neurite image (not HTS image)")
Neurite = Image.Name

# Select Nuclear Staining Images
IF VariableExists(Nuclear) THEN

6: Select Image("%Nuclear%")
ELSE
END IF
7: Select Image("Select wavelength for nuclear image (not HTS image)")
Nuclear = Image.Name

# User enters Cell Scoring parameters
NuclearMinWidthSetting = Prompt User(Number)
NuclearMaxWidthSetting = Prompt User(Number)
NuclearIntensitySetting = Prompt User(Number)
CellBodyPositiveMinWidthSetting = Prompt User(Number)
CellBodyPositiveMaxWidthSetting = Prompt User(Number)
CellBodyPositiveMinWidthSetting = 0
CellBodyPositiveIntensitySetting = Prompt User(Number)

# User selects illumination mode
NeuriteIllumination = Prompt User(RadioButton)

# User enters Cell body detection settings
# (Disabled)8: Show Message and Wait("Enter the max wid...", NO TIMEOUT)
9: Select Image("%Neurite%")
CellBodyMaxWidthSetting = Prompt User(Number)
CellBodyMaxWidthSetting = NuclearMaxWidthSetting
CellBodyIntensitySetting = Prompt User(Number)
CellBodyMinAreaSetting = Prompt User(Number)
CellBodyMinAreaSetting = pow(CellBodyMaxWidthSetting/10,2)
IF NeuriteIllumination = "Fluorescence" THEN

CellBodyIntensitySetting = Prompt User(Number)
ELSE
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Cell Body IntensitySetting = Prompt User(Number)
END IF

# User selects use of nuclear stain
UseNuclei = Prompt User(YesNo)
IF UseNuclei="Y" THEN

IF VariableExists(Nuclear) THEN
# (Disabled)10: Select Image("%Nuclear%")

ELSE
END IF
# (Disabled)(I)11: Select Image("Select wavelength for nuclear image (not HTS image)")
Nuclear = Image.Name
# (Disabled)12: Show Message and Wait("Enter the min and...", NO TIMEOUT)
NuclearMinWidthSetting = Prompt User(Number)
NuclearMaxWidthSetting = Prompt User(Number)
NuclearIntensitySetting = Prompt User(Number)

ELSE
END IF

# User enters Outgrowth detection settings
# (Disabled)13: Show Message and Wait("Enter the max wid...", NO TIMEOUT)
14: Select Image("%Neurite%")
OutgrowthMaxWidthSetting = Prompt User(Number)
OutgrowthIntensitySetting = Prompt User(Number)
OutgrowthMinCellGrowthSetting = Prompt User(Number)
OutgrowthMinCellGrowthSetting = 0
NeuriteImage = IF(VariableExists(Neurite), Neurite, "")
NuclearImage = IF(VariableExists(Nuclear), Nuclear, "")
15: Run Journal("Doug - Li Lab - Neurite Outgrowth & Marker - DAPI only_run module")
16: Select Image("%Neurite%")
17: Show Message and Wait("Please review the...", NO TIMEOUT)
ConfirmSettings = Prompt User(YesNo)

WEND

# User configures measurements
18: Show Message and Wait("Select the Summar...", NO TIMEOUT)
19: Configure Neurite Outgrowth Summary Log()
20: Configure Neurite Outgrowth Data Log()

# Setup complete
SetupComplete = 1
21: Show Message and Wait("Analysis setup is...", NO TIMEOUT)

# Some general analysis parameters
CellScoringUsingOnlyDAPI = 1
CellScoringUsingDAPIxTRITC = 0
blank = ""

# Output parameters to logging file for association with data
22: Resume Summary Logging()
23: Resume Data Logging()
24: Resume Object Logging()
25: Log Variable(CellScoringUsingOnlyDAPI, NEWLINE, HEADER)
26: Log Variable(blank, NONEWLINE, NO HEADER)
27: Log Variable(NuclearMinWidthSetting, NEWLINE, HEADER)
28: Log Variable(blank, NONEWLINE, NO HEADER)
29: Log Variable(NuclearMaxWidthSetting, NEWLINE, HEADER)
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30: Log Variable(blank, NONEWLINE, NO HEADER)
31: Log Variable(NuclearIntensitySetting, NEWLINE, HEADER)
32: Log Variable(blank, NONEWLINE, NO HEADER)
33: Log Variable(CellBodyPositiveMinWidthSetting, NEWLINE, HEADER)
34: Log Variable(blank, NONEWLINE, NO HEADER)
35: Log Variable(CellBodyPositiveMaxWidthSetting, NEWLINE, HEADER)
36: Log Variable(blank, NONEWLINE, NO HEADER)
37: Log Variable(CellBodyPositiveIntensitySetting, NEWLINE, HEADER)
38: Log Variable(blank, NONEWLINE, NO HEADER)
39: Log Variable(CellBodyMaxWidthSetting, NEWLINE, HEADER)
40: Log Variable(blank, NONEWLINE, NO HEADER)
41: Log Variable(CellBodyIntensitySetting, NEWLINE, HEADER)
42: Log Variable(blank, NONEWLINE, NO HEADER)
43: Log Variable(CellBodyMinAreaSetting, NEWLINE, HEADER)
44: Log Variable(blank, NONEWLINE, NO HEADER)
45: Log Variable(OutgrowthMaxWidthSetting, NEWLINE, HEADER)
46: Log Variable(blank, NONEWLINE, NO HEADER)
47: Log Variable(OutgrowthIntensitySetting, NEWLINE, HEADER)
48: Log Variable(blank, NONEWLINE, NO HEADER)
49: Log Variable(OutgrowthMinCellGrowthSetting, NEWLINE, HEADER)

8.4.1 Considerations and Design Criteria

As mentioned previously, this method for analysis was chosen primarily because of the easy 
access to data through a communal database with the ImageXpress Micro microscope, allowing 
for a simple pipeline for analysis. Furthermore, the MetaXpress software contained preexisting 
modules  for  cell  scoring  and  neuronal  quantification,  eliminating  much  of  the  difficulty  of 
implementing such methods. Unfortunately, the ease of implementation was not without costs. 
Primarily,  this  came  at  the  expense  of  having  to  use  the  QB3  Stem  Cell  Core  Facility 
computation  resources  which,  as  the  instrument  rose  in  popularity,  became  more  and  more 
scarce.

Furthermore, it quickly became clear that the edges of images would pose a small concern. 
After attempting to compile all images from a given well into a single image for analysis, the 
computational load of the assay caused the software to crash. It's believed that this is due to the 
extreme amount of memory needed to store the required images, estimated to be on the order of 
500MB for every image stored in memory. As mentioned previously, there are numerous steps 
implemented to pass data effectively between the cell scoring and neuronal analysis modules. 
Namely, a mask must be produced from the positively scored cells and used to dictate which cell 
bodies to use for the neuronal analysis. These added steps introduce additional images which 
must  be stored in  memory.  Ultimately,  when using  montaged images,  it's  estimated  that  the 
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them in one by one while being able to refer to a sample set of images that would be chosen before running the 
script. Settings are stored to a log file if one is set up. 
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required  RAM would  be  in  the  range of  3GB. On the  given hardware  this  was demanding 
enough to cause a software crash. Fortunately, the edges of images rarely are a deciding factor in 
the  scoring  of  a  neuron.  As  only  the  maximum  neurite  outgrowth  length  is  used  to  score 
positively reprogrammed cells, it was uncommon that all outgrowths from a single neuron cell 
body would trail off the edge of an image before extending more than three times the cell body 
width.  In  my experience,  it  was  exceptionally  rare  that  a  neuron would be rejected  for  this 
reason. 

The  more  concerning  characteristic  for  cell  scoring  was  the  tendency  for  reprogrammed 
neurons to form bulbous clusters of cell bodies. The number of neuronal cell bodies within these 
clusters was difficult to discern by eye, and proved equally difficult computationally. Often the 
neuronal analysis script above would identify a large number of individual nuclei – more than 
may be detected by eye. However, the length of the outgrowths drastically limited this pool when 
selecting  for  only  reprogrammed cells.  Despite  the  script  identifying  an  inflated  number  of 
positively  stained  cell  bodies,  the  number  of  positively  scored  reprogrammed  neurons  was 
restricted by the number of long outgrowths projected from the cluster. When comparing the 
final  scoring  to  scores  by  eye,  the  script's  analysis  matched  closely.  Most  importantly,  the 
analysis script does this computation without confirmation bias and is constrained by the same 
parameters across all conditions.

8.4.2 Comments

Despite the numerous quirks of the MetaXpress software, the need to book campus resources 
for computation and the apparent computational difficulties caused by the sampled conditions, 
the  overall  computational  results  were  promising  and  allowed  for  an  automated,  consistent 
analysis  of neurite formations.  However,  many improvements could be made to this analysis 
method if one were to implement a neuronal quantification method independently. First, despite 
being  predominately  graphical  computation,  the  MetaXpress  software  doesn't  appear  to  take 
advantage  of  computation  on  the  GPU.  Second,  the  various  work-arounds  implemented  to 
convey information between the various MetaXpress modules could be bypassed. Finally, and 
most importantly,  a piece of custom software would allow for extreme parallelization of this 
computation  using  high  throughput  computing.  Since  each  image  is  analyzed  entirely 
independently,  this  computation  could be broken up into  a  thread  for  every image site.  For 
comparison, a single site on the provided hardware would require approximately 2 to 5 minutes 
to run. Computing every one of these with high throughput computing could be done in the same 
5 minutes. This gives much more flexibility in terms weighing the cost of computing against the 
immediacy of results. 
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8.5 Foray into the effect of electrotransduction on fibroblast to neuron reprogramming

Early work was done in an effort to drive reprogramming through electrical stimulation. This 
work was largely motivated by a historical body of research suggesting axonal guidance through 
electrical stimulation and a growing body of research into the direction of progenitor cells into 
defined  lineages  with  the  aid  of  electrical  stimulation.  Unfortunately,  early  results  produced 
noisy,  inconclusive  data  and  prompted  an  early  termination  of  the  project.  This  is  largely 
attributed to sterility  concerns using a 3D printed culture chamber,  concerns with the highly 
differentiated  source  of  cell  types  used,  feature  space  to  explore  without  much  historical 
direction or precedent for electrical signaling in reprogramming and low confidence intervals of 
produced data. 

This work is included in the appendix as an acknowledgment of the effort given to this project 
as well as an appreciative look at the research that has been done in the field since. 

8.5.1 Introduction to electrotransduction

Two  decades  ago,  Donald  Ingber  published  findings  that  cells  sense  substrate  stiffness 
through the cytoskeleton175.  Less than a decade ago, it was shown that a change in substrate 
stiffness is sufficient to direct progenitor cell differentiation14. Thanks to this pioneering work, 
we are now well aware of the profound impact that substrate stiffness and topology can have on 
cell phenotype. These early studies shifted the paradigm for how cells process external signals 
giving rise to a field which is now deeply rooted in the understanding that cellular behaviors are 
dictated by a multitude of sensory pathways including chemical gradients, cytoskeletal tension, 
membrane deformation, cell morphology and electromagnetic fields176.

It is this last item, electric fields (EFs), which warrants considerably more attention than it 
currently receives. The realization that electric fields can influence cellular behavior dates back 
to the early 1900s177, but it wasn’t until the mid-70s when it was discovered that endogenous 
physiological EFs following an epithelial disruption cause cell migration to the wound site178. In 
modern  medicine,  EFs  are  a  component  of  the  state-of-the-art  treatment  for  spinal  cord 
regeneration therapies179. However, the exact biological mechanism by which EFs regulate gene 
expression remains unidentified. Though it has been shown that EFs can induce neuronal gene 
expression through opening of Ca2+ ion channels, the pathway by which these channels regulate 
expression  for  various  neuronal  genes  is  largely  unknown180.  If  this  mechanism  could  be 
uncovered,  it would elucidate a novel,  orthogonal method for providing regulatory stimuli  to 
direct phenotypic behavior. A more fundamental understanding of this mechanism would allow 
for better rational design of spinal cord therapies, an understanding of EF-regulated cell types 
such as neurons and cardiomyocytes, a more thorough understanding of the role of physiological 
EFs,  and the ability  to  better  define culture conditions.  In much the  same way the  onset  of 
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mechanotransduction revolutionized the way culture substrates are perceived, an understanding 
of how EFs regulate cell behavior would provide a novel parameter for better characterizing cell 
behavior.

8.5.1.1 Use of electrotransduction in neural differentiation

Recently, this effort has been garnering more attention within the field. In 2015, two papers 
were published documenting the effect of electric fields on neural differentiation.  Zhao et al. 
have reported that electric fields in the range of 115V/m DC drives stem cell migration as well as 
improving differentiation into neuronal lineages. To support this claim, the group published an 
increase  in  β-tubulin  in  response  the  applied  electric  field,  serving as  an  early  reporter  for 
neuronal differentiation181. Similarly, Banks et al. showed how stem cell behavior can be directed 
through use of an electric field. In both cases, silver electrodes were used to impart an electric 
field onto the cell  culture182.  In the second example,  agarose bridges  were used to carry the 
current into a multi-channel cell culture array. 

8.5.1.2 Review of electrosensitive cellular processes and potential mechanisms of epigenetic 
regulation

The role of electric fields in driving cellular behaviors, let alone epigenetic regulation, is not 
well understood. Classically, the impact of electric fields has been largely restricted to large scale 
population  behaviors.  In  the  late  1970s,  it  was  shown  that  neurite  outgrowths  could  be 
encouraged to follow a path directed by a steady electric field, suggesting that this was driven by 
migration of receptors for nerve growth factor along their plasma membrane183. More recently, 
electric fields have been suspected to be an important factor to drive migration of epithelial cells 
to a ruptured portion of the dermis. This rupturing creates a high electrical potential between the 
skin interior which maintains a voltage on the order of 40mV and the surface of the skin at 
0mV184. Voltages on this order of magnitude have been shown to drive migration of epithelial 
cells178. In this study, it was found that the applied electric field causes a directionality of the 
biomolecules phosphatidylinositol-3-OH kinase-γ (PI(3)K) and phostphatase tensin homologue 
(PTEN).

Though it's clear that electrical  signals can affect the distribution of charged biomolecules 
within a cell, the behavioral impact of these effects remains unclear. Already, mesenchymal stem 
cells have been directed to osteogenic or cardiac lineages185,186. Similarly neural progenitors have 
directed to differentiation and maturity through the application of electric fields187–189. Despite 
these insights, the exact mechanism of these effects is largely unclear and the extent to which 
these regulatory pathways impose long standing epigenetic control is uncertain. 

Initial studies in this field were often done by imposing electric fields in the culture medium 
with direct contact through agar salt bridges. Though simple, this method leaves much to be 
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desired in terms of the spatial control and difficulty interfacing with an exterior electrical source. 
To remedy this, many labs have moved to methods incorporating a microchip culture subsurface 
which allows for much more precise control over the culture area and electric fields189. Some 
work is currently being done as well with submerged AgCl/Ag wires in the culture medium used 
to produce a current. 

Additionally,  the  range  and type  of  electric  fields  can  vary  wildly  based  on  application. 
Recent research into differentiation and development induced by electric fields spans both direct 
and alternating currents with frequencies anywhere from 0.1 to 100Hz with currents anywhere in 
the range from 1μA to 1A187,188,190. The range of this parameter space makes work in this area 
quite exploratory and lends itself well to the microchip implementation where a large parameter 
space can be more easily sampled. Though some consideration can be given to physiological 
voltages, results of previous studies suggest that currents which impose regulatory effects are not 
necessarily representative of their physiological counterparts. 

For this body of work, an agarose salt bridge is used to impose an electric field to a human 
mesenchymal stem cell culture. Though a few voltages were used, all work herein was with a 
voltage of 1V and a current of 1A. 

8.5.2 Methods

8.5.2.1 Device construction

In order to produce an electrical current through the cell culture media, an enclosure had to be 
produced which could relay an electrical signal through to the tissue culture dish in a way that 
could be easily sterilized, distribute current evenly and remain transparent for easy monitoring of 
cell cultures. 

Initially, an enclosure was produced using acrylic glass and silicone rubber, using the silicone 
as an adhesive to form the enclosure from laser cut acrylic. However, after repeatedly sterilizing 
the device with ethanol  the acrylic  became embrittled,  causing small  cracks  to form. As the 
procedure called for rather tedious construction of new devices after only a couple experiments, 
and  construction  by  hand  produced  inconsistencies  in  the  device  dimensions  which  could 
produce irregularities in current, alternative approaches were explored.

To remedy issues with construction, a 3D printer was utilized to print the devices (Figure 37). 
Devices  were  printed  overnight  with  ABS plastic  filament.  As  an  added  benefit,  additional 
components were produced allowing for extrusions of agarose into the cell culture media without 
contact with the ABS plastic, as well as stoppers for agarose in each of the respective electrode 
baths.  Finally,  a lid was printed allowing for better  sealing of the device with small  cavities  
above each of the electrode baths for the silver electrodes to penetrate into the bath chambers. 
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These small additions made it much easier to produce a suspended agarose salt bridge to convey 
the current into the culture media. A window was left in the lid in which a transparent glass plate 
was glued with silicone rubber, allowing for monitoring of cell cultures. Though the 3D printed 
chamber proved much more reliable than the handmade acrylic chambers, the ABS plastic also 
underwent embrittlement following ethanol treatment, though to a much lesser extent. In most 
cases, this embrittlement only manifested itself in small pieces of filament detaching from the 
bulk structure. Such small imperfections had no notable impact on the function of the device. 
Unfortunately,  the  3D printing  process  was  not  perfectly  reliable  and  would  often  result  in 
inaccurate prints. Nevertheless, this method proved to produce devices with better construction, 
were less prone to contamination and could be used in more consecutive experiments. 

8.5.2.2 Culture chamber

A polydimethylsiloxane (PDMS) rectangular chamber was fabricated from a negative mold 
constructed out of acrylic glass arranged in a 10cm tissue culture dish. The chamber leaves a 
rectangular area of known height with cutouts above the culture area where agarose was able to 
dip into the culture media, transferring electrical current. The chamber’s primary function was to 
fix the height of the media, allowing for a better estimate of the resistance of the culture media 
because of the known cross sectional area.

The PDMS was produced from a 1:4 mixture of cross-linker to base components, cured at 
100°C for 60 minutes. This produced a firm, transparent roof for the PDMS enclosure. This mold 
was then inserted into a tissue culture dish, drastically limiting the seeded cell area and limits the 
cross-sectional area of the electrical circuit to produce a more consistent resistance through the 
culture media.

8.5.2.3 Sterilization
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Figure 37.  Schematic diagram of electric current cell culture device. Key chambers in-
clude 1X PBS (blue), agarose salt bridges (green) and cell culture medium (red). The de-
vice itself is produced to sit atop a standard 10cm tissue culture dish and allows current to 
flow through the culture medium while remaining relatively sterile.
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The enclosure, modified tissue culture dish lid and PDMS insert were sterilized by soaking in 
70% ethanol in deionized water for 10 minutes.  Over repeated uses, acrylic components and 
printed  components  degraded  following  dehydration  and  embrittlement  due  to  the  ethanol 
sterilization. Should this protocol be adopted for widespread use, an ethylene oxide sterilization 
would be preferred. However, the increased cost and relative inaccessibility was prohibitive to 
preliminary studies. After soaking in ethanol, components were left to allow residual ethanol to 
completely evaporate within a tissue culture hood. The base of the tissue culture dish was drawn 
from a sterile dish and ethanol treatment was not necessary for this component. 

8.5.2.4 Agarose salt bridge

The acrylic or 3D printed ABS enclosures leave room for filling with agarose, which, when 
gelled, results in a salt bridge which transmits the voltage on the electrode into the cell culture 
media. For both iterations of the device, the outside end of the agarose mold was capped with an 
acrylic panel. For the hand assembled acrylic enclosure, the inner end of the agarose mold had a 
rectangular protrusion with one side overhanging the other. This was capped with Parafilm when 
pouring the agarose, leaving a beveled end which dipped into the culture media. For the 3D 
printed enclosure, a separate end cap piece was printed which allowed for a protruding agarose 
nub to protrude from the enclosure and contact the culture media without requiring contact with 
the ABS plastic.

Agarose was produced from a mixture  of  3% (mg:ml)  agarose powder in  1X phosphate-
buffered saline (PBS). The powder was mixed and the solution was heated in a microwave oven 
until the powder had completely dissolved. Thereafter it was left to cool briefly and pipetted into 
the agarose chamber of the culture enclosure. As the agarose can occasionally cool below its 
melting  temperature  over  the course of  preparing the bridge,  it  was  sometimes necessary to 
reheat the agarose solution to cause it to liquefy once again. As any minor leaks in the acrylic or 
printed plastic would drain the melted agarose, it was often necessary to warm the liquid agarose 
just above its melting temperature such that it readily solidified when contacting either plastic, 
preventing issues with leaking. 

8.5.2.5 Electrode preparation

Silver electrodes were prepared by first cutting a thin sheet (~0.5mm thickness) into small 
strips of approximately 5 by 30mm. Two electrodes were partially submerged into a 0.1M HCl 
solution covering approximately 75% of the length of the electrodes. A plastic sheet was placed 
between the electrodes to ensure that they will not touch and short the circuit. A voltage of 0.75V 
was applied across the electrodes causing the accumulation of a AuCl deposit on the cathode. 
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Ags⇌ Ag+
+e-

Ag+
+Cl-⇌ AgCls

(4)

The silver(I) chloride cathode can be used then as an anode when a voltage was applied in the 
reverse direction  to  use the  dissociated  chloride  ions  to  impose a  current  in  the cell  culture 
medium. There were a couple minor issues which result from this method. First, the size of the 
electrodes can only sustain the desired voltage for a few days before the silver(I) chloride deposit 
was depleted,  requiring temporary removal as more chloride was deposited. Furthermore,  the 
liquid baths which conduct the ions through the culture media would occasionally be wicked into 
the culture medium. It appeared that this was often due to too small a volume of culture media 
being used. However, this scenario was rare and inconsistent. The exact cause of this behavior 
was not pursued. 

8.5.2.6 Cell culture

0.1%  gelatin  on  10cm  tissue  culture  dishes  were  prepared  as  outlined  in  8.1.2.  The 
polydimethyl  siloxane  (PDMS)  mold  described  in  section  8.5.2.2 was  inserted,  forming  a 
rectangular culture chamber with a gelatin culture surface. A cell suspension was prepared of 
mesenchymal stem cells of passage 10 or less in complete DMEM. This cell suspension was 
used  to  fill  the  culture  chamber.  As there  was  a  PDMS ceiling  above  the  culture  chamber,  
ensuring a consistent cross section of culture medium, it can be difficult to evenly distribute the 
cells. To address this, a serological pipette was used to aspirate the cell suspension seeded into 
the culture chamber from one end and inject it into the other. This was done repeatedly until the 
cells appear evenly distributed using a microscope. This took roughly three iterations to form an 
even distribution of cells. Cells were seeded sparsely at a density of approximately 1000 cells per 
centimeter squared. 

Primary mouse ear fibroblasts  isolated as documented in Section  8.1.5 were used for this 
work, exploring the impact of electrical stimulation on driving epigenetic regulations which may 
confer aid to stimulating the reprogramming of fibroblasts to neurons. 

8.5.2.7 Application of an electric fields

The electric field was applied by submerging the silver electrodes inside the 1X PBS filled 
wells on the outside of the stimulation device. Banana clamps were used to fasten electrical wires 
to the silver electrodes and the cables were run past the door of the incubator to an external 
voltage source. A voltage meter was placed in-line with the voltage source to monitor culture 
voltage and adjust as needed. Generally,  the voltage had to be slowly increased as the silver 
electrode salt deposits slowly became depleted, though this marked no large shift in measured 
voltage.
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8.5.3 Summary of preliminary findings

Epigenetic alterations were measured through quantification of immunostaining for histone 
modifications on histone 3. Across numerous attempts, this data was noisy and inconclusive. The 
difficulty of parsing information from this data in conjunction with experimental concerns and a 
lack of direction into the electromagnetic parameters which might be of interest led to the early 
termination of this work.
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