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Abstract 
 
The most prevalent approach of attempted direct reprogramming of cells is the insertion 

and expression of genes using lentiviral transduction. This often, if not always results in 

an incompletely reprogrammed cellular phenotype. To determine what other factors 

might be manipulated we focused on two novel methods for direct differentiation; 

induction with extracellular matrix and miRNA manipulation. For the first approach we 

developed a decellularization protocol and produced mouse brain and cochlear 

decellularized extracellular matrix. After staining and analysis of the matrices we applied 

murine neural stem cells to determine if they adhere and begin to differentiate. The cells 

adhered to the extracellular matrix faster than with either fibronectin or gelatin coated 

surfaces without the decellularized tissue. 

The second approach is miRNA manipulation. There have been many recent studies that 

use miRNA much like a transduced gene to increase reprogramming efficiency. However 

they have never been used alone without the insertion of additional factors or via 

endogenous miRNA knockdown. We identified a list of genes plausibly up-regulated in 

dopaminergic neurons. We then found that multiple miRNA all down-regulate this cluster 

of genes. To this end our approach is to down-regulate the miRNA that target the genes 

on our target list, allowing natural transcription and translation of endogenous protein to 

then cause a shift in phenotype towards the dopaminergic neuron of the substantia nigra 

pars compacta. 
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Introduction 

The goal of regenerative medicine is to restore tissue function by autologous transplant 

and recapitulation of the original healthy tissue. Embryonic stem cells (ESCs) were first 

isolated from mouse tissue by Gail Martin in 1981 and further characterized by Jaime 

Thomson in human cells (Martin et al,. 1981;Thomson et al,. 1998) effectively creating 

the field of stem cell biology and the goal of regenerative medicine. The next momentous 

step forward was the creation of induced pluripotent stem cells (iPSCs), allowing 

embryonic-like cells to be created from a patients’ somatic tissue, avoiding the need to 

specifically match donors and the moral issues involved with the use of embryonic stem 

cells. Both ESCs and iPSCs have been shown to be able to generate a variety of 

differentiated somatic cells, none of which have been effective in the treatment of 

neurodegenerative disease. Current differentiation protocols using iPSCs and ES cells 

rarely result in viable engraftable cells that show any measureable improvement of 

disease outcome. Those protocols that do create useful cells run the risk of forming 

teratomas once implanted due to incomplete differentiation. Alternatively the more 

pluripotent cell stages might be able to be bypassed altogether if a cell can be directly 

reprogrammed to a specific cell type from an autologous somatic cell population, 

removing the risk of teratoma formation and more precisely and globally controlling the 

genes expressed. Direct reprogramming and the use of decellularized matrices to direct 

differentiation are new and exciting approaches that may overcome the teratoma and 

nonspecific differentiation hurdles to translating stem cell biology into a clinical setting 

for neurodegenerative diseases. 
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The traditional genetic manipulation to drive cellular reprogramming is genomic insertion 

of transcription factors to drive differentiation or cell function via protein expression. We 

are proposing two alternative methods to direct cellular reprogramming without lentiviral 

insertion. Decellularized matrix components have been shown to have a direct effect on 

cell differentiation, particularly the glycosaminoglycan and proteoglycan classes of 

proteins. This has been shown most recently in heparin sulfate expression patterns, 

changes in the epitopes expressed in the same individual between the neural and 

mesodermal lineages affected differentiation of the same cells (Smith, 2011). The role of 

the proteoglycan chondroitin has also been implicated in neural crest and neural stem cell 

(NSC) differentiation (Tan et al,. 2011). Using the chondroitinase ABC inhibitor to force 

NSCs to differentiate rather than remain in a pluripotent, self-renewing population (Tan 

et al,. 2011). Gage and colleagues (Shihabuddin et al,. 2000) have done a series of 

experiments looking at the response of NSCs derived from different areas and their 

response when placed in various other neural niches. One of the most striking results was 

seen in NSCs derived from adult spinal cord that when replaced into the spinal cord only 

produced astrocytes, whereas upon transplantation to the hippocampus they differentiated 

into neurons and oligodendrocytes. These experiments imply that there is an inherent 

difference between different neural environments that influenced cellular differentiation. 

One possible explanation for the changes in phenotypes is the make-up of the extra-

cellular matrix and cell adhesion microenvironment. 

 MicroRNA  (miRNA) are small non-coding transcripts that play a largely inhibitory role 

as a post-transcriptional expression regulators. There have been recent cases of miRNA 
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being used in the traditional lentiviral method with varying degrees of success 

(Ambusadharan et al,. 2011; Caiazzo et al,. 2011). We are proposing to inhibit the 

endogenous miRNA with the goal of increasing endogenous protein expression that 

would then drive reprogramming. Because of the nature of miRNA regulation, namely 

inhibitory as opposed to actively producing protein, there must be transcription of the 

genes of interest for the approach to be successful. This has been shown to occur and is 

referred to as illegitimate transcription(Chelly et al,. 1989). Chelly et al investigated 

multiple cell types for transcripts that are completely unrelated to the tissue type. They 

found that all transcripts investigated were at base yet detectable levels as measured via 

RT-PCR. However these transcripts did not result in translation of active proteins. We are 

attempting to remove the post-transcriptional inhibitors and allow for translation of these 

illegitimate transcripts that could then alter cell function and fate. 

 

Decellularized Matrix 

Previous studies have demonstrated that cardiomyocytes and endothelial cells are able to 

respond to cues from the extra cellular matrix (ECM) to differentiate and organize 

themselves into a semi-functional organ (Ott et al,. 2008). The exact mechanism of this 

directed differentiation and coordination by the ECM are incompletely understood but it 

is sufficient to direct the differentiation of all the cell types needed in the organ (Ott et al,. 

2008). The implications of the ability to use decellularized matrices for regrowth of entire 

organs or tissues is significant considering the lack of viable organ donor tissue and graft 

versus host disease. Donor sources would not necessarily need to be biologically viable, 
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nor would they need to be immunological matches (Taylor 2009). This would make 

available vast amounts of cadaveric tissues or even xenogenic derived matrices (Taylor 

2009). If the cells used to seed the matrix come from the patients’ own iPSCs there would 

be no need for anti-rejection regimens and a reduced chance of complications like organ 

rejection or graft-versus-host disease (Taylor,. 2009). To date there has been no attempt 

to use decellularized neural tissue to direct differentiation of either neural stem cells 

(NSCs) or iPSCs towards a desired phenotype either in the central or peripheral nervous 

systems. This approach has the added value that it can be used in conjunction with 

current differentiation protocols, including lentiviral transduction, to create a more 

completely and specifically differentiated cell type. 

 

Direct Reprogramming  

The first successful incidence of direct deprogramming was a dedifferentiation of skin 

fibroblasts into a stem-cell like state to create the now ubiquitous iPS cell (Takahashi 

2007). This approach made use of lentiviral vectors to insert exogenous genes into the 

cell genome to reprogram it into a less differentiated state capable of self-renewal and 

differentiation into endoderm, mesoderm, and ectoderm lineages.  Despite the origins of 

the technique direct reprogramming has come to mean the conversion of one terminally 

differentiated cell type into another terminally differentiated cell type without ever 

expressing a less differentiated or progenitor phenotype. The majority of these attempts 

have mirrored Takahashi’s original experiment, genes packaged into lentiviral vectors 

that are then inserted into the genome via transduction and constitutively expressed. The 
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inserted genes are often transcription factors chosen to alter the expression profile 

towards the target cell type (Takahashi et al , 2007; Chambers et al,. 2011). One recent 

experiment used a transcription factor cocktail along with mi-124 in human fibroblasts 

(Ambusadhan et al 2011). This approach showed a 40% increase in reprogramming 

efficiency over any combination of transcription factors alone. The results in 

Ambusadhan’s study without mir-124 mirrored other direct reprogramming efficiency 

rates, but only showed the significant increase in efficiency once the miRNA had been 

introduced. 

 

miRNA Modulation for Reprogramming 

miRNA have come under increasing focus as crucial post-transcriptional regulatory 

molecules. miRNA are transcribed under the same conditions as mRNA but the 

secondary structure creates stem loops with the linear segment of the stem comprising 

what will become the mature miRNA (Pekarik et al,.  2005). The initial transcript is much 

longer than the mature miRNA transcript and can encode multiple miRNA on the same 

pri-miRNA. This initial transcript, called  pri-miRNA, is then cleaved from the 

surrounding transcript by the Drosha/DGCS8 protein complex and transported from the 

nucleus to the cytoplasm via the exportin nuclear transport protein (Pekarik 2005). After 

transport to the cytoplasm the dicer protein removes the mature miRNA from the stem 

loop complex. The recognition mechanism is not completely understood, however it 

would seem that either complementary side of the stem loop (sense/antisense) could 

result in a mature miRNA. However, the placement of the antisense strand immediately  
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A. 

 
 
B.  

 

www.ambion.com 

Figure 1. Overview of the miRNA system that regulates 
translation by degradation or sequestration of target mRNA. 
Our approach will provide pre-miRNA ready for nuclear 
export that will then be processed by dicer and associate with 
the RISC complex which will then target endogenous miRNA 
target sequences. 
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5’ of the poly (U) section of the transcript preferentially marks the antisense segment for 

excision  (Fig. 1a) (Pekariket al,. 2005). The sequence TTCAAGAGA for the loop 

section linking the sense and antisense sections has been shown to increase initial 

transcription efficiency and exportin efficiency (Pekarik,. 2005).  

 

miRNA and transcription factor modulation follow essentially the same reasoning applied 

to two different levels of regulation. Transcription factors target and up-regulate multiple 

subsequent genes that in turn alter the cells’ expression patterns until it mirrors a different 

differentiated phenotype. miRNA primarily act as negative regulators, binding multiple 

different transcripts and orchestrating RISC mediated degradation or sequestration on a 

large cohort of genes that would otherwise cause functional changes. The common thread 

is that a single modulation of either holds the potential to create a cascade of changes that 

alters cellular functions globally. Endogenous miRNA knockdown using locked nucleic 

acid technology (LNC) has shown effectiveness in rat cocaine addiction models and was 

shown to be effective in non-human primates for treatment of hepatitis C for decreasing 

viral genome copy number (Elmen et al,. 2008; Lanford et al,. 2010). Alternatively there 

have been recent advances in the use of miRNA to increase efficiency of viral 

transduction mediated reprogramming as well as being implicated in neurogenesis 

(Cheng et al,. 2009; Ambasadhuran et al,. 2011). Cheng et al. discovered that variation of 

miRNA-124 expression modulated neurogenesis in the subventricular zone, with over-

expression causing an increase in post-mitotic neuronal cells. In conjunction with the 

results of Ambusadharan et al. (2011), these two studies both point to miRNA playing a 
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large role in directing development and differentiation. The global nature of their 

regulatory activity imply that manipulation of the miRNA alone could induce phenotypic 

changes and possibly more completely reprogram cells than viral transduction alone has 

been able to accomplish. 

 

Parkinson’s Disease 

PD is the second most common neurodegenerative disease in the United States affecting 

nearly half a million patients, with 65,000 newly diagnosed individuals over the age of 65 

every year (Wirdefeldt et al., 2011). This number is estimated to increase dramatically to 

9 million cases worldwide from the current 4.4 million cases, highlighting the expanding 

need for new therapies to address both the underlying disease and the symptoms of PD 

(Wirdefeldt et al., 2011). The economic impact is staggering with a cost of an estimated 

$11 billion per 500,000 patients in the U.S. in 2009 (Lunn et al., 2011).  

PD is characterized by the loss of DA neurons in the substantia nigra pars compacta 

(SNc). While the disease is caused by the death of the nigral DA neurons the classic PD 

symptoms do not manifest until 70% or more of the cells have been lost, making any 

neuroprotective therapy pointless without earlier diagnostic tools (Davie et al,. 2008). 

There is little known about the causes of the mass cell death but there is a strong genetic 

component in the familial cases which are recapitulated to a degree in the non-familial 

idiopathic disease (Samii et al., 2004). The exact percentage of familial cases versus 

random occurrence is not known but 15% of newly diagnosed individuals have a first 

degree relative with PD (Samii et al., 2004). PARK1 and PARK2 point mutations have 



 

 9 

both been shown to be present in familial as well as idiopathic PD. The genes encode 

sections of the Parkin gene whose function is not completely understood besides its 

association with PD (Lew et al., 2007). α-synuclein aggregations termed Lewy bodies, 

which occur in the SNc, are one of the hallmark components of PD. Alterations of the α-

synuclein gene (SNCA) has also been shown to cause Parkinson’s via point mutations or 

increased copy number which results in an increased incidence of Lewy Bodies 

(Singleton et al., 2003). The most prevalent gene known to cause PD through point 

mutations is the PTEN gene which using a cre-lox knockout mouse model was shown to 

cause DA neural hypertrophy when inactive (Diaz-Ruiz O et al,. 2009). 

 

Parkinson’s Disease is a neurodegenerative disease characterized by tremors, muscle 

stiffness and slow movements (Daiga et al., 2011). True PD is distinguished from 

Parkinson family disorders, all of which include tremors as a main diagnostic indicator, 

by asymmetric onset of the disease, and clinical response to LevoDopa administration 

(Lew et al., 2007).  

 

Because there are currently no cell replacement therapies, and neuroprotective therapies 

are ineffective when PD is clinically diagnosable the current treatments are aimed at 

countering the symptoms of the disease. The primary treatment option for PD patients is 

Levodopa administration, however because it decreases in effectiveness and increases 

incidence and severity of side-effects the longer it is used new cases are often treated 

primarily with dopamine agonists and monoamine oxidase B-Inhibitors (Lew et al., 
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2007). These drugs are then prescribed in conjunction with Levodopa to counteract the 

dyskinesias, bradykinesias and choreiform movements that become prevalent after an 

average 5 years after beginning Levodopa treatment (Dawson et al., 2011). Another 

treatment for severe cases of PD is deep brain stimulation of the subthalamic nucleus or 

globus pallidus (Eller et al., 2011). Although again it does not slow the progression of the 

disease deep brain stimulation has been shown to alleviate the symptoms of PD after 

Levodopa side-effects have become too difficult to control. This lack of any viable 

treatment for the accumulation of Lewy bodies, unstoppable disease progression and 

pathology based on cell death makes it an attractive area for prospective stem cell and 

cell replacement therapy. 

Parkinson’s Disease (PD) lends itself to cell replacement therapy for two reasons, the first 

being that PD is caused predominantly by the loss of the dopaminergic neuron (DA) 

population of the SNc which influence fine muscle and motor control (Davie et al,. 

2008). The second is that they are localized to a highly specific area projecting from the 

SNc to the striatum. As the cause of PD is a localized cell loss it is an intense area of 

research with great strides made in the last year alone (Kriks et al,. 2011; Yan et al,. 

2011; Caiazzo et al,. 2011). With these advances we can now create an in vitro DA 

neuron with the characteristic tyrosine hydroxylase (TH) and Pitx3 expression,  however 

no protocol is currently able to differentiate a cell down to the specific DA neuronal 

subtype i.e SNc, VTA, olfactory etc. necessary for proper engraftment and function. We 

postulate that the utilization of the decellularized matrix from the midbrain, and direct 
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reprogramming by targeting miRNA that influence DA SNc phenotype will generate 

appropriate nigral dopamine neurons for functional restoration in PD. 

 
Materials and Methods 

 
Animals and Tissue Harvesting 

C57BL6 mice (courtesy of Peter Santi), CD90/Thy1.1/Balc/C mice (courtesy of  

Mossimo Costaglano) were used for all decellularization/recellularization experiments.  

Mice were anesthetized using a ketamine/xylazine cocktail (10mg/mL Ketamine:1mg/mL 

Xylazine in saline) at a dose of 1.10mL/kg body mass. Animals were then decapitated 

and the skull removed starting at the foramen magnum and moving forward so as to 

preserve brain structure and avoid damaging the tissue. Brains were kept for a maximum 

of three days in ice cold PBS before sectioning.  

100µm coronal sections were taken starting anterior of the hippocampus/midbrain region 

and moving posterior towards the cerebellum on a TC-1 tissue Chopper. In feasibility 

experiments brains were also hemisected but once the protocols for sectioning and 

decellularization were established whole coronal sections were used. 

 

Decellularization  

Using a simplified version of a protocol developed previously for decellularization of 

cardiac tissue (Ott et al,. 2008) sections were placed on 4 compartment Lab-Tek2 

chamber slides (Fisher) and were immediately immersed in one mL 1%SDS (Sigma) in 

sterile water. Slides were then placed in an incubator to avoid detaching the sections from 

the slide. SDS detergent media was changed every 24 hours for 4 days to remove 
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dissolved cellular debris. Decellularized matrix was stored at 4°C in sterile PBS prior to 

addition of cells or staining.   

In our studies we also used the decellularized matrix of the cochlea as a control to test the 

specificity of neural induction in comparison to the use of the decellularized matrix from 

the midbrain. The protocol for decellularization of cochleas followed the same protocol 

with the added step of a 24 hour incubation in 0.1% EDTA to remove the bone tissue of 

the cochlea. After decellularization a 30 minute treatment in 10x Amphotericin B 

(AmpB) to eliminate fungal infections after NSC introduction was necessary. After 

AmpB introduction another 5 rounds of wash in PBS was found to be necessary for 

neurosphere expansion and growth in the culture. 

Trypan Blue ECM Staining. 

Two serial sections were used for this experiment, the first was placed directly in 1% 

SDS and decellularized as per the decellularization protocol. The second was placed in 

PBS without the SDS. After 2.5 days the SDS was removed and the ECM was washed 

throroughly. 10µL of trypan blue was placed on one half of the decellularized ECM, this 

was not possible on the non-decellularized section so 50 µL 1:1 trypan blue in PBS was 

added to the well and incubated for 1 hour at room temperature. Both sections were 

washed five times with PBS and images were taken. 

 

Immunostaining 

The following protocols for nestin and Tuj1 immunohistochemistry have been performed 

on the NSCs for this study but is technically challenging because the cells are not 
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attached and as such many are lost at each wash step and no figures were included in the 

study. For nestin staining, neurospheres were allowed to sediment naturally, as 

centrifugation can disrupt sphere structure. Media was aspirated carefully to allow a 

maximum number of neurosphere retention. Neurospeheres were washed three times in 

sterile phosphate buffered saline (PBS) and aspirated following the same technique. Cells 

were fixed using 3.8% paraformaldehyde (PFA) and incubated for 20 minutes at room 

temperature and washed again three times in PBS. Neurospheres were permeabilized in 

.025% Triton X-100 in PBS and washed again. Cells were then blocked with 3.3% 

donkey serum in PBS with .025% Tween20 for 20 minutes at room temperature and 

washed again. Neurospeheres were incubated for at least one hour with 200µL primary 

antibody (mouse-anti-nestin 1:500, Millipore) at room temperature. Cells were then 

washed with PBS in .025% Tween20 three times to remove blocking buffer. Secondary 

anti-body (Donkey-anti-mouse 1:200 (Millipore) in PBS + .025%tween20) was then be 

applied and incubated at room temperature for two hours. Nuclei were stained with DAPI 

nuclear stain (1:1000 in PBS). The same protocol will be used in future experiments to 

analyze neurospheres that attach on their own in culture minus decellularized matrix. As 

well as neurospheres after engraftment and differentiation post ECM attachment. 

TUJ1 is an exclusive pan neuronal stain marking β-III Tubulin which localizes to the cell 

cytoplasm. β-III Tubulin is one of the earliest neuronal fate lineage markers which along 

with nestin will confirm the presence and loss of multi-potency in the NSCs. Cells will be 

subjected to the same protocol as nestin staining, including primary and secondary 
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antibodies, chicken-anti-βIII-tubulin and rabbit-anti-chicken respectively (Millipore). The 

blocking solution will be rabbit serum instead of Donkey serum.  

The following protocol was used for MBP(Millipore), GFAP (Millipore), and TH 

(Millipore) staining, to create the positive controls from fresh tissue was taken from the 

animal and fixed in 4% PFA for 15 minutes. The cells were then washed 3 times for five 

minutes each in PBS plus .05% Tween20 on a rotator at 60 rpms . The sections were then 

permeabilized in a PBS plus 0.1% Triton x-100 solution for ten minutes. The sections 

were then blocked for two hours in PBS plus 0.05% tween20 and 3.3% whole donkey 

serum at room temperature. The sections were then exposed to the primary antibody, 

either rabbit-anti-TH, mouse anti-GFAP, or mouse-anti-MBP. This was incubated 

overnight at 4°C. Another 3x5 wash in PBS plus .05% tween20 and the secondary 

antibody, either donkey-anti-mouse conjugated to Alexa-647, Donkey-anti-Rabbit 

conjugated to Alexa-555, or Donkey-anti-Rabbit conjugated to Alexa-488. Sections were 

imaged using the Olympus Fluoview upright laser confocal microscope in the BIPL/UIC 

facility.    

 

The decellularized matrix was also stained and analyzed to determine the components 

and structure in the SNc and other areas. No fixative or permeabilizing solution was 

necessary. Decellularized ECM was placed in 3.3% Donkey serum for two hours at room 

temperature. The ECM was then washed three times with sterile PBS. Primary antibody, 

rabbit-anti-laminin, rabbit-anti-collagen, or rabbit-anti-fibronectin were applied at 1:500 

dilutions and left to incubate overnight at 4°C. Secondary donkey anti-rabbit antibody 
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conjugated to a 647 fluorophore was then applied for two hours at room temperature. The 

secondary antibody was then removed and the section washed five times with sterile PBS 

and imaged. Co-localization was attempted by separating the primary/secondary steps 

with a harsh wash of 10 minutes repeated five times followed by the blocking solution. 

This resulted in very weak signaling and questionable colocalization due to the same 

species producing all three primary antibodies. 

 

Cell Culture 

Multiple culture conditions were used to attempt to intensify differentiation into the three 

cell types, Neurons, Oligodendrocytes, and Astrocytes on the decellularized matrix. In 

the initial experiments the expansion media composed of DMEM/F12. (Invitrogen), 

10mL B-27 media supplement (Invitrogen), 5mL N-2 Media Supplement (sigma), 

20ng/mL Epidermal Growth Factor-EGF (Sigma), 20ng/mL, Fibroblast Growth Factor-b-

FGF2 (Sigma) was used as a proof of principal that the NSCs preferentially engrafted to 

the decellularized matrix over naked cell culture treated plates. After engraftment and 

elongation of the NSCs were observed in expansion media, which is designed to preserve 

multi-potency potential a differentiation media will be used as well. The expansion media 

consists of F12/DMEM media (gibco) with 20mL B-27/L media supplement (Sigma) and 

10mL N-2/Lmedia (Sigma) media supplements, 500ng FGF2 and 400ng EGF 

respectively were added to 50mL of media immediately prior to use.  
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For the differentiation media a previously described protocol will be used (Reynolds et al. 

1992). The media was comprised of DMEM/F12, .6% glucose, 5mM HEPES buffer 

(Sigma), 2mM L-Glutamine/L, 5mL N-1 media supplement/L (Sigma).  

In the initial experiment the cells were allowed to remain in culture for the length of the 

experiment but the cells were found to attach no later than three days post introduction to 

the matrix, so after three days in culture the neurospheres will be removed from the 

chamber slide via 3 PBS washes so only attached cells should remain and proliferate. 

 

Target miRNA Determination 

We derived a list of candidate genes from literature sources. After which we entered the 

target mRNA into the microRNA.org miRanda database for a list of known and potential 

miRNA that target those mRNA that we had earlier determined were our genes of 

interest. We then made a comparison of the miRNA that targeted the genes of interest and 

scored them depending on how strongly they regulate mRNA of interest and how many 

mRNA of interest they targeted. We found a small number of miRNA that targeted a 

majority of the 22 target genes that we hoped to upregulate and cause cellular 

reprogramming to a DA phenotype. 

This part of the study is not yet complete but we plan to determine the success of the 

reprogramming first by determining if the cells express Tyrosine Hydroxylase (TH) and 

Dopamine Receptor. We then plan to compare these cells via microarray analysis to DA 

cells dissected from healthy mice. And third we will determine if they are able to reverse 
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Parkinson-like symptoms in mice with ablated SNc, most likey using a 6-

hydroxydopamine model that ablates the dopaimergic cells of the mid-brain. 

 

Cloning and miRNA RNAi construction 

Using the endogenous miRNA as templates antisense sequences were designed and made 

into complementary single stranded oligonucleotide sequences. These sequences were 

provided by IDT and were subjected to standard desalting purification and provided at 

25ng/ml. The sequences were initially annealed together to create the double stranded 

insert with the BamH1 and HINDIII “sticky ends” by following the provided protocol 

from Ambion. Oligonucleotide sequences were diluted in TE Buffer to a concentration of 

1ug/uL. 2uL (2ug) of both complementary oligonucleotide were added to 46ul of the 

provided 1X DNA annealing solution for a final volume of 50uL of annealing 

solution+oligos. The mixture was denatured at 90°C for 3 minutes in an aluminum 

heating block. The block was then placed in a 37°C incubator and monitored until the 

block temperature reached 37°C after which the samples were allowed to incubate for 1 

hour. The inserts were then used immediately but could have been frozen for future use at 

this point. 5uL of the final annealing mixture was mixed with 45uL DNase free water, 

bringing the final concentration of the insert to 8ng/uL. The following reaction mixture 

was set up for each of the five miRNA constructs as well as an empty vector control and 

a GFP control vector that will show proper transfection into human cells as well as a 

control for successful insert ligation. The complete ligation reaction is listed in Table 1, 

the values listed are per reaction. 
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Table 1. Components and volumes for DNA 

Ligase reaction for cloning the insert into the 

pSilencer linearized plasmid. 

 

The Top10 chemically competent E.Coli (Invitrogen)  were thawed on ice to prevent 

freeze thaw damaging and cell death from the freezing media (glycerol media) and were 

separated into 25uL aliquots. 2.5uL of the ligation reaction was then pipetted into each 

aliquot and tapped to mix. The cells were incubated on ice for 30 minutes and then placed 

in a 42°C water bath for 30 seconds. Cells were removed from the bath and placed on ice. 

250 uL of pre-warmed S.O.C media was immediately added to the cells and the vials 

were placed on a shaker at 200 rpm at 37°C for one hour. 200uL of cells were then placed 

on LB/Agar + ampicillin (100ug/mL) plates which were incubated overnight at 37°C. 

Single colonies were then picked from each plate and grown in 2mL of LB broth + 

1mg/mL ampicillin overnight on an incubated shaker. DNA was isolated using a Qiagen 

DNA miniprep kit. Plasmids were purified using the Qiagen plasmid purification kit. 

 

Human fibroblasts courtesy of the Firpo lab will be used for transfection at pass 11. The 

cells are cultured at 37°C 5%CO2 in fibroblast expansion media media (DMEM low 

glucose, 8mL/L L-Glutamine (Gibco), 10mL/L 1x pen/strep (Invitrogen) . 
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Cells were expanded on T-175 flasks coated with 0.1% gelatin to 80% confluence. Cells 

will be treated in 96 well plates coated with gelatin with 50,000 cells per well in 50µL of 

media. 10ug of purified DNA will be mixed with 4uL Fugene6 +2uL growth media (2:1) 

and applied to each test well. Solution will then be left on the cells for 6 hours then 

removed and the fibroblast growth media will be replaced. Two days pos- transfection the 

cells will be trypsinized and replated at a 1/6 split in media containing 500ug/uL 

neomycin for transfection selection. 

 

Results 

We first attempted to ensure that the previous data from Taylor and colleagues (Ott et al,. 

2008) lab on decellularization was valid for neural tissue, so we attempted 

decellularization using both SDS and Triton X-100 and Tween-20 (data not shown). The 

Triton X-100 and Tween-20 completely dissolved the tissue leaving little or no 

discernible matrix for reseeding. However the SDS decellularization left a clear, visible 

matrix that seemed to hold the shape from the original tissue. Using this data we 

continued, exclusively using the SDS decellularization solution for the rest of the 

procedures.  

Decellularization with 1%SDS in PBS we found that 2.5 days of treatment when placed 

on a rotator with a detergent change every 24 hours was sufficient to remove any 

remaining cells. However when placed on a rotator, even on extremely low RPMs the 

sections folded and lost any recognizable morphology. In response we developed a four 

day protocol with incubation in 1%SDS at 37°C with a detergent change every 24 hours 
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which allowed minimal section disfigurement. The act of changing the detergent often 

resulted in loss or disfigurement of the sections and over the four day protocol we 

generally lose 30-40% of the sections but this was a marked improvement over previous 

attempts using the rotator. To determine cellular presence or absence on the 

decellularized sections we treated a portion of the section with 0.25% trypan blue for 1 

hour (Fig2a). As the positive control we treated another 100um section that received the 

same decellularization protocol in PBS over PBS+SDS (Fig2b). Comparing the images 

we were unable to determine that there were no intact cells left in the decellularized 

sections after the 2.5 day SDS treatment. We hypothesize that the long trypan exposure 

allowed staining of the ECM proteins themselves, as opposed to dead or dying cells. In 

future experiments we will use a DAPI nuclear stain to determine if decellularization was 

successful. 
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Figure 2. 
Serial 100µm coronal brain sections from a C57BL6 mouse. Section 
was placed in 1% Sodium Dodecyl Sulfate (SDS) for 4 days with 
changes of the detergent every 24 hours. Trypan blue was placed on 
the left side of the dotted line (A). With the right side being a 
decellularized negative control. Trypan Blue was then applied to 
non-decellularized tissue (B).  

 
Immunohistochemistry was then performed on the decellularized ECM to show the 

extent to which laminin, collagenIV and fibronectin remain after the cells have been 

removed. We found that all three seem to maintain the structure of the original intact 

brain tissue while the laminin tends to localize to structures that appear to be vasculature 

( Fig. 3a). collagen IV is widely distributed throughout the tissue and shows former 

cellular boundaries. The fibronectin did not appear to mark vasculature but was in larger 

bundles throughout the tissue (Fig 3D,E) demarking neither individual cell boundaries 

nor vasculature. Due to the fact that our primary antibodies were from the same source 
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animal colocalizing images were extremely hard to produce with staining protocols that 

stretched over four days and produced a weakened signal from the first primary. This also 

produced what we thought were suspicious colocalizations, after seeing the single 

staining results so the colocalization microphotographs have not been included. 
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 Figure 3. Decellularized Matrix was stained for Laminin CollagenIV and 
Fibronectin to analyze the matrix that the cells were being added to. 
Laminin staining alexa-647, red (A). Collagen alone, using both confocal 
(B) and standard fluorescence microscopes (C). Fibronectin Using 
standard fluorescent microscopes at 10X (D) and 20X (E) 
Magnifications.  
 

Initially we applied NSCs to a decellularized matrix in standard expansion media (Fig. 4). 

After one day in media a small number of cells had attached to the matrix and a limited 

number appear to have started to elongate (Fig.4A). After two days in culture multiple 

whole neurospheres had attached and started to branch out and elongate at the point of 

contact, arrows indicate the same cell (Fig.4A,B). At one day the NSCs appear to be 

forming what appeared to be elongated processes. After 3 days in culture the 

decellularized matrix is completely covered and the cells appear to have started 

infiltrating the matrix, but had not started to attach to the surrounding cell culture dish 
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itself. After 7 days (Fig. 4D) the neurospheres started to attach to the uncoated cell dish 

surrounding the ECM.  
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Figure 4. Cells were cultured as per their usual expansion conditions but in the 
presence of the extracellular matrix. Arrows indicate the same cell. Day one a 
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small number of single cells attaching to the matrix and beginning to elongate was 
observed (A). Day 2 showed more whole neurosperes attaching to the matrix (B). 
and Day 3 showed almost the entire matrix being covered with neurospheres and 
elongating cells (C). Day 7 was not significantly different from day 3 as far as 
number of attaching cells however cells had begun to attach to the surrounding 
culture plate(D). 

 

A similar decellularization protocol was developed and performed on dissected whole 

cochleas from mice. These protocols were essentially identical. The cochleas were more 

durable and could be placed on a rotator and they also included an added one day 

incubation in EDTA to dissolve the small bones of the middle ear, namely the incus, 

malleus, and stapes. We then attempted to recellularize the cochlea with NSCs. Initially 

contamination was a recurring issue. We believe that yeast spores remained in the 

cochlea after decellularization and EDTA treatment. To counter this we performed a half 

hour treatment with a 10x solution of the anti-fungal amphotericin B with subsequent 

washing with PBS. Amphotericin B retards the growth of NSCs so thorough wash steps 

were needed for healthy cell growth after treatment.  
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Figure 5. 

Decellularized hemi-sectioned cochlea imaged with a Thin Sheet Laser 
Imaging Microscope (TSLIM). Bright spots indicate Sytox Orange DNA 
stain of reintroduced NSCs. 

 

Currently we have achieved visible cell growth in a single cochlear sample (Fig. 5). The 

bright areas are positive for the fluorescent DNA stain Sytox Orange. The cells appear to 

be preferentially binding to the area formerly occupied by the spiral ganglia (Fig. 5).   
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miRNA and Directed Reprogramming 

Based on the gene expression data that distinguishes between dopamine neurons found in 

the SNc and the ventral tegmental area (VTA) reported by Greene et al (2005) in the 

journal we constructed a candidate gene list originally for lentiviral insertion in a method 

similar to Takahashi et al., 2007. We compiled a list (Table 2) of any genes that were 

found in the literature focusing initially on the paper by Greene et al 2005, comparing the 

VTA and SNc DA neurons in the rat mesencephalon. All the genes we used from this 

paper were upregulated a minimum of three fold in the SNc over the VTA. One of the 

most obvious candidates was the gene ARPP-21. This gene is also known as Regulator of 

Calmodulin  and is expressed 13.8 fold higher in SNc DA neurons over DA neurons of 

the VTA (Greene et al. 2005;Rakhilin et al., 2004). This gene is responsible for 

regulating neurotransmitter release from spiny dendrites exactly as would be expected 

from highly active DA neurons(Rakhilin SV, et al. 2004;Greene et al 2005). Enolase 3 is 

the next most highly differentially expressed transcript with a 9.1 fold increase in the DA 

neurons of the SNc over those of the VTA. This was a surprising finding due to the fact 

that it is associated with skeletal muscle tissue as opposed to CNS. We then used the 

miRNA database miRanda, which compiles known miRNA interactions with predictive 

miRNA interaction software. The software uses two methods of predicting 

miRNA/mRNA binding efficiency and ability to downregulate via degradation or 

translational interference and produces a composite score for each interaction. 
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Table 2. Putative mRNA targets for 
expression increase. Targets were chosen 
through a literature search and compiled by 
their prospective miRNA interactions and 
listed with the referenced publications. 
 

Gene Publication 

IGF1 

Greene et al 

2005 

FGF1 

Greene et al 

2005 

ARpp21 

Greene et al 

2005 

pVALB 

Greene et al 

2005 

ENO3 

Greene et al 

2005 

nurr1 Lei et al 2011 

shh yan et al. 2011 

wnt1a Alves et al. 2011 

wnt3a Alves et al. 2011 

wnt5a Alves et al. 2011 

GDNF Peng et al. 2011 

Pitx3 Lei et al 2011 

Lmx1a yan et al. 2011 

Lmx1b yan et al. 2011 

msx1 Alves et al. 2011 

msx2 Alves et al. 2011 

otx2 Alves et al. 2011 

ngn2 yan et al. 2011 

foxa1 Alves et al. 2011 

foxa2 Alves et al. 2011 

en1 Alves et al. 2011 

en2 Alves et al. 2011 

brn2 

Caiazzo et al. 

2011 

ascl1 

Caiazzo et al. 

2011 
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The miRNA were then analyzed and cross referenced for multiple sites per gene and 

prioritized for the number of genes they target, the strength that they prospectively target 

the genes, and the supposed importance of the genes they targeted.  Table 3 shows the 

number of genes each miRNA targets and the projected strength of the interaction.  
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590-3p     -0.74     -1.03       -0.10 -0.28     

374b     -1.27     -1.27       -1.67       

485-5p                       -0.16   

340     -0.97     -0.22             -0.93 

214 -0.57 -0.71 -0.54     -0.23               
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590-3p -0.50   -1.20 -0.4 -0.12   -2.12     -0.10 -1.58 -0.16 12 

374b -0.11   -1.30   -1.61 -1.32 -0.11   -1.32     -1.47 10 

485-5p                         1 

340 -0.14   -0.51 -0.70           -0.21   -0.28 8 

214 -0.15                       7 

 

Table 3.List of putative target genes and their miRNA interaction. A more 
negative value indicates a stronger miRNA-mRNA interaction.  

 

miRNA 590-3p, 374b, and 340 show a larger cluster that was noticed that targeted FGF1, 

ARpp21, Nurr1, Wnt5a, Lmx1a, Msx1, Otx2,ngn2, foxa1, foxa2, and Ascl1. There were 

multiple other miRNA that targeted these genes but they often aggregated on the same 
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sites on the mRNA, indicating that they might be redundant. miRNA included in Table 3 

had the highest miSRV score, a composite function of the binding efficiency and the 

down-regulation efficiency. These miRNA were the strongest binding and best down-

regulators of the observed cluster as such they were chosen as targets for RNAi. The 

shared ~8bp seed sequences that many of the miRNA in this cluster express allow them 

to bind to the same sites on multiple mRNA. This could show a high degree of 

redundancy in the system and eliminate any effects of decreasing the concentration of a 

single miRNA, conversely there could be significant cross-reactivity and the inserted 

artificial miRNAs could down-regulate a higher number of miRNA than expected in this 

cluster.  

485-5p is not a member of the cluster we identified, however it is one of only two known 

miRNA to interact with Pitx3, which has been shown to be crucial for DA neuronal 

development. It was chosen because, of the two miRNA to down-regulate Pitx3 it had the 

highest miSRV score and so should result in a higher Pitx3 expression increase.  

 

Table 4 shows the designed oligonucleotide sequences that were annealed together to 

create the DNA insert that will then be directionally inserted into the pSilencer plasmid. 

Sequences were generated by using the sense strand as a template, then the sequence 

TTCAAGAGA as the loop portion of the hairpin which marks the pre-miRNA for export 

from the nucleus to the cytoplasm.  The corresponding antisense sequence was followed 

by a poly (T) string which then should preferentially mark the antisense side of the pre-

miRNA for dicer processing and create a mature miRNA from the anti-sense sequence. 
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Table 4 Sense and anti-sense sequences to be cloned into the pSilencer plasmid. 

 

 

 

mir ID 
via 

mirAN
DA 

Sequence  antisense 
sequence 3'-5' 

5'-3' Top Strand Oligo 
sequence for pSilence 
plasmid expression 

5'-3' Bottom Strand 
Oligo sequence for 
pSilence plasmid 
expression 

590-3p 
5'-
auuaaaauacau
auucgauca-3' 

3'-
uaauuuuauguau
aagcuagu-5' 

5'-
GATCCGTAGAATACA
TATTCGATCATTCAA
GAGATGATCGAATAT
GTATTCTAATTTTTTT
GGAAA-3' 

5'-
AGCTTTTCCAAAAA
AATTAGAATACATA
TTCGATCATCTCTTG
AATGATCGAATATG
TATTCTACG-3' 

485-5p 

5'-
agaggcuggcc
gugaugaauuc
-3' 
 

3'-
ucuccgaccggca
cuacuuaag-5' 
 

5'-
GATCCGGCTGGCCGT
GATGAATTCTTCAAG
AGAGAATTCATCACG
GCCAGCCTCTTTTTT
GGAAA-3' 
 

5'-
AGCTTTTCCAAAAA
AGAGGCTGGCCGTG
ATGAATTCTCTCTTG
AAGAATTCATCACG
GCCAGCCG-3' 
 

374b 

5'-
auauaauacaac
cugcuaagug-
3' 

3'-
uauauuauguugg
ucgauucac-5' 

5'-
GATCCGTAATACAAC
CTGCTAAGTGTTCAA
GAGACACTTAGCAGG
TTGTATTATATTTTTT
GGAAA-3' 

5'-
AGCTTTTCCAAAAA
ATATAATACAACCT
GCTAAGTGTCTCTTG
AACACTTAGCAGGT
TGTATTACG-3' 

340 

5'-
uuauaaagcaa
ugagacugauu
-3' 

3'-
aauauuucguuac
ucugacuaa-5' 

5'-
GATCCGTAAAGCAAT
GAGACTGATTCTCAA
GAGAAATCAGTCTCA
TTGCTTTATATTTTTT
GGAAA-3' 

5'-
AGCTTTTCCAAAAA
ATATAAAGCAATGA
GACTGATTTCTCTTG
AGAATCAGTCTCAT
TGCTTTACG-3' 

214 

5'-
acagcaggcaca
gacaggcagu-
3' 

3'-
ugucguccguguc
uguccguca-5' 

5'-
GATCCGCAGGCACAG
ACAGGCAGTTTCAAG
AGAACTGCCTGTCTG
TGCCTGCTGTTTTTTG
GAAA-3' 

5'-
AGCTTTTCCAAAAA
ACAGCAGGCACAGA
CAGGCAGTTCTCTTG
AAACTGCCTGTCTGT
GCCTGCG-3' 
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Discussion and Future Experiments 

The addition of exogenous, constitutively active genes inserted via retroviral or lentiviral 

transductions have proven able to produce a compelling body of evidence for directed 

differentiation, induction of pluripotency and direct reprogramming. These approaches 

have so far not recapitulated a complete nigral dopamine neuronal phenotype sufficient 

for clinical applications in the treatment of PD. This implies that new and possibly 

combinatorial approaches should be investigated to create more precise changes in 

cellular function and expression. 

We have shown that neural tissue can be decellularized using a PBS+1% SDS treatment 

that preserves the underlying structure of the extra-cellular matrix. These preliminary 

results seem to suggest that neural stem cells are able to take cues from the ECM, attach 

and begin to differentiate preferentially on these deccelularized matrices, however it is 

unclear to what extent the matrix determines the cell type achieved. We have also 

developed a method for transient miRNA inhibition that will down-regulate the 

endogenous post-transcriptional controls for our genes of interest, allowing increased 

expression and specific phenotypic change based on that change in expression. These 

methods were developed with the purpose that they could be used alone or in conjunction 

with each other and lentiviral transduction to take advantage of multiple input sources 

and potentially derive a more fully specified cell population. 

The ECM has until recently been largely ignored as a source of cues for reprogramming, 

when the Doris Taylor group showed that the ECM alone was able to recapitulate not just 

morphology but basic functions they demonstrated that the ECM plays a larger role in 
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directing differentiation and maintaining phenotype than was previously thought possible. 

Many of the basic components that comprise the ECM of other tissues of the body are 

present globally, as such one hypothesis is that the ECM component patterning as 

opposed to ECM makeup could possibly influence the cells that populate a mature tissue. 

To investigate this we will do a quantitative determination of the protein content of brain 

regions, comparing it not just to other organs but to other regions of the brain. As well as 

successful colocalization experiments to determine the complete ECM structure 

surrounding cell compartments We will then continue growing NSCs and IPSCs on the 

matrix and determine if the region of the brain ECM they are grown on causes a higher 

proportion of differentiation down any particular phenotype and whether rare phenotypes, 

i.e DA neurons, are able to be differentiated on the matrix. This will likely involve 

growing the cells in various media engineered to induce differentiation as opposed to the 

cellular growth media used in this study which is supposed to keep the NSCs in a 

pluripotent state. 

One proposed mechanism for ECM directed differentiation has been signaling via 

proteoglycans (PGs) glycosaminoglycans (GAGs), integrins and other ECM proteins that 

remain after decellularization (Kim 2011). These molecules provide structural support 

necessary for proper tissue function and organization as well as the tension for proper cell 

morphology. Many of the ECM proteins such as fibronectin (FN) contain cytokine 

binding sites, heparin sulfate, and integrin binding sites (Kim 2011). Integrin is capable 

of twenty-four different conformations, each of which has varied binding affinities for 

components of the ECM. When activated by correct binding to the ECM integrin 
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interacts directly with the actin cytoskeleton to induce downstream signaling. Integrins 

have also been shown to work in concert with growth factor receptors, with signaling 

only being initiated once a focal adhesion with the correct ECM component and growth 

factor ligand being bound at the same time.  

miRNA are a post-transcriptional regulatory system that have been shown to have a 

global effect similar to inserted transcription factors. That miRNA have multiple targets 

creates the possibility that single manipulations have multiple influential downstream 

effects. By down-regulating the limited number of miRNA identified in our analysis we 

might be able to upregulate an entire suite of genes that promote a dopaminergic 

phenotype, up-regulating not just the target genes identified in this paper but an unknown 

number of other factors. This idea is upheld via the use of mir-124 in conjunction with 

transcription factors and the resulting 40% increase in reprogramming efficiency seen by 

Ambasudhan et al 2011.  

To ensure that the inserted miRNA are having the desired effect an expression array 

could be run. This would show that the targeted  mRNA are being upregulated, whether 

the cells are taking on a DA neuronal expression profile and the peripheral or unpredicted 

targets that are also upregulated. A microarray would also show the unintended targets of 

the inserted miRNA. Although it would be difficult to distinguish global reprogramming 

via our intended consequences and non-specific actions of the miRNA we insert. 

Alternatively qRT-PCR could be run selectively for the putative factor list to ensure 

mRNA copy number is being increased along with Western Blots to ensure that the 

increased copy number results in increased protein expression. This would ensure that the 
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system is working but would not give data on the peripheral effects of down-regulating 

the miRNA. If we find that there is a dopaminergic expression profile the cells could be 

removed from culture and inserted into a nigralstriatal neurotoxin model such as 6-

hydroxydopamine or one of multiple α-synuclein transgenic models (Dehay 2011). These 

animal models of Parkinson’s disease could be used to assess the functional nature of the 

reprogrammed cells after transplantation.  This would provide proof-of-concept evidence 

of these approaches for directed reprogramming of cells towards neural phenotypes.   
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