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ABSTRACT

ALGORITHM SELECTS CORE TRANSCRIPTION FACTORS USED TO DIRECT CELL
FATE
By
Aryeh Solomon
Master of Science in Biology
Direct reprogramming offers a promising alternative method in producing cells for regenerative
medical applications. However, a major obstacle in this process is the selection of transcription
factors best suited to initiate reprogramming. By comparing differential gene transcription levels
across numerous tissue samples, the Core Expression Module Analysis (CEMA) developed by the
Lowry lab identified and compiled compact sets of genes unique to a given cell lineage. With
additional gene ontology analysis, a list of 3-10 transcription factor (TF) were generated for each
cell type. We hypothesized that ectopic expression of these selected TF can induce direct
reprogramming in terminally differentiated somatic cells and direct differentiation and maturation
in pluripotent stem cells. To test this, we incorporated these lineage conversion factors into a YFP
marker gene containing lentiviral polycistronic cassette that uses an rtTA Inducible Tet-On
promoter system. For the direct reprogramming project, two plasmids were generated to produce
two distinct cell lineages; tissue endothelial cells and mature neural progenitor cells. Fibroblast
were infected with rtTA and TF cassette lentivirus and using puromycin and neomycin selection,
with YFP expression, we were able to positively identify infected cells. Treatment with
doxycycline over an extended period resulted in morphological changes appearing in a small
subset of infected cells, with ectopic and endogenous up regulation of key genes measured via IF
staining and qRT-PCR. Using a similar protocol with ESCs/iPSC, infected YFP positive colonies
ectopically expressing early neural progenitor cell transcription factors were selected and
differentiated towards the neural fate using lab established methods. After sorting and analyzing
cells with FACS and qRT-PCR, cells that had received continuous doxycycline treatment while
remaining YFP positive demonstrated a decrease in Lin28B expression, a microRNA preventing
cell maturation, with cell and colony morphology comparative to fetal NPC samples. With
additional refinement to CEMA and the reprogramming protocols, mature cells from all lineages
may be generated, with applications ranging from disease modeling to cell replacement therapy.
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INTRODUCTION

The purpose of this study is to validate the ability of a statistical algorithm to contrast and
compare transcriptomes across a range of cell lineages and developmental stages, selecting
transcription factors (regulatory genes) capable of directing differentiation or direct
reprogramming via genetic manipulation. Reprogramming can be utilized for undifferentiated
cells such as induced Pluripotent Stem Cells (iPSCs) and Embryonic Stem Cells (ESCs) or a
variety of terminally differentiated somatic cells. Once reprogrammed, such cells can be assayed
via transcriptional and functional assays to support phenotypic and genotypic similarity to their
in vivo counterparts.

Embryonic and induced Pluripotent Stem Cells

In 2006 Shinya Yamanaka and Kazutoshi Takahashi1 published the first account of a
differentiated cell that was successfully reprogrammed into an embryonic state capable of selfrenewal and pluripotency. Through a process of trial and error using 24 genes identified as
potentially important in ESCs, they were finally able to induce de-differentiation using lentiviral
vectors containing Oct4, cMyc, Klf4, and Sox2. Additional publications identified another
essential factor, Nanog, which is crucial in selecting iPSCs that are relatively clean of epigenetic
markers and methylation patterns unique to the starting mature cell. Similar to ESCs, the iPSCs
were also capable of forming embyroid bodies that formed all three germ layers, teratomas, and
chimeric mice. As a result of this study, Yamanaka et al. proved that inducing a few cell specific
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transcription factors was enough to remodel the epigenetic markers in a mature cell, allowing not
only for de-differentiation, but also the capacity to transdifferentiate towards a mature cell from a
separate germ layer.

Methylation and Epigenetic Controls

As all cells across tissues contain the same genetic information, the primary internal mechanism
determining cell fate are the epigenetic modifications that in turn influence downstream
transcription and translation in daughter populations. The primary form of modification, CpG
methylation, is the process in which methyltranferases modify cytosine nucleotides adjacent to
guanine, with a 5’ covalent addition of a methyl group, the result of which is stable and typically
irreversible2. Hyper-methylation of these CpG regions are normally associated with gene
silencing, while hypo-methylation allows for unhindered gene expression. Naturally this process
in crucial during cellular differentiation and role assignment, where only genes allowing for
correct morphology and function are expressed, others being permanently silenced. While some
methylation may inhibit direct transcriptional protein binding, a more permanent silencing
mechanisms is the recruitment of methyl CpG binding domain proteins, which recruit additional
proteins for histone and chromatin remodeling that result in regions of unexpressed
heterochromatin3.
As fibroblasts are already fully differentiated and methylated, ectopic expression of select
transcription factors are needed to remove regions of methylation while silencing fibroblasts
associated genes so that they do not interfere in the converted cell. During iPSC generation,
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mouse fibroblasts ectopically expressing Yamanaka factors have been found to undergo
mesenchymal-epithelial conversion before achieving a pluripotent state. Epithelial genes such as
E-Cadherin and Crb3 were upregulated while Zeb and N-Cadherin, mesenchymal genes, were
simultaneously silenced4. While the methylation patterns of iPSC are most similar to ESCs, the
de-differentiation process remains aberrant and stochastic, with differentially methylated regions
observed between ESC and iPSC lines, indicating the complexity inherent in epigenetic
remodeling5.

In order for pluripotent cells to remain in the undifferentiated state, the polycomb repressive
complex (PcG) proteins acts by di or tri methylating histone H3 lysine 27 (H3K27me2/3),
leading to localized translational suppression. Antagonistically, Trithorax group (TrxG) proteins
modulate chromatin through histone H3 Lysine 4 (H3K4me3) methylation, allowing cellular
differentiation through gene activation6.

Differentiation / Reprogramming

As a result of the Yamanaka et al. 2006 paper, numerous labs have switched to iPSCs to generate
a variety of mature cells possessing research and clinical benefits. In a 2008 paper, Wernig et al.7
used mouse fibroblasts to generate iPSCs, which were then rediffrentiated to produce functional
Neural Progenitor Cells that once transplanted into fetal rat brain’s and differentiate to form
neurons and glia integrated with the host. A 2008 commentary article by Zhou and Melton8 listed
a few challenges that prevent its progression into late stage clinical trials and pluripotent
reprogramming as a whole. The de-differentiation into pluripotency leads to dramatic epigenetic
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changes that may not be fully removed during subsequent differentiation, which can lead to cells
that do not display all the correct markers compared to their mature counterparts. The additional
risk that iPSCs pose is their pluripotent capability, which may lead to teratomas formed in vivo
post transplantation. Even without these issues, the process of inducing pluripotency,
differentiation, and maturation can take up to 4-6 months to complete, which is not always a
viable timeline for clinical applications.
To address these potential issues, trans-differentiation can be used to eschew the oncogenic
genes involved in generating pluripotent stem cells and the chromatin remodeling/global DNA
demethylation that occurs during this process. Trans-differentiation is the process in which a
fully differentiated somatic cell of one lineage can potentially be induced to transform into
another cell type without going through a pluripotent intermediate. In 1987, Davis et al.9
demonstrated that ectopic expression of MYOD1 in fibroblasts was sufficient to reprogram them
into functional myocytes. Since then fibroblasts have been successfully reprogrammed into
NPCs, endothelial cells, cardiomyocytes, and even erythrocytes. Reprogramming itself is
typically performed by inducing ectopic expression of a cocktail of transcription factors, leading
to a cascade of gene up/down regulation and genomic and structural remodeling towards the
target cell type. In 2011 Wernig et al.10 successfully reprogrammed mouse fibroblast into
functional multipotent neural progenitor cells capable of an electrochemical gradient.
While significant progress has been made in the field thus far, the methods to
identify the necessary transcription factors is a time and labor intensive process that requires
screening for and testing various permutations. Microarray analysis can confirm that even
among closely related cell types, there exist thousands of differentially expressed genes, many of
which are crucial in supporting cell maintenance and function. Selecting the most highly
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expressed genes does not necessarily indicate reprogramming potential, with key transcription
factors often being missed. Once prospective factors are potentially found, finding the correct
cocktail and conditions to initiate downstream gene expression necessary for reprogramming can
take years, with successive rounds needed to eliminate all but the most essential TFs.

Core Expression Module Analysis (CEMA)
To address the issues surrounding direct reprogramming, the Lowry lab in conjunction with
Microsoft’s Jennifer Listgarten has developed the Core Expression Module Analysis program
that can sort and select thousands of uniquely expressed endogenous genes across cell types, and
with further gene ontology analysis, produces a list of 3-10 transcription factors that are both
highly expressed and distinctive to the target cell. Listgarten’s approach uses a combination of
genomics and statistical analysis to input raw microarray data, compare gene expression profiles,
and output the potential transcription factors while avoiding the normal experimental process. As
this approach is highly theoretical in its capacity for success, only 16 cell types were used as
input to generate the potential transcription factors. Future validation of this approach will
ultimately lead to additional analysis of other cell types, which will be uploaded to an online
database accessible by labs across the world.
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Polycistron Design, 2a cleavage site and pMX retrovirus

When considering how to incorporate our genes into our target cell for ectopic expression, it
became clear that infecting with all four factors simultaneously using a viral approach would be
practically infeasible. Viral incorporation of genes into the host’s chromosome can lead to
hazardous mutations, especially when the insertion occurs within the exons of crucial genes. This
factor combined with a cells native ability to silence foreign genes can also pose an additional
hurdle. If we were to infect our cells with 4 separate viruses each containing the TFs needed for
reprogramming, these issues would be exponentially compounded, making the experiment
statistically impossible when all factors are needed to manipulate gene expression. To simplify
this process and ensure simultaneous ectopic expression, a polycistronic design was selected that
incorporates a picornavirus 2a cleavage sequence11, which only requires a single promoter to
drive expression of all 4 genes.
The 2a sequence is a variation on a common genetic technique employed by eukaryotes and
prokaryotes that allows for the translation of multiple polypeptides using a single mRNA
sequence. The 2a sequence itself was initially discovered by Ryan et al. while researching the
picornavirus responsible for foot and mouth disease. The 2a sequence varies among species, but
is usually between 18-22 amino acids in length and contains an unstable glycine-proline bond.
During translation containing the 2a sequence, the ribosome will skip of the synthesis of the
peptide bond at the C terminus, cleaving the resulting polypeptide into two parts. The size of this
sequence and high cleave efficiency makes this ideal for expressing multiple transcription factors
from a single mRNA sequence. Additionally, using immunofluorescence, western blotting, and
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other experimental methods, the 2a sequence has been verified to not interfere with protein
folding and post translational modification.
The final component of the polycistronic cassette includes a Venus-YFP marker with a nuclear
localization sequence. The venus-YFP reporter is a modified GFP flourophore with an extended
lifespan over YFP and has greater stability over a range of temperatures and acidity. The reporter
is the final gene translated in the polycistron, demonstrating which cells have successfully been
infected and are capable of expressing all transcription factors including the venus-YFP.
The polycistron was initially incorporated into a retroviral pMX vector (Figure 1.) that contains
the gag and pol genes required for producing the transcriptional and processing elements for viral
production. The envelope gene required for packaging the virus and determining the cellular
range of viral infectivity is not included in the vector, and is produced instead by Phoenix 293T
or PA293T cells. The cells are transfected with the pMX vector via lipofectamine or calcium
phosphate, producing viruses capable of single infections only. A CMV promoter on the vector
promotes strong constitutive protein expression of the incorporated genes across mammalian cell
types and was originally derived from the human cytomegalovirus.
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Figure 1. pMX Retroviral Vector Design
The pMX vector contains a CMV promoter and a modified Gag-fusion protein.

Figure 2. pLVX-Tight-Puro Vector Design
pLVX-Tight-Puro is a lentiviral vector containing a puromycin resistance cassette for selection,
and a rtTA promoter to drive expression.
8

The disadvantage of using a pMX retroviral system however is that infection is limited to
mitotically active cells, excluding a large set of the cellular population. Additionally, prior
experiments utilizing the pMX system in the lab has resulted in consistently low infection rates
when dealing with the CEMA polycistrons. To address this issue, a new lentiviral pLVX-TightPuro system (Figure 2.) was chosen, which is capable of infecting actively dividing and nondividing cells. The pLVX-Tight-Puro system works via the Tet-On reverse tetracycline
controlled transcriptional activation, whereby an additional plasmid coding a tetracycline
response element is infected into the target cells, followed by the pLVX-Tight-Puro. The TRE
(Tetracycline response element) can only bind to the TRE promoter on the pLVX vector in the
presence of doxycycline, allowing for an inducible system. This is a particularly advantageous in
reprogramming, where consistent ectopic expression of certain developmental transcriptional
factors may hinder further maturation of the target cell. The pLVX-Tight-Puro system also
contains a puromycin resistance gene that when coupled with the G418 resistance in the rtTA
plasmid and induced YFP expression on the cassette, can improve selection for positively
infected cells.
Experimental Design
The project itself consist of two main components: infection of fully differentiated fibroblasts
and keratinocytes, which are the most ideal for future clinical translations, and infection of
ESCs/iPSCs, which already contain the innate ability to differentiate. The first step will be to
generate the rtTA and CEMA lentivirus at a sufficient titer to successfully infect the fibroblasts
and keratinocytes (Figure 3A.). By adding doxycycline post infection, YFP expression should
allow for the positive identification of infected cells, which we can select via puromycin
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treatment or FACS sorting for YFP. Depending on the CEMA polycistron used, the cells will be
plated on varying substrates, and fed with media that will be the most conducive to growth of our
target cell lineage (Figure 3B.). Daily feeding with doxycycline ranging from 1 week to >1month
may be needed before morphological changes can occur. Up regulation of endogenous genes
downstream of the ectopically expressed transcription factors can be quantified by IF staining
and RT-PCR. If and when cells have assumed morphology and gene expression profiles on par
with the target cell type, cell specific assays will be performed, with microarray analysis and
RNA-Seq utilized to generate a clearer picture of reprogramming efficacy.
The latter half of the project involving the infection of iPSCs and ESCs will test whether
expressing specific TFs ectopically during differentiation can influence the ratio of certain cell
types ultimately generated. One such example is the differentiation of ESCs using the embryoid
body protocol12, which can yield 1-3% CD31+ endothelial cells after a 2 week period. Using this
protocol with the Tissue Endothelial CEMA polycistron, we expect that the high expression of
endothelial TFs during this period should increase CD31+ cells to a much greater percentage
once sorted. In addition to increasing generation of one cell type over the other, the CEMA
polycistron may also have the added benefit of promoting more maturity in the differentiated
cells, with greater clinical potential. This assertion can also be quantified and evaluated using
microarray and RNA-Seq to compare expression profiles to in vivo adult tissue samples.
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Figure 3. Experimental Design for Infection, Selection, and Differentiation
A. Two lentiviruses are used to infect fibroblasts, keratinocytes, and pluripotent stem cells. One
contains the pLVX-Tight-Puro vector with the CEMA polycistron, the other expresses the
reverse tetracycline transcriptional activator. B. Infected somatic cells are selected using G418
and puromycin, with polycistron expression activated by addition of doxycycline. Using
appropriate plating and media conditions, reprogramming should occur after 4-6 weeks.
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Research Questions:

The goal of this study is determine whether the factors selected by CEMA can effectively
reprogram fully differentiated adult cells to other lineages that are both mature and fully
functional. However, determining the state of reprogramming, levels of transcriptional
remodeling, and other factors that define a functional cell pose a series of questions:
1. Are the transcription factors selected sufficient to initiate the expression cascade and
chromatin remodeling necessary for reprogramming?
2. Are all four transcription factors in the polycistron expressed equally, and will varying their
expression levels alter reprogramming efficiency?
3. Can ectopic expression of these factors promote endogenous expression?
3. Will constant expression of these factors inhibit maturation of the reprogrammed cells?
4. What is the timeline necessary for reprogramming to occur?
5. Are the TFs sufficient for reprogramming, or will additional modifications of plating
conditions, media, and supplements be required?
6. What are the best methods to determine that reprogramming is occurring, and the level of
maturity of reprogrammed cells?
7. How do these cells compare to their in vivo counterparts and do they perform similarly in cell
specific assays?

12

8. What are the specific genes that are up and down regulated during the process of
reprogramming?
8. Can incorporation of these TF within pluripotent stem cells increase differentiation efficiency
towards certain lineages?

Translational Potential
The ultimate goal of this research is to generate patient specific tissue with clinical and research
potential. Disease in a dish modeling often uses cells differentiated from iPSCs from patients of
varying diseases, however these cells are typically immature and do not display the phenotype or
gene expression patterns found in adult diseased tissue. The CEMA reprogramming method
seeks to fix this issue by generating mature cell types that can accurately recapitulate the disease
in in vitro studies. The maturity of the cells and the lack of incorporated oncogenes also make
them ideal for patient specific tissue replacement, in which many iPSC derived cells are too
immature for grafting.
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MATERIALS AND METHODS

CEMA Algorithm
Total RNA was extracted from a variety of cells lines using Agilent (Stratagene) Absolute RNA
Microprep kit (cat#: 400805). The samples were subsequently scanned via hybridization to an
Affimetrix microarray chip (HU133 2.0 plus) and sent to the University of California Microarray
core. The raw microarray data was analyzed by Dr. Listgarten, who applied the CEMA algorithm
to compare and contrast genes of interest among the varied cell types based on aggregated
comparative pair-wise uniqueness across all samples. The list of genes generated with
numerically significant values are parsed using Gene Ontology (GO) to identify transcriptional
regulators that tightly control what genes are expressed and at what levels. This process
generated 7-10 potential transcription factors, of which 4-5 were selected for polycistron
construction. Table 1 lists the selected transcription factors, in addition to those identified but
unused.
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Table 1. CEMA Gene List. The following transcription factors were selected with
microarray data filtered through the CEMA algorithm with subsequent GO analysis. Further
refinement using established literature identified the top four genes, which are tagged in
purple (for keratinocytes, two sets of genes were selected to construct two separate
polycistrons).

Cell Culture
Neonatal Human Dermal Fibroblasts (NHDF #3956; Lonza) were cultured in MEF media, with
cells fed 2 mL per well every other day. MEF media contains 450 mL DMEM (#11960; Gibco),
50 mL Bovine Calf Serum (#SH30073; Thermoscientific Hyclone), 5mL 200mM L-glutamine,
and 500uL Primocin (Invivogen). Cells passaged at 90% confluency using Trypsin-EDTA
(#25200; Gibco) for 5 minutes followed with Trypsin Inhibitor (Thermoscientific).

Human Epidermal Keratinocytes (HEKN; Lonza) were fed every other day with 2 mL of
Keratinocyte-SFM (#17005-042;Life Technologies) supplemented with supplied Epidermal
Growth Factor 1-53 and Bovine Pituitary Extract (BPE). Cells passaged using 0.25% TrypsinEDTA for 5 minutes followed by Trypsin Inhibitor. Occasionally poorly proliferating cells had
their media supplemented with “Pop” media (Table 2).
293T cells used for viral production and infection controls were cultured with MEF media every
other day. Cells were passaged using 0.5% Trypsin-EDTA for 3 minutes followed by Trypsin
Inhibitor.
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HSF1 Embryonic Stem Cells (ESC; UCLA Stem Cell Core) and xFipsc#2 induced pluripotent
stem cells (iPSCs; UCLA Stem Cell Core) were expanded and maintained using 2 mL mTesr1
Maintenance media (#05850;StemCell Technologies) on a daily basis. The mTesr1 kit contains
400 mL basal media, 100 mL supplement, with 500 uL 1000x Primocin occasionally added.
Cells were passaged using either a 10X collagenase solution diluted in DMEM or Accutase
(StemPro), with plates placed inside the incubator for a 45-60 minute period. Using a dissection
microscope, individual undifferentiated colonies are pipetted into new wells with fresh mTesr1
media. All plates are coated with Matrigel that provides a sufficient substrate for stem cell
adhesion and proliferation.
PCR
All PCR reactions were performed using DreamTaq Green PCR Master mix (#EP0712; Life
Technologies) and run on a MasterCycler Pro (Eppendorf) with the following settings.
Initial Denaturation: 95°C for 30 seconds.
Amplification (30 cycles): 95°C for 30 seconds, 55-60°C for 1 minute, 72°C for 2 minutes.
Final Extension: 72°C for 8 minutes.
Hold: 4°C.

Lentiviral Vector Construction
To improve reprogramming efficacy, new vectors were sought that would allow for selective
gene induction and selection. Therefore the prior polycistrons within pMX vectors were
amplified and ligated into the Tight-Puro Tet-On Inducible System (pLVX-Tight-Puro)(#
632162; Clontech Laboratories). The pLVX-Tight-Puro contains a puromycin resistance cassette
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and is rtTA inducible. This vector works in conjunction with a tetracycline controlled
transcriptional activator (rtTA Advanced), which contains a neomycin resistance cassette and is
Tetracycline inducible.
Initial attempts using BamHI and NotI (New England Biolabs) proved unsuccessful in excising
the polycistron insert from the pMX vector. Further investigation revealed that there was a
discrepancy in the given sequence of the vectors, where a PacI site had replaced BamHI. As the
pLVX-Tight-Puro does not contain a PacI site, an adapter sequence was created to add the RE
site while simultaneously destroying the BamHI recognition site, so that all unligated products
could be digested. Addgene’s “Plasmid Modification by Annealed Oligo Cloning” protocol was
used for adaptor construction.

5’ GATCTGAGGGTTAATTAAGTCCTGCGC
5’ GGCCGCGCAGGACTTAATTAACCCTCA
PacI sequence

BamHI overhang

NotI overhang

After confirming adaptor insertion using PCR, NotI and PacI was used successfully used to
clone the polycistrons into the PLVX-Tight-Puro (Figure 2.), correct orientation and insertion
was confirmed after sending mini-prepped sample to the UCLA Sequencing Core.
Viral Infection Protocol
Lentiviral particles for infection were generated using 293T cells which were plated at 3×106
cells/well on a 10cm dish. Cells were transfected using Lipofectamine2000 (#11668019; Life
Technologies) with VSVG and the target pLVX-Tight-Puro containing the polycistronic cassette.
17

The transfection media was replaced the following day with varying media, depending on the
cell intended for infection. Forty eight hours post transfection, the viral soup was passed through
a 0.45 um filter and 1-2 mL is added the NHDF, HEKn, or ESCs/iPSCs cells. To increase
infection efficiency, 0.8g/mL Polybrene was added during infection.
NHDF and HEKn were plated at 100K cells/well on a 6-well prior to infection, while ESCs and
iPSCS colonies were dissociated and plated at 300K cells/well. During ESC/iPSC infection, cells
were fed daily with 1ug/mL of ROCK Inhibitor to prevent apoptosis and improve cell survival
while cells are in an abnormal single cell state.
To improve viral titer, an Amicon Ultra Centrifugal Unit (Ultracel 100K) was occasionally
used. The viral supernatant was dispensed into a 30 mL syringe and passed through a 0.45um
filter to remove cellular debris. The filtered supernatant was directly added into the Ultra
Centrifugal Unit and spun down for 25 minutes at 3200 g. The remaining supernatant was left at
the bottom of the collection tube, while the concentrated viral particles are left in the collection
well at the top, usually in amounts ranging from 500-1000 uL. 2 mL of the appropriate media
was added to the cells prior to adding the virus, with our containing EGF and Polybrene. To
each well roughly 100 uL of the concentrated viral supernatant was added to the media within
the well, with the plate swirled for even distribution.
All cells were infected twice, with infection occurring over a 48 hour period within a designated
incubator. On the third day, the cells were washed to remove the remaining viral particles and
placed back in the normal tissue culture incubators. A GFP control is used during each infection
to determine transfection/infection efficiency as our YFP system is only inducible during
doxycycline treatment.
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As the pLVX-Tight-Puro system requires the tetracycline inducible rtTA for transcriptional
activation, all cells were first infected with the rtTA vector with 1 week of 200 ug/mL G418
selection performed before infection with the lentiviral plasmid. As the pLVX-Tight-Puro vector
also contains a puromycin selection marker, 0.5-1 ug/mL puromycin was added daily for a three
day interval or until all cells in the control population were dead.

Media and Plating Conditions for Fibroblast/Keratinocyte Reprogramming
For direct differentiation of NHDF to other lineages, media and plate substrates were selected
that provide ideal conditions for successfully reprogrammed cells.
Tissue Endothelial Conditions:
Forty eight hours postinfection, cells were plated on fibronectin coated 6-well plates at 100K
cells/well or 30K cells/well in a 24-well. After adhering, cells were fed with 293T media for an
additional day to ease transition, in addition to 2ug/mL of doxycycline. For the following 40+
days, cells were fed 2mL of Human Endothelial-SFM (Life Technologies), which is
supplemented with bFGF (20ng/mL) and EGF (10ng/mL) or Lonza’s EBM-2, containing hEGF,
Hydrocortisone, GA-1000 (Gentamicin, Amphotericin-B), 10 mL FBS (Fetal Bovine Serum),
VEGF, hFGF-B ,R3,IGF-1, Ascorbic Acid, and Heparin.
NPCL Conditions:
Forty eight hours postinfection, cells were plated on Polyornithine and Laminin coated 6-well
plates at 100K cells/well or 30K cells/well in a 24-well. After adhering, cells were fed with 293T
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media for an additional day to ease transition, in addition to 2ug/mL of doxycycline. For the
following 40+ days, cells were fed with NPC or Rosette media.
NPC and Rosette media (Table 2) are both formulations commonly utilized by the Lowry Lab to
promote rosette formation in iPSCs and ESCs, which appear as small circular bodies that form in
the center of differentiated colonies. These rosettes are transferred to Polyornithine/Laminin
coated plates and fed with NPC media to accelerate the propagation and stability of neural
progenitor cells (NPCs) that arise from the rosette bodies.

Base Media
Dulbecco’s Modified Eagle
Medium(DMEM)/F12

500 mL

B27 (Invitrogen)

10 mL

N2

5 mL

Penicillin-Streptromycin 100X

5 mL

Primocin 1000X

500 uL

Total

520.5 mL

NPC Media
Base Media

500 mL

Epidermal Growth Factor (EGF)

50 uL (1% of Base)

Basic Fibroblast Growth Factor (bFGF)

200 uL (4% of Base)

Total

500.25 mL

Rosette Media
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Base Media

500 mL

Retinoic Acid

50 uL (1% of Base)

Basic Fibroblast Growth Factor (bFGF)

200 uL (4% of Base)

Smoothened Agonist (SAG)

50 uL (1% of Base)

Total

500.3 mL

Pop Media
M199

213 mL

M106

213 mL

Epidermal Growth Factor (EGF)
(100ug/mL)

50 uL for 10 ng/uL

Hydrocortisone (1000X)

500 uL for 0.4 ng/uL

Penicillin-Streptomycin (1000X)

5 mL

Table 2. Components for Base, NPC, Rosette, and Pop Media

EB and Single Cell Differentiation Protocol
ESCs/iPSCS infected with the pLVX-CEMA polycistrons were grown to 60% confluence and
treated with collagenase to lift individual colonies off the well. Colonies were plated on Lowadherence plates, causing the colonies to round up into EBs. The EBs were fed every other day
with 2 mL of EB Media (DMEM, KOSR, LG, BME, and Primocin). After 1 week, cells were
dissociated using Accutase and plated at 500K, 300K, and 200K cells/well on PO/Lam,
fibronectin, or matrigel, depending on the polycistron.
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FACS
For Flow Cytometry analysis, EBs expressing the Tissue Endothelial polycistron were fed with
EB media for 14 days and dissociated into single cells with Accustase. The “Isolation,
differentiation, and characterization of vascular cells derived from human embryonic stem cells”
nature protocol22 was referenced in forming, staining, and analyzing CD31+ expression
compared to the GFP control.
IF Protocol
Cells on coverslips are fixed with 300 uL 4% paraformaldehyde (PFA) for 20 min and washed
twice with 500 uL PBS (Life Technologies). Blocking is done for 1 hour with 10% donkey
serum (Sigma Aldrich) and 0.1% TritonX (Sigma Aldrich) in PBST.
Antibodies used: CD31 (Dako; M082301-2), VE-Cadherin (Santa Cruz; sc-9989), Tal-1 (Santa
Cruz; sc-12984), Tuj1 (Abcam; ab14545), GFAP (Abcam; ab4674), MAP2 (Abcam; ab11267),
Sox2 (Santa Cruz; sc17320), Sox1 (R&D Systems; AF3369), Nestin (Neuromics; MO15012),
and Pax6 (Covance; PRB-278P).
RNA extraction and RT-PCR
Cellular mRNA was extracted using Qiagen’s RNesay kit, and cDNA was produced using Life
Technologies’ SuperScript III Reverse Transcriptase kit. For 96 or 384 well plates, Roche’s
SYBR Green Master Mix was used together with 10ng of each cDNA sample and ran on a
Roche LightCycler 480 RT-PCR machine.
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Primer List
The following primers (Table 3.) were used for cloning, standard PCR, and qRT-PCR.
Primer

Sequence (Forward/Reverse)

FLI-1 Coding

GACGACCAGTCCCTCTTTGA/GAGGGGGTTGATCTTGTGG

Tal-1 Coding

GGATGCCTTCCCTATGTTCA/AAGATACGCCGCACAACTTT

FLI-1 3'UTR

AGCGAGCTGGTCTATCCAGA/GCGCTTATTCTTTGCTGGAG

Tal-1 3'UTR

GTCCCAAATCCTTCCCAAGT/GCTGACAACCCCAGGTCTTA

Zeb1 Coding

CAAAATGGGGTTTTCACTGG/GGGAGACACCAAACCAACTG

Zeb1 3'UTR

AAACATATGCTAAATCCGCTTCA/GCACGGGTTGGAACTACATT

ETV1 Coding

CTTCCCACCACAAGGCTTTA/ATCATCAGAGGAGGGGGAAA

ETV1 3'UTR

GGGCTTTTCCTGTTGCATTA/CCATTCACCCATTAGCTTCC

Puro-TpacAdapater

GATCTGAGGGTTAATTAAGTCCTGCGC/GGCCGCGCAGGACTTAATTA
ACCCTCA

pLVXPuroProm

GTGTACGGTGGGAGGCCTAT/CGGTAGAATTCACGCGTTC

CEMATisEndo-G1-R

CCTCACTCACAACTGATAAGGC

CEMANPCLate-G1-R

TTCCACCTGGTCCTCTGTG

PECAM-3'UTR

GCTGAAGGCTGAAAGACAGG/GGCTGGTCTCAAACTCCTGA

VE-Cadherin-3'UTR

CCGAGCCATGTGTCTTTACA/TGAGCTTGGTGTCTCCTTCC

CD34-3'UTR

TTTGGGCCCCTCTCCCATCC/GCCGGTCCCGTTTTCCTGAG
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GATA2-3'UTR

CAGACGAAGGCAACCATTTT/CAGAGGAGAAGAGGGTGCAG

TP63-3'UTR

ACATGAAAGGTCCCCACAGA/GACAGCCCTTGACCAGAATG

KRT10-3'UTR

GCCCGACGGTAGAGTTCTTT/CAGAAACCACAAAACACCTTG

IVL-3'UTR

GGCCCTCAGATCGTCTCATA/GCTCACCTGAGGTTGGGATT

Oct4-3'UTR

AGTTTGTGCCAGGGTTTTTG/TCTACTGTGTCCCAGGCTTCT

SOX2-3'UTR

TTGTTCGATCCCAACTTTCC/ACATGGATTCTCGGCAGACT

Klf-4-3'UTR

TATGACCCACACTGCCAGAA/ATCCAGTCACAGACCCCATC

Pax6-3'UTR

TGCTGGCTGGCTTACTTCTT/GTGCCCAAGTGCACACATAC

Nestin-3'UTR

TGTGGCAAAGGAGCCTACTC/CACAAAAGCCAGCATGTCAC

SOX4-3'UTR

ATGGCGCTATGTTTGATTCC/GAGCATCGGTGAAGGAAAAA

PMX-NPC Late

CTACGCCTCACCCCTGCT/CCTTGCTCACGACCTTTCTC

PMX-Tissue Endo

CAGCCCGGACAGCTACAC/CCTTGCTCACGACCTTTCTC

Table 3. Cloning and qRT-PCR Primer List
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RESULTS

Reprogramming with the pMX-Retroviral System

All CEMA based polycistrons contain 3-4 transcription factors and were initially incorporated
into the retroviral pMX vector. Polycistron length varied from 4~5Kb, with the total vector
ranging from 10-12Kb. The pMX vectors contain gag, pol, and env genes that are necessary for
viral packaging when transfected into the host cell, typically 293T. Contained within these
retroviral particles are the polycistron in mRNA form, which are later inserted into the target
cells’ chromosome. The retroviruses produced do not contain the genes necessary for
reproduction, the infected cells do not pose a risk and can be used for clinical applications.
Retroviruses however are only capable of infecting mitotically active cells13, making them less
effective when working with slow dividing cell types.

Once the transcription factors are inserted into the target cell, strong transcriptional expression is
driven via a CMV promoter. As each genes is flanked with an unstable picornavirus 2A site, the
transcription factor is individually cleaved during translation, allowing for proper folding and
activity.

Prior to viral production, we wished to check the stability of the novel polycistrons, pMX-Tissue
Endothelial and pMX-NPC late, by observing nuclear YFP expression within a population of
transfected cells. By observing YFP expression, we can indirectly observe that each gene in the
polycistron is being cleaved at the correct site, and that the entire mRNA sequence is being
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translated, with a nuclear localized YFP the final gene in the sequence. Additionally, although
reprogramming is not expected within a week post transfection, it would be ideal to observe the
regulatory effects of the transcription factors by measuring upregulation of their downstream
targets via qRT-PCR, with primers generated based off of established markers unique to neural
progenitor and endothelial cells14 respectively. As 293T, an immortalized kidney cell line, grow
rapidly and are readily transfected, they were selected for this experiment.

Within 24 hours post transfection, YFP expression was observed among clusters of 293T cells
(Figure 4A). qRT-PCR demonstrated an increase in three of the four endothelial specific genes in
the pMX-Tissue endothelial sample, with the largest positive fold change seen in PECAM, an
adhesion protein commonly found in endothelial intracellular junctions. Similarly, the pMXNPC late sample showed a threefold increase for nestin, a transiently expressed intermediate
filament associated with axon growth, while others genes were mostly unchanged (Figure 4B).

As the efficacy of pMX-Tissue Endothelial and NPCL was now established, the next step
required retroviral production for subsequent infection into NHDF. This primary cell line had
been selected as therapeutic cellular reprogramming requires cells that are easily harvested and
cultured, with keratinocytes the ideal choice.
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Figure 4. Fluorescent Imaging and qRT-PCR Analysis of Transfected HEK 293T Cells
A. HEK 293T transfected with pMX Tissue Endothelial expressing nuclear localized YFP. B.
qRT-PCR analysis of YFP positive colonies using primers designed for endothelial and neural
specific markers.

Retroviruses containing our polycistrons were generated using kidney 293T cells transfected
with our pMX vectors and the appropriate viral packaging genes. After 48 hours, the viral
supernatant was filtered and added to NHDF cells that were plated at 100K cells/well with
polybrene to increase infection efficiency. However, after multiple rounds of infection and
observation, less than 1% of the population had any YFP activity, compared to the pMX-GFP
control with over 80% strongly fluorescent. Assuming that our viral production protocol may not
be optimal, the pMX vectors were sent to the UCLA Vector Core facility. Nonetheless, the
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samples generated by the core were only fractionally more effective at infection, indicating that a
different approach may be necessary to achieve an acceptable infection rate.

Constructing the pLVX-Tight-Puro Polycistron Vectors

Considering that the pMX vectors used for reprogramming range from 9-15kb, plasmids that size
are less likely to be incorporated during viral packaging, possibly contributing to the low
infection rate. Additionally, the limitation of retroviruses to only infect mitotically active cells
further limits the infection rate. To address these issues, the pLVX-Tight-Puro vector system was
selected for future reprogramming projects as it provides increased efficacy in infection rate,
selection, and experimental manipulation. As this is a lentiviral vector, this dramatically
increases the number of cells capable of infection, as lentiviruses can integrate themselves into
all cells, regardless of their mitotic activity. In order to create a homogenous population of
infected cells, this system includes the G418 and Puromycin resistant cassettes.

Unlike the pMX system, the pLVX-Tight-Puro requires two plasmids, one expressing the
tetracycline reverse transcriptional activator (rtTA), the other a containing the polycistron
downstream of the tetracycline response elements (TetO) promoter. By itself the rtTA is
incapable of binding to TetO, so that polycistron transcription remains silent, however when
tetracycline or its derivatives are supplemented to the media, transcription is initiated. The
benefits conferred by an inducible system are particularly advantageous for cellular
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reprogramming, as cellular maturation during reprogramming often requires silencing the
reprogramming factors before further differentiation can proceed15.

Figure 5. pLVX Lentiviral Vectors with Polycistron Fragments
pLVXA-Tight-Puro Tissue Endothelial, NPC Late, and GFP are lentiviral vectors that contain
a modified MCS with an adaptor sequence used to insert the various polycistrons. Each
transcription factor in the polycistron sequence are separated by 2A transcriptional cleavage
sites.

Prior to cloning the polycistrons into the pLVX-Tight-Puro vectors, we modified the vectors’s
multiple cloning sites to contain a PacI and NotI restriction sites by inserting an adaptor
sequence. After a few rounds of digestion and ligation, the Tissue Endothelial and NPC Late
polycistronic cassettes were successfully cloned into the pLVX-Tight-Puro vector (Figure 5). For
future infection and experimental controls, the GFP sequence from our pMX-GFP was also
transferred to the new system.

29

To test the efficacy of the new vector system, a control infection was performed on 293T cells
using the lentiviral supernatant produced by 293T cells co-transfected with pLVX-GFP or
pLVX-rtTA, VSVG and ∆R8.9. After three days of selection with 500ug/mL G418 and
0.75ug/mL puromycin, followed by two days of doxycycline addition to the media, all remaining
colonies were strongly GFP fluorescent (Figure 6).

Figure 6. NHDF and 293T Cells Displaying Fluorescent Markers 48 hours Post
Infection.
A. Fluorescent imaging of a pMX-GFP infected 293T after selection and doxycycline addition.
B. pLVX-Tissue Endothelial NHDF cells that show nuclear-YFP expression after selection
and doxycycline addition. Unlike the 293T colony, fluorescent intensity ranged greatly, with
some displaying none at all.
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Direct Differentiation of NHDF using pLVX-Tissue Endothelial and NPC Late

Now that the pLVX-Tight-Puro system had been verified with 293T cells, the project could now
transition back to the initial goal of the directly differentiating terminally differentiated cell types
using transcription factors while eschewing a pluripotent intermediate state. Foreskin derived
NHDF plated at 100K cells/well were infected with pLVXA-Tissue Endothelial and NPC Late,
with three days of G418/puromycin selection afterwards to remove the non-infected population.
To best promote reprogramming, the pLVX-Tissue Endo NHDF were transferred to fibronectin
coated wells and fed endothelial cell growth medium, while the pLVX-NPC Late NHDF were
plated on laminin/polyornithine coated wells and fed NPC medium. By tailoring the media and
substrate in such a way, we hoped to select cells that had begun to undergo epigenetic
remodeling and could optimally expand under such conditions. After two days of doxycycline
addition, YFP positive fibroblasts were observed (Figure 6.), compromising approximately
~40% of the total population.

After three weeks of doxycycline treatment however, the majority of infected fibroblasts
underwent no morphological changes, with qRT-PCR confirming no change in endogenous gene
expression. However, 28 days after initial polycistron induction, rosette like morphologies were
observed appearing in certain wells infected with pLVX-NPC Late (Figure 7.) After passaging
and re-selection, cells were stained with Pax6 and Nestin antibodies for immunofluorescence
visualization. These markers were selected as they are strongly expressed in NPCs and are
routinely used in the lab to quantify the neural differentiation of ESC/iPSCs.
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Figure 7. Infected NPC-late cells exhibit neural rosette-like morphology and NPC marker
expression
After six weeks of continuous doxycycline treatment, NHDF cells showed a marked change in
morphology and size reminiscent of neural progenitor cells (NPCs). Both (A) and (B) are phase
contrast images (bar represents 20um) of cells obtained from separate wells. A. Compared to
typical fibroblasts these cells have shrunken considerably and clustered together in a rosette-like
structure, which is similarly seen in iPSC/ESC derived NPCs. B. As NPCs begin to expand they
create compact colonies that extend outwards towards other such shapes, similarly the infected
NHDF have formed analogous structures. C. Neural markers Pax6 and Nestin show positive
staining in infected cells compared to NHDF-rtTA control.
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During typical NPC differentiation, the rosette formation is followed by an expansion outwards
with differentiation towards neurons and glia. By observing a similar morphology in our infected
NHDF, we hoped to recapitulate that process and thereby indicate the extent of reprogramming.
As doxycycline induces continuous expression of NPC transcription factors, we hypothesized
that further differentiation might therefore be inhibited. Therefore, after the first four weeks of
doxycycline addition, half of the infected cells had doxycycline removed from the media (termed
Dox+), compared to the control that remained treated (termed Dox-). qRT-PCR measuring the
neural markers Pax6 and Sox2 was then used to analyze cells with the rosette-like morphology,
Dox+, Dox-, with iPSC-NPC and pLVX-GFP used as a positive and negative controls
respectively (Figure 8). While all infected cells showed significant up regulation of neural genes
compared to the control, overall expression varied among samples, with no distinct trend
observed.
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Figure 8. qRT-PCR NPC marker expression in
Rosette, Dox(+) and Dox(-) NHDF cells
NPC markers Sox2 and Pax6 mRNA expression levels were determined using qRT-PCR relative
to NHDF-rtTA GFP infected cells. iPSC derived NPC expression is also shown. GAPDH was
used as an internal control.

Regarding the pLVX-Tissue Endothelial NHDF, no morphological changes or endothelial
markers were observed during the first month of doxycycline induction. However by the fifth
week one well contained cells with decreased cytoplasmic volume that began to grow colonies
with a cobblestone-like morphology, reminiscent of Endothelial cells (Figure 9A.) After
passaging and expansion, the cells were stained for CD31, a strong endothelial markers, and
Tal1, which is ectopically expressed by the polycistron. Despite nuclear Tal1 observed in all the
cells, only 1% of the population stained CD31+ (Figure 9B.). qRT-PCR from this distinct
population also showed a marked increase in CD31 and VE-Cadherin expression compared to
the GFP control (Figure 9C.), although the fold change was still far from the levels normally
seen in an endothelial cell culture. This indicated that while partial reprogramming is possible,
numerous unknown factors are likely required to transition, preventing the majority of the cells
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from undergoing the total epigenetic remodeling needed for direct differentiation.

Figure 9. Infected pLVX-Tissue Endo NHDF cells exhibit endothelial characteristics
After about 5 weeks of dox admission to NHDF-rtTA cells infected with the CEMA based –
Tissue Endothelial cocktail, a new compact cobblestone morphology cells appeared. A. phase
contrast (bar represents 20µ). B. IF staining for YFP, Tal1, and CF31. Positive staining among
all cells for YFP and Tal1 show induction and expression of the polycistron. One aspect of
interest is that the single CD31+ cell in the field of view seemed to express YFP and Tal1 with
the greatest intensity. C. Endothelial markers CD31 and VE-cadherin were upregulated as
measured by qRT-PCR relative to NHDF-rtTA GFP infected cells.
To investigate the cause behind the variable reprogramming results, we hypothesized that in
order to achieve direct differentiation, the cells would require both the ectopic expression of the
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polycistronic transcription factors, as well as endogenous upregulation that would result from a
positive feedback loop during the transition. To test this, two sets of primers were created for two
genes on the pLVX-Tissue Endothelial vector, Tal1 and Fli1. The first set amplified the coding
regions of the TF, which would read both the ectopic and endogenous expression. The second set
was designed to bind to the 3’UTR of our genes, as the polycistron only contains the cDNA
version of the TFs, only endogenous expression will be read. Using two NHDF-TE samples for
the qRT-PCR, ectopic expression shows overall high expression in the five and ninety day
sample, indicating that gene silencing has not caused polycistron expression to degrade over
time. The two-fold change seen in the ninety day TE set compared to the five day set may
indicate that maximum induction takes longer than the forty-eight hours previously suspected.
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Figure 10. Endogenous vs. ectopic expression of infected pLVX-Tissue Endo NHDF cells
NHDF-Tissue Endothelial cells were lysed at five days and ninety days post infection, both
continuously treated with doxycycline. NHDF-GFP and human umbilical vein endothelial cells
(HUVEC) are used as negative and positive control respectively. Tal1-C and Fli1-C ectopic
expression rose greatest in the ninety day cells that had acquired the EC morphology. However
with 3’UTR endogenous expression, all cells except HUVEC have insignificant fold change
values.

37

Increasing Differentiation efficiency in ESC/iPSC using pLVX-Tissue Endothelial and NPC
Early
From the prior experiments, it became clear that there are numerous epigenetic barriers involved
in direct differentiation. Besides up-regulating the transcription factors and genes necessary for
reprogramming, many lineage specific genes need silencing for this process to occur, whether
direct reprogramming or induced pluripotency is the intended goal16. While the transcription
factor cocktail may guide a subset of the infected population to reprogram, the overall efficiency
of the process presents additional obstacles before clinical applications can be considered. The
next step of the process therefore led to the hypothesis that genetically plastic pluripotent stem
cells would show greater responsivity to the TF polycistrons. By inducing these genes during
differentiation while following established differentiation protocols, we can increase the
differentiation efficiency and maturity of the resultant population.
The first round of PSC infection used xFipsc#2 iPSC colonies that were dissociated into single
cells and infected at 100K cells/well with pLVX-NPC Late, GFP, TE, and NPC-early.
Immediately post infection cells were treated with polybrene and ROCK inhibitor (Rhoassociated protein kinase), which decreases apoptosis and differentiation of stem cells in the
single cell state17. After two weeks of recovery in mTESR media, surviving single cells formed
new clonal colonies that were placed on low attachments plates to form embyroid bodies (EBs).
EBs are three dimensional stem cell clusters that recapitulate embryonic development by its
capacity to form all three germ cell layers. Additionally the compactness of the structure allows
for complex signaling networks that can induce morphogenesis and differentiation to cell fates
unachievable in a two dimensional culture. For the TE differentiation, EB formation is essential,
although endothelial cells typically comprise only 1% of the population after differentiation5.
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These EBs where then placed in NPC or TE media with doxycycline to promote differentiation.
Unfortunately, as each clone began to differentiate, the nuclear YFP signal decreased
dramatically overall, suggesting that the polycistron cassette was being transcriptionally silenced

YFP

Bright field

GFP

Bright field

(Figure 11).

Figure 11. GFP/YFP expression in xFipsc#2-GFP and NPC early clones
PSC colonies infected with pLVX-GFP and NPC-early were formed into EBs for two weeks
followed by single cell dissociation and fed with mTesr or NPC media for an additional two
weeks. While GFP clone 3 remained confluent, almost zero GFP expression is observed. NPC
early clone 5 did not survive GFW conditions, although weak YFP remains in those fed with
NPC media.
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Before starting a new round of infection with iPSCs and ESCs, we needed to improve the current
protocol as these cells are fragile and prone to differentiation in stressful circumstances. Our
primary concern was concentrating the viral supernatant to a higher titer, so that the single celled
PSC would remain mostly in mTESR media and remain stable, with a small quantity of
concentrated viral soup added for infection. For this we used an Amicon Ultra Centrifugal Unit
(Ultracel 100K) to concentrate the viral supernatant, using Ef1a-GFP lentiviruses to quantify the
optimum volume needed for infection. Amounts ranging from 1-50 uL were added to 293T cells,
with 2uL of polybrene (hexadimethrine bromide) additionally added to increase the infection rate
by lowering the charge repulsion between the virions and cell membrane. With the concentrated
lentivirus, GFP expression was observed in quantities as low as 5 uL, with optimal infection
observed at 50 uL, where over 75% of cells were GFP positive (Figure 12).

40

Figure 12. Viral titer using Ef1a-GFP lentivirus with Ultracel 100K
293T HEK cells were plated at 3 million cells/well and infected with concentrated and unconcentrated Ef1a-GFP lentivirus, a vector containing the human elongation factor-1 promoter to
drive GFP expression. 72 hours post infection, cells were visualized for GFP fluorescence.

Using the new method to increase the viral tier, pLVX-NPCe lentiviruses were used to generate
two new clones in HSF-1, an ESC line, with each clone expanded to produce EBs. After two
weeks growth in NPC media, the EBs were dissociated into single cells and fed for another two
weeks. Unlike the iPSC NPCe clones, the majority of cells remained strongly YFP positive
(Figure 13A). All clones were then IF stained with nestin and β-tubulin III, a microtubule protein
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almost exclusively located in neurons, and compared against a GFP control under similar
experimental conditions. While all three samples showed strong staining with the antibodies
used, the staining pattern indicated greater axon expansion and length in NHF-1 NPCe clone 6
compared to GFP (Figure 13B). To determine the potential positive or detrimental effects
continuous ectopic expression may have, selected wells from NHF-1 NPCe clone 2 and 6
stopped receiving doxycycline 21 days post infection, with cells from all samples lysed at
roughly the one month mark for qRT-PCR analysis. When doxycycline was removed, NeuroD1,
a neuronal transcription factor, increased in both clones compared to the control, with
SMARCA2 increased 8-fold in clone #2 (Figure 13C). SMARCA2 is thought to encode for a
chromatin remodeling transcriptional activator protein, which can suggest that further maturation
is achieved once ectopic expression halts. Comparatively, for samples that received continuous
doxycycline up until RNA extraction, only clone #2 showed high NeuroD1 fold changes in
addition to Sox1, another neural TF that maintains the neural progenitor cell state (Figure 13D).
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Figure 13. Differentiation Progress in HSF-1 NPCe #2/#6 Dox+ & DoxA. GFP/YFP expression in HSF-1 GFP, NPCe #6/#2 after 4.5 weeks differentiation with
doxycycline. B. IF staining of HSF-1 NPCe #6 and GFP with nestin and β-tubulin III
antibodies. C. qRT-PCR of HSF-1 NPCe #2/#6 and GFP after 28 days differentiation,
with doxycycline removed after 21 days. D. qRT-PCR of HSF-1 NPCe #2/#6 and GFP
after 31 days differentiation, with continuous doxycycline addition to media.
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As the HSF1-NPCe neural progenitor cells varied from the HSF1-GFP control in morphology
and expression, we wanted to confirm that further differentiation using growth factor withdrawal
(GFW) towards neurons and glia would differ between the populations. GFW is initiated by
removing the basic Fibroblast Growth Factor (bFGF) and Epidermal Growth Factor (EGF) from
the NPC media, with neurons typically appearing 2-3 weeks after factor withdrawal. For this
experiment HSF1-NPCe NPCs were split into 2 sets, one that received doxycycline during GFW
and the other not, with HSF1-GFW used as the negative control. After 2 weeks cells were stained
with antibodies for microtubule-associated protein 2 (MAP2), which are found in neurons and
are necessary for dendrite stability and length23, and glial fibrillary acidic protein (GFAP), an
intermediate filament expressed in astrocytes that, among other things, assists in astrocyteneuron interaction24. NPCs that had received continuous doxycycline treatment formed both
neurons and astrocytes during this short period (Figure 14.), with the doxycycline removed
population forming only astrocytes at that point. Comparatively, the GFP NPCs remained in an
immature undifferentiated state, with no GFAP or MAP2 staining observed.
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Figure 14. Neural and Glial Differentiation Using Growth Factor Withdrawal in HSF-1
NPCe #2/#6
MAP2 and GFAP IF staining of HSF1-NPCe #2/#6 and HSF1-GFP after 2 weeks of growth
factor withdrawal; clone 2 and GFP received continuous doxycycline treatment during this
process.
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FACS Sorting HSF1-NPCe EBs
As the prior IF images indicate, although the plated HSF1 NPCe EBs differentiated entirely into
NPCs and showed proper marker staining, not all cells remained YFP positive during the
differentiation process. This presents a few issues, especially in further downstream analysis,
such as qRT-PCR, where the presence of uninfected or non-expressive cells can skew results by
diluting the expression of some genes, while over-expressing others. To address this, six
different HSF1-NPCe cultures were prepared. Using the same NPCe clones from the prior
experiment, clones 2 and 6 were used to generate EBs in media with and without supplemented
doxycycline, with some cells receiving a brief 2 week treatment of doxycycline. These cells were
then sent for GFP/YFP FACS sorting (Figure 15), and separated into HSF1 NPCe YFP+/YFPpopulations for additional qRT-PCR analysis. The relatively high levels of Lin28B expression
seen in the YFP negative samples suggests an immature state compared to the YFP positive
samples. Lin28B, as well as other in the Lin28 family, maintain immaturity in undifferentiated
cells by blocking expression of Let-7 microRNAs, which promote cell maturity during
development18. The cells that retained YFP expression also showed an increase in the NPC
markers Sox1, Pax6, and endogenous HOPX (Figure 16).
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Figure 15. FACS Sorted HSF1-NPCe for YFP Fluorescence
HSF1 NPCe #2 and #6 clones gated for GFP positive and negative cells. Clone #6 on average
had the highest ratio of GFP positive cells (~80%), compared to clone #2 at around 25%. A total
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of six cell populations were collected, for the Dox+ EBs, both the YFP+ and YFP-, while the dox
removed EBs only had the YFP+ cells collected.

Neural and PSC Genes

Figure 16. qRT-PCR Results of Sorted HSF1-NPCe
NPC markers Sox1, Pax6, Lin28A/B, HMGA2, HOPX, SMARCA2, and Sox2 endo mRNA
expression levels were determined using qRT-PCR relative to HSF1-GFP infected cells. GAPDH
was used as an internal control.
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DISCUSSION

While the process of differentiation and lineage commitment was once considered an irreversible
fate, it is now known that cellular plasticity can be restored via ectopically expressed
transcription factors. This concept was prominently demonstrated during 2007, when Yamanaka
factors (Oct4, Sox2, Klf4, c-Myc) successfully reverted fully differentiated murine fibroblasts
into an embryonic pluripotent state, since termed induced pluripotent stem cells. The
demonstration that only four factors are necessary for complete epigenetic remodeling therefore
suggested that with the correct factor combination, direct reprogramming could be achieved
while bypassing a pluripotent intermediate state. Since that fateful discovery, neurons,
cardiomyocytes, and other cell types have been generated using fibroblasts, with transcription
factors providing the regulatory cascade required for this process to occur. Unfortunately current
protocols to identify the ideal factors are slow and laborious, with transcriptional analysis
between the starting and target cells used to identify a long list of differentially expressed
transcription factors that then require further screening.
Rather than rely on this brute force approach, the Core Expression Module Analysis or CEMA
utilized pre-existing RNA sequencing data from a range of cell types to perform multiple sample
transcriptome comparisons. This data, once parsed through gene ontology analysis, created a cell
specific hierarchical list of transcription factors that was later used to generate pMX retroviral
vectors containing factors specific to keratinocytes, neural progenitor cells, tissue endothelial
cells, and ESCs.
For the first part of the project we used two newly constructed pMX vectors, NPC Late and
Tissue Endothelial, each containing four transcription factors distinct to the target cell type.
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Rather than have each factor on a separate vector, or contain its own promoter on a single vector,
the genes were combined into a single polycistronic sequence with an additional YFP marker
attached at the end. Prior to infecting dermal fibroblasts cells for reprogramming, immortalized
HEK 293T cells were transfected, with YFP observed within 48 hours. Besides marking the cells
that were successfully transfected/infected, the presence of functional YFP indicated that the
polycistronic RNA properly cleaved during translation, and folded to form functional proteins.
Despite the relatively brief period of ectopic expression, when YFP positive colonies were
analyzed via qRT-PCR, endogenous expression of PECAM, an endothelial markers, and Nestin,
a neural marker, showed a small but significant increase in fold change.

When retroviral particles containing the vector were used to infect neonatal human dermal
fibroblasts (NHDF), the infection efficiency was extremely poor, with less than 10% of the
population YFP positive. This result was likely attributable to the nature of the virus itself, with
retroviruses incapable of infecting mitotically inactive cells. While past experiments used FACS
to sort the fluorescently active cells, the current percentage was too low to consider this a viable
option. The polycistronic sequences were thus transferred to pLVX-Tet-On lentiviral vectors that
contained G418 and puromycin resistance cassettes, and a tetracycline inducible promoter
system. Despite low infection rates with consequent lentiviral infections, selecting allowed for a
homogenously infected population.
After four weeks, morphological changes were observed in both NHDF pLVX-Tissue
Endothelial and NPCL cultures that had been cultured in neural or endothelial media. In
particular the neural media contained factors such as N2 and B27 that promote neural
differentiation in stem cell cultures. Cells expressing the Tissue Endothelial polycistron had
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shrunk their cytoplasm considerably, clustering tightly in a “cobblestone” formation. When
stained for CD31/PECAM (Platelet endothelial cell adhesion molecule), only a few cells stained
positively. It was also interesting to note that these same cells also stained strongly for Tal1, one
of the ectopically expressed TFs, indicating variability in ectopic expression that may have been
tied to reprogramming success. Around the same time frame, some of the NHDF NPCL colonies
began shrinking in size and forming tightly clustered rosettes, a morphology observed during
early in vitro differentiation of pluripotent stem cells towards a neural lineage. The cells however
did not remain in this formation, and began forming arching pseudopods extending to other cells,
another phenotype common to NPCs. Expression of neural markers such as Nestin, Pax6, and
Sox2 was upregulated in these morphologically distinct cells, indicating some degree of
reprogramming.
The reprogramming process however remains highly variable, with only a low fraction of YFP
positive cells undergoing any form of morphological rearrangement, with relative marker
expression a fraction compared to tissue sample controls. Despite tailoring media and plating
conditions in conjunction with ectopic polycistron expression, there remains epigenetic barriers
that prevent the silencing of fibroblast genes needed for complete reprogramming. Further
experiments are required to determine whether the TF cocktails used was insufficient for this
process, and that a new combination from the CEMA list could ideally generate better results.
Rather than force direct conversion from one somatic state to another, some labs have had
success creating cells in a multipotent intermediate state by transient expression of the
Yamanaka factors7. This process restructures the cells epigenetic memory, increasing cell
plasticity and amenability to additional reprogramming.
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For the latter part of the project we infected the iPSC strain HSF1 with pLVX-NPCe, a
previously constructed neural progenitor vector, and induced ectopic expression during NPC
differentiation. While pluripotent cells will naturally differentiate to form all three germ layers
when deprived of stem cell media, including some neural progenitor cells, without the correct
factors and culture substrates, the resultant cell population is extremely heterogeneous. However
when certain genes are ectopically expressed during differentiation, we can increase the speed
and efficacy of the process, with results seen in neuronal19, hematopoietic20, and cardiogenic21
lineages. Besides increasing differentiation efficiency, we also observed for increased maturity
and a population transcriptome more aligned with in-vivo samples. When comparing HSF1NPCe clone 6/2 to HSF1-GFP, both of which had undergone a lab established protocol for NPC
differentiation, we observed that NPCe #6 cells had greater axon length and alignment, while
NPCe #2 had increased expression of the neuronal TFs, NEUROD1 and Sox1. The significant
variation among clones demonstrates the expression variability inherent in viral infections, and
the necessity to test and store multiple clones, especially as stem cells are known to silence retrovirally inserted foreign genes over time25.When these NPCs where then directed to undergo
further differentiation using GFW, only the cells that had expressed the NPCe polycistron were
able to form neurons and astrocytes after a 2 week period.

To determine the importance of continuous ectopic expression and its ability to promote or
inhibit differentiation, we had exposed the same clones to continuous or partial doxycycline
treatment, with subsequent FACS to isolate cells that maintained expression of the NPCe
polycistron. Despite the fact that all cells had undergone neural differentiation, and
morphologically appeared similar, the highest expression of the neural markers Sox1, Pax6, and
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HOPX was measured in cells continuously expressing the inserted transcription factors.
Interestingly cells that had silenced expression early on were also expressing the Lin28B, which
belongs to a family of micro-RNA binding proteins. By binding to Let-7, Lin28 prevent their
maturation, which is crucial for cellular development and differentiation. We can hypothesize
that their continued expression indicates a still immature cell state which can further inhibit
differentiation into mature neuronal cells, such as neurons, glia, and astrocytes.
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CONCLUSION

By continuously expressing 3-4 selected transcription factors in somatic cells, we demonstrated
that ectopic expression over a 6 week period was enough to initiate endogenous transcriptional
upregulation of neural or endothelial genes and proteins, which in turn influenced individual cell
morphology and cell-cell interactions. Using the same process in pluripotent stem cells, we
achieved neural progenitor cells that compared with the GFP control had greater genetic and
morphological maturity, capable of forming neurons and astrocytes within a span of 2 weeks.
When applied for clinical usage, this method should increase differentiation efficiency and speed
while decreasing expression of oncogenic genes that could lead to teratoma formation.
Additionally, cell types that traditionally take months to form in vitro, such as oligodendrocytes,
may possibly be generated in a fraction of time using the right combination of selected factors.
While this method of selecting transcription factors has not yet achieved complete
reprogramming in somatic cells, this experiment has demonstrated CEMA’s potential to identify
transcription factors influencing cell fate. With improvements in the algorithm, and an expansion
of the cell profile database parsed for analysis, we can further narrow down potential TFs for use
in future reprogramming experiments.
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