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Abstract
This thesis discusses 2 projects: 1) generating a methodology for creating a human
induced pluripotent stem cell (hiPSC) line receptive to gene editing and 2) exploring the
role of Nanog and the epithelial to mesenchymal transition (EMT) proteins in the
pathophysiology of squamous cell carcinoma (SCC) of patients with recessive dystrophic
epidermolysis bullosa (RDEB). The first project sought to create a way of culturing
hiPSC that would alter the chromatin of cells to be more permissive to gene editing with
CRISPR/Cas 9. The first culture method, naïve medium, was not able to produce a stable
pluripotent stem cell line and retained pluripotency could not be proven through careful
experimentation. The second culture method, region-selective, was able to produce a
more stable pluripotent line. However, pluripotency was not proven conclusively and
optimal parameters for electroporation for gene editing delivery was not found because
all voltages tested caused the cells to differentiate. 2) The role of Nanog and the
downstream EMT protein was explored in the uniquely deadly form of SCC found in
RDEB patients based on the observation that the Nanog promoter is hypomethylated in
the patients’ keratinocytes. Preliminary results suggest that Nanog and the EMT genes
are upregulated in the RDEB SCC samples compared to non-RDEB SCC samples. Future
experiments will focus on exploring the role Nanog is playing through RNAi
knockdowns of the mRNA transcript.
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CHAPTER 1: GENERATION OF NAÏVE AND REGION-SELECTIVE
HUMAN INDUCED PLURIPOTENT STEM CELS
i. Introduction
The first goal of the thesis project was to generate a human induced pluripotent
stem cell (iPSC) line that would be receptive to targeted gene editing via CRISPR/Cas9.
Briefly, the history of creating a pluripotent cell from a somatic cell began with the Nobel
Prize winning work of Dr. Yamanaka. Dr. Yamanaka and colleagues used a retro-viral
introduction of four factors, Oct4, Sox2, KLF4 and cMyc, to “reset” a mouse fibroblast
cell to a pluripotent cell type (Takashi and Yamanaka 2006). This pluripotency was
proven via expression of the core pluripotency factors, Oct4, Nanog, Sox2 and SSEA 1,
formation of a teratoma with all three germ layers present and eventually the ability to
create a chimera when injected into a blastocyst. The following year, human iPSCs
(hiPSCs) were generated from dermal fibroblasts using the same approach (Takashi et al.,
2007). HiPSCs were also generated successfully by the Thomson lab using a lenti-viral
approach to introduce expression of Oct4, Sox2, Nanog and Lin28 (Yu et al., 2007).
There are functional and transcriptome differences between mouse iPSCs and
hiPSCs despite the similar approaches. The most obvious difference is the medium
requirements to keep the iPSCs in an undifferentiated state that maintains the cell’s
ability to self-renew. Mouse iPSCs cells are maintained using LIF (leukemia inhibitory
factor) and inhibition of both the GSK pathway and the ERK pathway (Ying et al., 2008).
Human cells require more factors especially FGF, BMP, Wnt and their respective
antagonists (Thomson et al., 1998). Morphologically, hiPSC colonies are “flatter” and the
state of X-inactivation is not reversed as it is in mouse iPSCs. Past the technical
differences, hiPSCs are found to very rarely contribute to chimeras and display low levels
of chimerism (Simerly et al., 2011). HiPSCs are typically not able to be single cell
passaged, and instead must be passaged in clumps in order to retain pluripotency (Hanna
et al., 2010). Another unfavored characteristic of hiPSCs is that they undergo very low
levels of genetic editing (Mali et al., 2013).
The concept behind gene therapy/editing is conceptually simple. Cells from a
patient with a genetic disease would be isolated, the target sequence would then be
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corrected, and the cells could then be injected into the patient. This technology works
because the language of nucleic acids is universal. If you alter the genome of an
individual through a removal, insertion or correction of a target sequence, it will be read
by the patient’s machinery in a predictable manner. The complexity of gene editing
originates from how to do the edits themselves. Prior to 2013, two types of designer
nucleases were used; transcription activator-like effectors nucleases (TALENs) and Zincfinger nuclease (ZFN). Both of these technologies use engineered sequence specific DNA
binding domains that are linked to a non-specific FokI enzyme (Sander and Joung, 2014).
An emerging technology, clustered, regularly interspaced, short palindromic repeat
(CRISPR)/Cas9, allows for highly targeted gene correction (Sander and Joung, 2014).
Cas9 originates from bacteria and can create double stranded breaks in a targetable
manner. These double stranded breaks can then be used for deletions, insertions and
corrections if you provide a template for the host machinery to resolve the break (Sander
and Joung, 2014).
CRISPR technology is a two-component system, the Cas9 nuclease and the guide
RNA (gRNA). The enzyme is Cas9, which was isolated from the bacteria Streptococcus
pyogenes. The main difference compared to previous is the RNA guide, instead of the
complex DNA binding protein used in TALEN and ZFN technology (Ran et al., 2013).
The gRNA, is a fusion of two different types of RNA. The first part is the crRNA or the
CRISPR RNA. These RNAs are generated from the processing of the CRISPR repeat
arrays that contain sequences transcribed from the invading DNA, “protospacer”, and
part of the CRISPR repeat (Sander and Joung 2014). The second component of gRNA is
fixed transactivating CRISPR RNA, or tracrRNA. This sequence then hybridizes to the
crRNA. Actual cleavage is achieved once the components complex. The protospacers
lead to cleavage at the complementary DNA to the protospacers by Cas9. One additional
variable is that the DNA must be adjacent to a PAM (proto-spacer adjacent motif)
sequence, 5’ NGG. PAMs are quite common in the genome and don’t limit the use of the
technology. The two components are sufficient to cause a double stranded break at the
target sequence, but if one supplies a double stranded DNA or single stranded DNA
template, homology directed repair could take place. Using an alternative Cas9, one can
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also introduce a single nick or alter expression of a gene through fusion of the Cas9
protein to an enhancer or silencer (Sander and Joung, 2014).
Despite the emergence of CRISPR Cas9, the efficiency of gene correction by
CRISPR Cas9 is very low in hiPSCs (Gao et al., 2014). The low efficiency makes it
necessary to have a way to select for the cells that have been successfully corrected, since
sequencing of every cell would not be reasonable. These selectable markers are not ideal
from a clinical perspective when the least amount of genetic alteration is desired. Low
efficiency means it takes weeks or months to generate enough cells for an effective cell
replacement treatment. If efficiency could be improved, more cells would be correctly
edited, allowing researchers to more easily sequence clones and get a properly corrected
cell. Also, an increase in the number of corrected cells would allow for a greater amount
of cells to be used as the starting population for expansion and eventual treatment.
These concerns led researchers to began to try and create hiPSCs that would be
“naïve” and be closer to mouse ESCs instead of developmentally primed mouse epiblast
stem cells (epiSCs) that hiPSCs resemble in traditional media (Tesar et al., 2007 and
Brons et al., 2007). The terms naïve (also called groundstate) and primed are derived
from observations that cells isolated from the epiblast (E5.5-E7.5) are morphologically
similar to human ESCs. Mouse epiSCs require the same medium components as human
ESCs and iPSCs to sustain expression of the pluripotency factors and self-renewal (Tesar
et al., 2007 and Buecker et al., 2014). Thus, these represent a different developmental
state in mouse development, with naïve coming from the highly plastic state of ICM prior
to implantation and primed from the inner cell mass (ICM) further into gastrulation when
the pluripotent cells are beginning to have a less open chromatin and potential to generate
all cell types (Hanna, Saha and Jaenish, 2010).
The functional difference between mouse ESCs and mouse epiSCs is still being
explored but generally it is thought that in the latter, the bivalent state of the chromatin is
beginning to disappear, leading to activation or repression of genes being favored (Geula
et al., 2015; Le Bin et al. 2014). Furthermore, in epiSCs methylation of the promoters of
early maternal effect targets is beginning to occur (Geula et al., 2015; Le Bin et al. 2014).
Additionally, the isolated epiSCs are a heterogeneous population due to epigenetic
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changes causing lineage preferences (Bernemann et al., 2011, Kojima et al., 2014). These
different epigenetic states may be responsible for the observed differences between
mouse ESCs and human ESCs. Generally, it is much easier to generate all cell lineages
from mouse ESCs and mouse iPSCs compared to human ESCs/iPSCs. As mentioned
above, the loss of bivalent chromatin would mean that human ESCs would no longer be
poised to generate any lineage when there is a small shift in signals received by the cell
since genes are no longer marked with equal amounts of repressive modifications and
activating. The chromatin state also could explain the difference between mouse and
hiPSCs in terms of gene editing efficiency, with mouse iPSCs having high rates of
editing and hiPSCs rarely being successfully edited (Gao et al., 2014). It is for this reason
that we believe that if the human equivalent of mouse ESC could be generated using
medium components, the difficulties of genetic editing in iPSCs could be reduced to a
level similar to that of mouse ESCs.
The history of generating a “naïve” hESC is based on the idea that if one blocked
every possible cell commitment, the cells would revert to a state that was not specific to
any lineage and therefore would have the potential and bivalent chromatin to become all
lineages equally. The first medium published by Li et al. 2009, 3i, used a combination of
three molecules, CHIR99021, PDO325901, and LIF. These molecules blocked signaling
through glycogen synthase kinase 3 (GSK3), Fibroblast growth factors (FGFs),
phosphorylation of mitogen-activated protein kinase kinase (MEK) and cell commitment
respectively (Fonseca, Costas and Pereira 2015). To our knowledge, the results published
were never obtained by another lab but they marked an important shift in methods to
obtain pluripotency towards using small molecules to block pathways instead of
approaches using retroviruses to cause exogenous expression of Klf2, as previous papers
had attempted (Hanna, Saha, Jaenish, 2010 and Takashima et al., 2014).
In 2013 and 2014, five different labs published methods for generation of human
naïve cells. They used small molecule inhibitors; however, due to a lack of consensus as
to what constitutes a naïve human cell, different combinations of inhibitors were used by
each lab. A summary of all the different medium can be found in Figure 1. The following
paragraphs summarize the methods and results from the different labs. (1) Chan et al.
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designed a protocol based on the results of a screen of small molecules that raised
expression of Nanog (Chan et al., 2013). Their protocol was able to produce a population
of cells with all cells having both X chromosomes active and an expression profile that
grouped with human blastocyst cells instead of human ESCs. (2) The Ware et al. 2014
protocol involved multiple media, which when applied, mirrored the development cues
received by the ICM in mouse development. Cells were exposed to histone deacetylase
inhibitors for a few passages then transitioned to medium containing 3i+bFGF before
ultimately being cultured in 3i+LIF. These cells showed an improvement in cloning but
only a small subset of the population displayed X-activation. (3)Valamehr et al. 2014
published a continuation of their previous work of generating stable feeder-free iPSCs
that incorporated small molecules against Rho-associated protein kinase (ROCK), GSK3,
and MEK, as well as the addition of LIF and bFGF. This combination of media did not
lead to the desired morphology but the cells exhibited an increase in survival after singlecell dissociation and had both X chromosomes active. None of the methods were
considered to have generated a fully naïve human cell.
The paper published by Theunissen et al. 2014 (in Figure 1 labeled 5i/L/A)
showed promising results, with the highest correlation to mouse ESCs transcriptome. The
medium published by Theunissen et al. was designed based on the ability of the medium
to produces cells that used the distal enhancer (DE) instead of the proximal enhancer (PE)
for driving expression of Oct4. This distinction was biologically relevant because when
the mouse pluripotent stem cells (PSCs) of the ICM change to epiSCs, the enhancer
switches to PE, which begins to favor expression of the proteins required for the epiSCs
development (Pan et al., 2002). The biological significance of this is not completely
understood, but generally it is thought that the switch represents the change from
maternal effected Oct4 to the more zygotic driven Oct4 expression (Hanna, Saha and
Jaenish, 2010). The regulators that bind these enhancers sites are also different, which
could provide different cellular contexts (Shi and Jin 2010). The medium was a
combination of small molecule inhibitors targeting B-Raf proto-oncogene,
serine/threonine kinase (BRAF) and Rous sarcoma oncogene cellular homolog (SRC).
The cells generated using this medium had a transcriptome that coupled with naïve
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mouse ESCs when doing non-hierarchical clustering. These cells did not generate
chimeras or exhibit X chromosome re-activation.

Figure 1: Summary naïve medium published in chronological order. Adapted from
Theunissen et al. 2014
Perhaps, the most important naïve cell generation was published in Nature in
2013 (Gafni et al., 2013). Dr. Hanna and colleagues screened for inhibitors that could be
added to 2i (inhibitors targeting GSK3β and MEK) and LIF to maintain homologous
Oct4 expression in 100% of cells. The final medium contained a mitogen-activated
protein kinase 8 inhibitor (JNKi), a mitogen-activated protein kinase 14 inhibitor (p38i)
and an inhibitor of protein kinase c (PKCi). The cells had morphology similar to mouse
ESCs in culture and were stable for more than 50 passages. The most remarkable
characteristic of these cells was that when injected into an E2.5 mouse morula that was
allowed to develop in a pseudo-pregnant mouse until E10.5, there was integration of the
human cells in the embryo, and those integration sites included the embryonic neural
folds.
The results of Dr. Hanna and colleagues seemed the most promising due to their
chimeric integration and also because their results had been mostly generated using
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iPSCs. Despite using an iPSC line, which has more epigenetics to be erased than an ESC
line, the researchers were able to generate a naïve line with bivalent chromatin. The
bivalent combination of repression and activation marks on the chromosomes mirrors
mouse ESCs and led me to believe that cells cultured in naïve medium might be able to
erase their differentiation biases towards the cell type the iPSC line was generated from.
The biases of iPSCs toward differentiation down their origin cell type instead of
the desired type is well established (Feng et al., 2010; Hu et al., 2010; Kim et al., 2010;
Miura et al., 2009; Polo et al., 2010; Stadtfeld et al., 2010). Since the cells favor
differentiating down a lineage, this limits their use in clinical settings where a certain cell
type is required, which may not necessarily be the starting cell type. Kim et al. in 2010
tested the ability of different mouse pluripotent cells: iPSCs derived from blood, iPSCs
derived from skin, ESCs generated by nuclear transfer from a skin cell (ntESCs), and
traditional ESCs (fESCs), to generate blood cells in vitro. The type of pluripotent cells
showed remarkably different success rates. The ntESCs and fESCs generated blood at
high levels but iPSCs from skin cells rarely made blood cells. However, when inducing
the pluripotent stem cells to form osteoblasts, the iPSCs from skin had the highest
success rate and ntESCs and fESCs generated osteoblasts at the same rate as they
differentiated into blood. This bias towards the lineage the cells were generated from is
believed to be due to retained epigenetics of the parental cell. The most important
contribution to the retention are methylation and histone modifications that are specific to
the original differentiated cell type instead of mirroring the ESCs (Bar-Nur et al., 2011;
Kim et al., 2010; Kim et al., 2011; Lister et al., 2011; Ohi et al., 2011; Polo et al., 2010;
Ruiz et al., 2012).
While most studies generating iPSCs focus on the reversal of the
hypermethylation on the pluripotency genes, little attention is paid to whether the genes
required for the source cell fate become methylated. Lister et al. 2011 found that it was
this lack of DNA methylation that was responsible for the cellular memory and that it
also contributed significantly to the biases iPSCs demonstrate in terms of their ability to
make other lineages. The inability of the iPSCs to make lineages that are not the parental
lineage is greatly influenced by the remaining methylation of the other lineages even
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when promoted (Lister et al., 2011; Ohi et al., 2011; Ruiz et al., 2012). The same paper,
Kim et al 2010, that first published the biases also states that one can erase the
modifications through continuous passaging or inhibiting methylation and histone
deacetylation (Kim et al., 2010). Unfortunately, the reprogramming and prolonged
culturing can also cause genetic imprinting that can be difficult to reverse even after
differentiation (Lister et al., 2011; Chamberlain et al., 2010; Nazor et al., 2012; Nishino
et al., 2011; Pick et al., 2009; Ruiz et al., 2012). One final consideration of epigenetics is
X-inactivation. Mouse naïve cells have both X’s active. The re-activation of both X’s can
be achieved in iPSCs through continuous culture. Silva et al. found that the active status
of both Xs was retained even after differentiation (Silva et al 2008). This is in contrast to
what happens when naïve cells were made by Gafni et al, where greater than 80% of foci
per nuclei underwent X-inactivation upon differentiation. A summary of the epigenetic
issues and their consequence is presented in Figure 2. As is clear, if the generated naïve
cells can erase the biases and the alterations caused through the generation of iPSCs, it
could make iPSCs more versatile and safer for eventual cellular treatments.

Figure 2: Summary of epigenetics of iPSCs and the downstream effects. Adapted
from Liang and Zhang 2013.
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The naïve cells generated by Gafni et al were also favorable for one final reason.
The researchers edited hESCs line H9 using TALEN technology and found higher
efficiency of homologous recombination at the collagen 1 locus after the 3’ UTR, with
proper integration location in 8/48 and 3/24 of sequenced clones. Homologous
recombination is the favored method of gene editing for corrections when compared to
non-homologous end joining that can result in deletions and insertions when integrating
the donor sequence (Sander and Joung, 2014). The researchers investigated gene editing
rates because of the known higher rates of gene editing in mouse naïve cells compared to
mouse ESCs. One factor in the efficiency of gene correction is the accessibility of the
target region of the genome to the designer nucleases including Cas 9(Gao et al., 2014).
The same mark, H3K27me3, that is associated with the loss of biases, is used to evaluate
the accessibility of location for gene editing by Cas9 (Kearns et al., 2014). A decrease in
H3K27me3 marks leads to less compact chromatin and therefore an increase in the
gene’s accessibility to Cas9.
An alternative explanation for the increase in gene editing could be that the shift
in proliferation rates of naïve cells leads to higher transfection efficiency. In a lecture
given at the Stem Cell Institute on November 4th 2015 by Dr. Greg Davis the research
done by Dr. Skarnes was brought to our attention. Dr. Skarnes had found that culturing
iPSCs in TeSR-E8 prior to genetic editing caused an increase in efficiency. Dr. Skarnes
believed that this is due to the increased proliferative state the iPSCs acquired in TeSRE8 (Skarnes 2015). The naïve cells obtained by Dr. Hanna and colleagues also exhibited
a significant increase in proliferation rates.
The naïve cells could also be single cell passaged. Single cell passaging would
allow researchers to be able to make clonal cultures leading to limited heterogeneity in
the resulting population. This could be safer for clinical application since one cell of a
clone is a proxy for the remaining cells of the clone. The fact that the cells can be single
cell passaged also allows for a faster timeline from laboratory to clinic to create a
uniform cell pool. One can envision a protocol where only a single colony of naïve cells
would need to be successfully gene edited, which could then be single cell passaged and
then differentiated into the cell type of interest.
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Based on these major advantages, an endeavored to use the medium published on
Dr. Hanna’s website was undertaken. This medium is similar to the medium published in
the Nature paper but had optimized molarity of the small molecules and was modified so
the small molecule inhibitors could be added to any base medium. The medium
composition chosen was composition 1, which uses mTeSR as the base medium. MTeSR
was chosen as a base because unlike E8, it already contained the TGF-β and FGF2. TGFβ and FGF2 are critical to promote the naïve pluripotency by jointly inducing the
expression of Klf4 and Nanog. Another key component was human LIF because the cells
were now reliant on LIF to maintain their ability to self-renew. LIF also blocks the
mesoderm/endoderm fate. LIF plays these same roles in mESC medium (Nichols and
Smith, 2011). The ability of the cells to self-renew is further enabled through the addition
of Chir99021, which inhibits GSK. GSK represses the ability of the cells to self-renew by
promoting a more primed fate similar to an epiSC (Berge et al., 2011,Ying et al., 2008
and Wray et al., 2011). The medium also contains PD0325901, which is an inhibitor of
MEK pathway by inhibiting the phosphorylation of MEK1 and MEK2. MEK expression
is required for the neural lineage, as well as the mesodermal lineage (Kunath et al., 2007
and Stavridis et al., 2007). The reversal of the restrictive methylation is due to the
addition of a p38 inhibitor, BIRB796. The inhibition of p38 is required to down regulate
DNMT3B/A (de novo DNA methyltransferase). The p38 inhibitor also has a role in BMP
pathway along with the inhibitor of JNK, SP600125. The BMP pathway is required for
inhibiting the ability of pluripotent cells to become neuroectoderm (Chuang et al., 2015).
The final component is an inhibitor of PKC, Go6983. This inhibitor causes an increase in
the expression of KLF and nuclear receptor estrogen-related receptor b (ESRRB), which
are both parts of the mouse naïve circuitry (Manor, Massarwa, Hanna, 2015). One
additional component is only used when the cells are passaged, the ROCK inhibitor Y27632. This inhibitor is commonly used in all labs to help pluripotent cells adhere after
passaging.
An alternative way of creating iPSCs that might permit gene editing was recently
published by Wu and colleagues (Wu et al., 2015). The methodology is similar to that of
the naïve medium components in that it utilizes small molecules/factors, and that
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potential combinations were screened based on the stability of homologous expression of
Oct4. However, this group approached primed pluripotency from a different angle. They
did not try to reverse the primed state but rather alter it in such a way that the cells could
better contribute to chimeras (the weak data behind this will not be discussed in this
thesis), had higher cloning efficiency, and could be single cell passaged. The medium, so
called “region-selective”, is essentially the base medium of E8, E6, with the addition of
FGF and IWR-1. Both FGF2 and IWR-1 were already known to be critical components
for maintenance of epiSCs. EpiSCs are the in vitro counterpart of the anterior primitivestreak cells (Kojima et al., 2014). The primitive-streak marks a critical step in the
development of the embryo: gastrulation begins as the epiblast cells are undergoing an
epithelial-to-mesenchymal transition (EMT). The small molecule IWR-1 leads to the
down-regulation of β-catenin in the nucleus by stabilizing axin 2. Axin 2 is part of the
complex that holds β-catenin in the cytoplasm where GSK-3 phosphorylates and marks
β-catenin for degradation by the proteasome. Kim et al, 2013 found that medium that
contained IWR-1 kept epiSCs in a self-renewal state due to high levels of cytoplasmic βcatenin. FGF2 is equally critical for epiSCs due to its role in driving the mesoenderm fate
(Ciruna and Rossant, 2001). FGF2 also inhibits epiSCs from becoming ectoderm (Ciruna
and Rossant, 2001). Furthermore, FGF2 drives the EMT process by regulating the proEMT gene Snail’s expression and reducing the expression of E-Cadherin. IWR-1 further
supports EMT through its role in down-regulating expression of E-cadherin.
Most of the region-selective paper focuses on generation or, more accurately,
isolation, of the rsPSCs (region-selective pluripotent stem cells) in mice, but towards the
end of the paper the focus shifts to human stem cell culture. Two separate lines are used,
H1 and H9. Both of these lines were generated by Dr. Thompson’s lab and represent the
most commonly used hESC lines. In the region-selective paper, both lines were required
to gain complete results demonstrating pluripotency. H1 was used to confirm that the
medium maintained the hESCs in a pluripotent state through immunostaining and
teratoma formation. H1 was also used to test for cloning efficiency. Cloning efficiency
was tested by seeding 500 cells onto a 12-well plate coated in matrigel. The control
population was cultured in mTeSR 1. The cells were cultured for six days and then fixed
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and alkaline phosphatase staining was used to count the number of “positive” cells. The
cloning efficiency of the rsESCs (10.6%) was statistically no different than ESCs
cultured with Y27632 (13.2%) and both were significantly higher than the rate of ESCs
(0.5%). Wu et al,. 2015 also included genetic editing in the rsESCs with both TALEN
and CRISPR/Cas9 and found there was no significant difference in genetic editing
between rsESCs and hESCs cultured in the presence of the ROCK inhibitor.
Through personal correspondence with Dr. Wu, an optimized the human regionselective medium to include 1-3% bovine serum albumin (BSA) was revealed, Dr. Wu
also shifted the base medium to be Essential 6 (E6) instead of custom made mTeSR that
lacked FGF2. The shift to E6 decreases variability between batches. The addition of
BSA makes the medium more nutrient rich since it lacks serum. The lack of serum is
important since it blocks the ability of the rsPSCs to differentiate to the mesoderm
lineage.
This thesis work is a continuation of Dr. Wu’s work but is also different. Dr. Wu
focused on ESCs not iPSCs. While ESCs are the more common human pluripotent stem
cell lines used, they limit the application of the work. Past the obvious benefits of iPSCs
offering more personalized medicine, H1 and H9 are both now known to have abnormal
chromatin structure. This abnormal chromatin is most clearly demonstrated by the fact
that when cultured, both cells tend to become aneuploid (Allegrucci and Young, 2006).
H1 and H9 also do not represent diversity of the application of the technique since they
are essentially the same line with similar genetic backgrounds.
The overall plan of this project was to generate both “naïve” and region-selective
iPSCs using the methodology outlined in Gafni et al. and Wu et al. After using the panel
of transcription factors and immunostaining to confirm correct cell type isolation, the
ability of these cells to undergo targeted gene editing using CRISPR/Cas9 at the Col7A1
gene would be tested for both efficiency of the target and how the DNA break was
resolved. After gene correction, the ability of cells to be single cell passaged would be
explored as outlined by Gafni et al, as well as the ability of the corrected cells to
differentiate into skin cells.

13
ii) Methods
This thesis work began by generating the naïve iPSCs as described by Gafni et al.
2013. The protocol used was the optimized version published on Dr. Hanna’s lab website,
Figure 3. This optimization was important because it reduced the amount of small
molecule inhibitor added to the base medium (insulin, TGF-β, and FGF no longer needed
to be added due to being in the base medium). The optimization also made it possible to
do cell culture feeder free. Four lines were used throughout the naïve project as well as
the region-selective project: 1) Line 1, 2) Line 2, 3) Line 3 and 4) Line 4. Line 1 was
chosen because it was from a female donor. At the time of this work, the main
characteristic that delineated naïve versus primed cells was that naïve cells should have
both X-chromosomes active. Line 2, a line derived from naïve T-cells, was used for its
low passage number rendering it “younger” from an epigenetics perspective. The other
two lines were Line 3, which was generated from a female donor, and Line 4, which had
ideal iPSCs morphology of tight compaction and defined edges.

Naïve medium

Region-selective medium

Base medium: mTeSR 1
• 20 ng/mL human leukemia
inhibitory factor
• 1.5μM GSK-3 inhibitor
Chir99021
• 1μM MEK inhibitor
PD0325901
• 2μM P38 inhibitor BIRB796
• 5μM JNK inhibitor
SP600125
• Added fresh daily 1μM of
PKC inhibitor Go6983
• 10μM ROCK inhibitor when
passaging the cells

Base medium: E6
•
•
•

20ng/mL FGF2
2.5 μM IWR-1, an axin-2 stabilizer that
therefore acts as a Wnt inhibitor
3% bovine serum albumin

Figure 3: Composition of naïve and region-selective media.
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A summary of the entire methodology can be found in Figure 4. In detail, before
applying the naïve medium to the cells, the lines were converted from Essential eight
(E8) to mTeSR 1. E8 is a more defined medium, however the base of the naïve medium
is mTeSR, so in an effort not to alter too many components at once, the cells needed to be
stable in mTeSR. The conversion to mTeSR was done by changing the medium on the
bottom half of a 6-well plate to mTeSR. The cells were then grown to 80% confluency
and passaged using PBS. PBS is a gentle way of getting the cells to stop adhering to
matrigel (an ECM like substance that is secreted by Engelbreth-Holm-Swarm mouse
sarcoma cells). After washing the cells once in PBS, additional PBS was added and left
on for 5 minutes at room temperature. The PBS was aspirated and 1 mL of mTeSR was
added and a cell scraper was used to collect the cells. A cell was considered converted to
the medium after a couple of passages in that medium.
Conversion to
mTeSR 1

Four hiPSC
lines, Line 1Line 4

Medium
switched from
E8. Placed into
mTeSR 1

Cells passaged
using PBS

Cells passaged
minimum of 2
times

Slow
introduction to
naive medium

Day 1: 25%
naive 75%
mTeSR

Day 3: 50%
naive 50%
mTeSR

Day 5: 75%
naive 25%
mTeSR

Day 7: 100%
naive

Conversion to
naive phenotype

Cells passaged a
minimum of 3
times

Passaged using
the Hanna
approach

Later passaging
done using PBS
or 0.05%
trypsin

Conversion was
monitored using
cell morphology

Confirmation of
pluripotency by
RT-qPCR

Qiagen RNeasy
kit used to
isolate and
purify RNA

cDNA generated
from the mRNA

RT-qPCR for
Oct4

GAPDH used as
endogenous
control

Immunostaining
for pluripotency
markers

Cells fixed
using 4%
PFA

Cell membrane
permeabilize
with 0.2% triton

Staining for Nanog,
Oct4, Sox2, SSEA-3,
SSEA-4, TRA-1-60,
TRA-1-81

DAPI used as
a counter
stain

Figure 4: Summary of the methods used to generate a naïve hiPSC line
In order to further slow the conversion and thus reduce the chance of shock, the
new medium was initially only 25% naïve. The slow introduction was also important
because reviewers of Dr. Hanna’s publication stated that 98% of their cells were dying on
day two. The “naïve” medium, summarized in Figure 3; human LIF 20 ng/mL
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(Peprotech 300-05), 1.5µM Chir99021 (Sigma-Aldrich SML1046), 1 µM PDO325901
(Sigma-Aldrich PZ0162), 1 µM BIRB796 (Axon 1358) or 1 µM SB203580 (Axon 1363),
2 µM SP600125 (TOCRIS 1496) and added daily 1µM Go6983 (TOCRIS 2285) and 10
µM Y27632 (U Market BDB562822) was mixed in a 1:3 ratio with plain mTeSR and
filtered through a 0.22 mm filter. Every two days, the proportion of naïve medium was
increased by 25%. After the altered morphology was obtained, the cells were passaged 3
times because it takes three passages for the naïve cells to take over the culture (Hanna
protocol). The cells were passaged in several ways; 1) with PBS, 2) 0.05% trypsin and 3)
the Hanna “approach.” The Hanna approach began by scratching off the colonies with a
pipette tip while pipetting up the medium over the colony. The colony would then be
transferred to a 96-well plate and exposed to 70 µL of trypsin for about 30 seconds at 37°
C. The mixture was then neutralized with 500 µL naïve medium and spun down at 1100
RPM for 3 minutes at room temperature. The cells were then re-suspended in 1 mL of
medium and placed on a matrigel coated 24-well plate. In the trypsin method, the cells
were washed one time with PBS and then incubated in the trypsin at 37° C for intervals
of 30 seconds until the edges of the colonies were beginning to lift off the plate. The cells
were collected and neutralized using the naïve medium at two times the volume. The
cells were then spun down as above. In the PBS method, 1 mL was placed on the cells for
five minutes and then the PBS was aspirated and 1 mL of medium was placed on the
cells. The cells were then removed from the plate by cell scraping.
Prior to verifying that the cells were naïve, the cells were confirmed to still be
pluripotent. This was done using qPCR. Using a kit designed by Qiagen (Catalogue
#74104), 1 well of a 6-well plate was lysed. After verifying the concentration and purity
of isolated RNA, we either proceeded to generate cDNA or use the DNAi (a reaction that
removes any remaining DNA) portion of the kit. The excess DNA must be removed prior
to generating cDNA, otherwise the remaining DNA will be amplified as well. This
amplification would then bias the overall results because the genomic DNA and the
cDNA will both be amplified by the superscript polymerase, thus causing the results to
no longer reflect what genes are being expressed but just the existence of gene. The
cDNA generation and DNAi were performed as described in the protocol that
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accompanied the SuperScript First-Strand Synthesis System for RT-PCR kit (Fisher #
11904-018). When performing RT-qPCR, GAPDH (Appendix A) was used as an
endogenous control for amount of the cDNA per reaction since GAPDH is expressed
universally across all cells. All experiments were performed in triplicate. A master mix
equal to 3.3 wells was made. Each master mix contained 33 µL SYBR select master mix
(Fisher Scientific # 4472918), 2.64 µL of 5µM primers stocks that contained the forward
and reverse primer, 27 µL RNase-Free water and 3.3 µL cDNA. In a 96-well plate, 20
µL was added to each well. In order to remove bubbles, the plate was spun down for one
minute at ~ 1100 RMM. Bubbles impair the ability of the machine to read the
fluorescence that is being generated each cycle. The read out of RT-qPCR is the CT
value. The CT or cycle threshold is the cycle number where the amount of fluorescence
becomes logarithmic.
In order to confirm protein expression immunofluorescence for Nanog, Oct4 and Sox2
was used. Immunofluorescence confirms that the protein is being localized correctly and
is being expressed across the population of cells and not only in a few cells at high levels.
Immunofluorescence was performed by fixing the cells in 4% paraformaldehyde (PFA)
in PBS after washing the cells 3 times with PBS. The PFA was left on the cells for 15
minutes and then washed off using 3 washes of PBS and kept at 4° C after wrapping the
plates in parafilm until the primary incubation could occur. Prior to incubating the cells in
primary antibody, the cells were treated with 0.2% Triton in order to permeabilize the
membranes so that nuclear proteins would be accessible to the primary antibodies. The
cells were treated with the 0.2% Triton for 20 minutes and then washed with PBS for 3
washes of 2 minutes each. The cells were then blocked for 2 hours with a 3% BSA
diluted in PBS to reduce the probability of non-specific binding. The primary antibodies
were diluted in the 3% BSA solution. Primary antibodies were added to wells in doubles.
In addition to antibodies against pluripotency factors, isotype controls were performed.
These controls are necessary to test for non-specific binding of antibodies. The
combinations were; 1= mIgM (eBioscience 14-4752-81) and Goat IgG (1mg/mL goat
serum from Sigma Aldrich diluted in 1% BSA+ 0.08% sodium azide in PBS); 2=1µg/mL
mouse IgM anti-human TRA-1-60 (Millipore MAB4360) and 0.5 µg/mL goat anti-Nanog
(everstbiotech EB06860); 3= mIgM (eBioscience 14-4752-81) and rat IgM (eBioscience
14-4341-82); 4=1 µg/mL mouse IgM anti-human TRA-1-81 (Millipore MAB4381) and 1
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µg/mL rat IgM anti-human SSEA3 (Millipore MAB4303); 5= mIgG3 (eBioscience 144742-82) and rabbit IgG (1 mg/mL rabbit serum from Fisher Scientific diluted in the sane
buffer as the goat serum); 6= 1 µg/mL mouse IgG3 anti-human SSEA4 (Millipore
MAB4304) and 0.25 µg/mL rabbit IgG anti-Sox2 (Biolegend 630802); 7= mIgG2b
(eBioscience 14-4732-82 and rat IgM (eBioscience 14-4341-82); and 8= 0.2 µg/mL antiOCT4 (Santa Cruz SC5279) and 1 µg/mL anti-SSEA3 (Millipore MAB4303). Depending
upon the experiment, a histology pen was used to mark off four sections in a single well.
Using a single well for up to 8 different antibodies reduced the amount of antibody
required. This allowed for fewer antibodies to be used and it allowed for less wells to be
required for immunofluorescence staining. The histology pen essentially is writable wax,
which prevents water-based liquids from passing into the neighboring well. The cells
were incubated in the primary antibody overnight at 4° C.
The following day, the primary antibodies were washed off using 3 washes of
PBS for 5 minutes each. The numerous secondary antibodies were then diluted in 3%
BSA to a concentration 0.5µL/mL. The combinations were: 1/2: Alexa Fluor 488-goatanti-mIgM (Life technologies A21042) and Alexa Fluor -donkey anti-goat IgG (Life
technologies A-21432); 3/4: Alexa Fluor 488-goat anti-mIgM (Life technologies
A21042) and Alexa Fluor 555-goat anti-rat IgG (Life technologies A-21434); 5/6: Alexa
Fluor 488-goat anti-mIgG (Life technologies A-11001) and Alexa Fluor 555-donkey antirabbit IgG (Life technologies A-31572); and 7/8: Alexa Fluor 488-goat anti-mIgG Life
technologies A-11001) and Alexa Fluor 555-goat anti-rat IgG (Life technologies A21434). The diluted secondary antibodies were then added to the respective cells
including the isotype control. The cells were incubated in the secondary antibodies for 1
hour at room temperature. This incubation was done in the dark by wrapping the plate in
foil. This wrapping was done to protect the fluorescence tags from exposure to light. The
secondary antibodies were washed off the plates using 3 PBS washes of 5 minutes each.
In order to make sure the Oct4, Nanog and Sox2 were properly localized, the cells were
stained with DAPI, which stains the nuclei of cells. The DAPI stain (Sigma-Aldrich
127K400) was made by diluting the work stock, 1mg/mL, to 1ug/mL in PBS. The cells
were incubated in the DAPI solution for 10 minutes at room temperature wrapped in foil.
The DAPI solution was rinsed off by washing the cells in PBS 3 times for 2 minutes per
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wash. The cells were then visualized using an inverted confocal microscope (Zeiss
Axiovert 200M).
A second methodology to generate hiPSC lines permissive to gene editing was
also used: region-selective. A summary of the methods used can be found in Figure 5; an
in-depth description of the experiments is included below.
Convert hiPSC to
region-selective
medium
Immunostaining
for pluripotency
markers
Neon
optimization

4 lines were
converted from
E8 to regionselective cells

Cells fixed
using 4%
PFA

Voltage of 0 800,
900, 1000, 1100,
and 1200 volts
was tested

Both feederfree and on
MEFs

Cell membrane
permeabilize
with 0.2% triton

20
miliseconds
pulse

Passaged
with TrypLE

A minimum passage number of 3
was obtained prior to continuing

Staining for Nanog, Oct4, Sox2,
SSEA-3, SSEA-4, TRA-1-60,
TRA-1-81

pMAX-GFP, was
used to monitor
uptake

DAPI used as
a counter stain

Optimal voltage was chosen based
on confluency and number of cells
positive 48 hours after
electroporation

Figure 5: Summary of methods used to generate and test region selective iPSC lines
The same lines used for naïve cell generation, Line1–Line 4, were converted to
region-selective medium. This medium, Figure 3, has a base of Essential 6 (E6) instead
of mTeSR. To the base of E6, 20 ng per mL FGF2 (Peprotech # 100-18C) was added
along with 2.5 µM IWR1 (Sigma-Aldrich # I0161-5MG). This medium was applied to
cells on matrigel as well as cells on MEFs. The medium was optimized further by adding
3% BSA to it. The BSA provides nutrients to the low nutrient medium. The cells were
passaged using TrypLE. TrypLE is similar to trypsin and breaks the cell surface bonds to
the matrix. TrypLE was applied to cells for approximately 4 minutes and then the cells
were collected and neutralized with double the volume in the medium. The cells were
spun down (3 minutes at 1100 RPM) and then re-suspended in medium.
After the cells were stable in the region-selective medium at least 3 times, the
pluripotency makers were tested using immunofluorescence as described above for the
naïve lines. After confirming the pluripotency, the cells were used for neon optimization.
Neon optimization is a system that pulses cells with electricity to cause the cells to take
up plasmids. The voltage required for cells to take up the plasmid but still survive is cell-
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type specific. So prior to using targeted CRISPRs, an optimization experiment was
performed. This optimization was performed using 5 different voltages (800, 900, 1000,
1100, 1200) for a single 20-millisecond pulse. The control plasmid used was pMAX-GFP
from the Nucleofector Kits by Lonza.
For both line transfections, two wells of a 6-well plate were grown to near
confluency and harvested and washed with PBS. While spinning down the cells, the
Neon machine was plugged in and the Neon pipette station was connected to the
machine. The Neon tube was filled with 3 mL buffer E (Life technologies, #MPK1025).
The cell pellets were then resuspended in 72 µL T buffer plus 5 µL pMAX-GFP, which
was mixed by flicking the vial. Prior to electroporation, the plates for the transfected cells
were warmed to 37° C and 2 mL of region-selective medium was placed in each well. A
Neon pipette with Neon tip was then used to draw up 10 µL of the cell suspension. The
pipette is sold with the neon device and has a fixed volume capacity and clicks into the
neon pipette station. The Neon tips (also part of a Neon kit) are essentially two parts, a
tip and a piston. The tips contain a gold-plated electrode to create a high electric field
when inserted into the station. The pipette and tip were then inserted vertically into the
Neon tube; this can only been done one way for the pipette to click. Once clicked in, the
conditions of voltage, pulse and duration were entered on the machine and start was
pressed. The machine makes a noise once complete and the cells were expelled into the
appropriate well. The efficiency was measured based on the number of cells positive for
GFP expression divided by the total amount at time of imaging, 48-72 hours after the
infection.
The following results section will include a more detailed description of how the
methods were initially used and optimized to what is listed in the methods. The results
section also includes a brief discussion about the issues that arose and possible
explanations for those issues.
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iii. Results
The overall result of both experiments was hiPSC lines that were not stable nor
could they be verified as pluripotent. This section will go over the naïve and regionselective line generations individually. The following paragraphs discuss both the
conversion to mTeSR and the optimization of naïve medium protocol summarized in
Table 1.
The first step for the naïve cell generation was to convert the previously
established iPSC lines to mTeSR from E8. During the conversion the cells were passaged
at a high concentration, which caused signs of differentiation, as evident from the
emergence of cells that resembled fibroblasts. To gain experience making and using the
naive medium, the medium was applied to the wells despite the differentiation. The logic
behind this choice was that restrictive medium would cause cells that were not
pluripotent to die.
The experiment demonstrated that of the 5 wells only 2 showed a shift in
morphology (representative image in Figure 6). The medium mostly caused cell death
that resulted in only outlines of the colonies remaining (Appendix B, Figure 1). The 2
wells that still contained living cells were monitored every 2 days and images were taken
to document the shift (Figure 6). By day 7, no more cell death was observed and nuclei
compaction was noted. However, none of the cells were forming colonies or looked
similar to the naïve cells described in Gafni et al. 2013. The cells began to fluoresce
orange due to the small molecule Go6983 presence is the medium. A critical point was
reached at day 10. This is the point when the Hanna protocol states the naive cells will
have taken over the culture. Though these cells did not have the morphology, they were
stable and alive (confirmed by trypan blue staining). After the colonies had been stable
for 2 weeks, though not expanding, an attempt at passage the cells was completed using
the methodology outlined by Dr. Leehee Weinberger with the modification of using a 48well plate. None of the cells survived the passaging.
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Day 2

Day 4

Day 7

Figure 6: Conversion of the iPSC Line 1 to naïve medium. Line 1 was converted to
naïve morphology by gradual introduction to complete naïve medium increasing the
percentage of naïve medium every 2 days by 25%. The images demonstrate that by day
two despite the slow introduction to the harsh naïve medium, most cells die and that by
day 7, the cells had an altered morphology of being rounder. This shift was stable for 7
more days. Scale bar=100µm
Throughout this first conversion, the technique was changed and improved. 1) On
the second day of applying the medium, media began to be treated as light sensitive as a
review of the protocol recommended. 2) On day 3, the storage of Go6983 was corrected.
Go6983 is unstable at 4 ° C and needs to be stored at -20° C and added fresh daily. This
was in contrast to what was originally done, with all the reagents being kept at 4° C for
about a week. In Theunissen et al. 2014 it was discussed that death was common and
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good colonies would emerge in 10 days. 3) The final and most important change was
that, when reviewing the protocol, it was discovered that the Go6893 was being added at
10 times the concentration listed in the protocol. From day 9 the proper technique was
used.

Table 1: Naïve iPSC line generation optimization
Line(s)

Issues

Optimizations

Trial 1

Line 1

1. Treating Medium as light sensitive
2. Go6983 added daily and stored at -20° C
3. Go6983 was added at 10 times less, which
was the correct concentration

Trial 2

Line 1
Line 4

1. Starting population had
differentiation
2. Global cell death
3. Cell could not be
passaged
1. Cells differentiated
2. Global cell death

Trial 3

Line 1
Line 2
Line 3
Line 4

1. Cells differentiated

1. PBS used for passaging cells
2. First passaging of cells was done sooner, as
soon as the cells were stable in the full naïve
medium for a day
1. Cells immediately placed into 100% naïve
medium and at a lower confluency
2. BIRB 786 used as p38 inhibitor instead of
SB203580

Using the newly acquired knowledge, naïve cells were derived. Colonies were
obtained but global cell death was still observed. After 10 days, the cells were passaged
instead of waiting to see if the colonies would expand. Furthermore, with 1 of the wells
the PBS method of passaging was used. PBS is much more gentle, and therefore it
seemed more likely that the delicate cells could survive exposure to PBS better than to
trypsin. The combination of PBS and less time in culture increased the efficiency and the
cells were successfully passaged. However, the cells quickly differentiated (Figure 7).
True positive results were obtained in the third generation. The technique was
altered in a few ways: 1) the cells were switched over to full naïve medium right away
and the medium was applied to the cells at a lower confluency, and 2) a new inhibitor of
p38, BIRB 786, was used. 1) The alteration to how the naïve medium was applied meant
that combination of low confluency and immediate introduction of 100% naïve medium
made a difference because the previous method was too slow. Thus, the cells were
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reaching confluency prior to being adjusted to the naïve medium. The lack of stability
might explain why the cells were not receptive to passaging. In addition, the switch of
p38 inhibitor from SB203580 to BIRB 786 led to a more specific block to the
neuroectoderm. Interestingly, the change in inhibitor resulted in no more global cell
death. This combination seemed to have successfully generated cells with a flat
morphology that could be passaged and cryopreserved in a solution of 90% naïve
medium mixed with 10% DMSO made that day. The cells could equally be preserved in a
solution of 50% naïve 10% DMSO, 40% FBS.
Figure 7: Differentiation of a naïve colony.
Representative image of Line 4 after 4 passages
in naïve medium. Image shows a
characteristically naïve compact colony
surrounded by differentiation.
Scale bar=100µm
The first step to verifying that the cells were naïve was to confirm that the cells
were still pluripotent. This was done using qPCR to probe for Oct4 gene expression. The
medium was removed from the cells and the prepared RLT buffer from the RNA
isolation kit was added directly to the well. This was later found to cause incomplete cell
lysis, and future experiments were performed by resuspending cell pellets in the RLT
buffer. The isolated RNA was not pure as evident from the ratio to 260/280, ranging from
1.77- 1.92. The DNAi kit was used to purify the RNA. This did not improve the ratio and
led to a loss in RNA concentration. Due to low concentration, the maximum amount of
mRNA was added to each 20µl reaction to generate cDNA. The RT-qPCR results were
not positive (raw data can be found in Appendix C), although the reaction did work as
evident from the expected CT values for GAPDH; no expression of OCT4 was seen.
While trouble shooting the RT-qPCR, immunofluorescences was used to confirm
the cells were pluripotent. In order to limit the amount the naive cells were handled, since
stress caused the cells to differentiate, the cells were fixed directly on the 6-well plate.
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Each well was than divided into 4 sections using a histology pen. Neither of these
techniques was the ideal way of testing for the pluripotency markers. Overall, the
histology pen was not successful. One of the downsides to the pen technique was that it
was leaky which led to each section becoming very small. The other problem was that it
rarely held the liquid in the right section. The largest issue was that, since it was leaky,
the wax bled over and when DAPI stain was applied; it stained the wax very brightly,
which obscured the colonies. The other technique of fixing the cells directly on the tissue
plates caused the surface to not be perfectly flat and required the cells after fixing to be
constantly in PBS, which led to more cells floating despite the fixing.
The first round of immunofluorescence was not successful because the plates
were not covered in foil until the DAPI staining. The constant exposure to the lab lights
caused the fluorescent tag conjugated to the secondary antibodies to diminish.
Pursuant to a consultation with Weili Chen, it was learned that the best time to try
immunofluorescence is at 50-60% confluency. At this point, there are defined colonies,
but there is still substantial space between each colony. This time positive results for
SOX2 and SSEA-4 were obtained but the cells were negative for the rest of the
pluripotency factors (Figure 8 and Appendix B Figure 2).

Figure 8: Naïve cells are
positive for SSEA-4 and
Sox2. Representative
image of naïve cells
positive for SSEA-4
(green) and Sox2 (red).
This image is of Line 1
passaged a total of 4 times
in naïve medium. The
Sox2 shows proper
localization with DAPI
(blue).
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During the entire process of making naïve cells, the cells kept differentiating
(Figure 9). The colonies initially looked identical to the images in Gafni et al 2013, as
well as the images obtained from Dr. Leehee Weinberger. The colonies had the proper
compaction and density. They also exhibited the expected altered behavior -- rapid
expansion, and when passaged -- beginning as small cell clumps before becoming
complete colonies. However, by passage number 4, the cells began to make projections to
each other. When this was first observed, it was believed to be a positive thing. The cells
were described in Gafni et al. 2013 to have more defined edges, which all the colonies
clearly had. Through further observation, it became clear that this was not the phenotype
being sought but rather a type of differentiation.

a

b

c

Figure 9: Representative images of the changes in phenotype during differentiation
of naïve cells. Images a-c show the progression of the differentiation of the naïve
colonies to making cells that looked no longer pluripotent. Image a shows distinct
borders with edges showing unexpected outgrowth. In image b, there is a marked
decrease in proper morphology with acdecrease in defined edges and the projections on
the edges are extended. The final image c, has very little proper pluripotent morphology
(compaction and defined edges) except at the very center and most cells now look neural.
Image a= Line 2 passage number 5. Image b= Line 1 passage number 5. Image c= Line 2
passage number 5. Scale bar= 100µm
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In order to investigate whether the issues with differentiation were common,
entries on Pubpeer and Research Gate were consulted. Of over 100 posts on Pubpeer, less
than 5% were positive. Commenters stated that their cells kept dying, similar to results of
the first two conversions. In addition, comments referred to differentiation that appeared
to be neural based on morphology. Although the comments on Pubpeer were almost
uniformly negative, one is more likely to post there after having a bad experience.
Moreover, Pubpeer is an anonymous forum, which leads to a certain amount of negativity
in posts. Thus, by using the site, one is essentially distilling the results to the failed
attempts. In fairness to the protocol and paper, it has been cited over 100 times since
2013. We decided to post a comment on Researchgate to get more guidance. In the post,
the methods and outcomes were described and it was asked if others were getting similar
results. Within 48 hours, the post received two responses; both stated that their cells had
become neural based on morphology and immunofluorescences.
In the end, generation of naïve cells was repeated a total of 5 times, with 4
different cell lines of different origin and passage number, and similar results were
obtained each time. Rarely could the cells be passaged more than 4 times and even then
eventually the cells would differentiate. This differentiation was population-wide since
colony picking did not alter the levels of differentiation. Over the course of this project,
different alterations to the technique were attempted. One such example was the
introduction of the third and fourth line, Line 3 and Line 2. Originally, the naive medium
was only applied to female lines so X chromosome re-activation could be monitored.
However, over the course of the project, X re-activation was no longer considered
significantly important for a cell to be considered naïve. Thus, in addition to Line 1, Line
2 and Line 3 were also used, which are lines with a low passage number. The final line,
Line 4, had ideal morphology implying the line was quite pluripotent (defined edges and
dense nuclei). The results did not support that early passage numbers would be more
receptive to conversion to naïve with the original two lines, Line 1 and Line 4, having the
best results despite the high passage number (> 40).
Other possible explanations for the differentiation are 1) exposure time and
concentration of ROCK inhibitor and 2) incorrect concentration of transforming growth
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factor beta (TGF-β) in the medium. With regards to the first explanation, we knowingly
used less ROCK inhibitor for all the experiments. The ROCK inhibitor’s role is to help
cells adhere to the plate, and since adhesion was not an issue, the inhibitor was added at
1/10 of the concentration listed in the protocol, this concentration is what it is standardly
used in the Tolar lab. It is possible that the inhibitor has an additional role in naïve culture
that has not been found, such that the decrease in ROCK inhibitor affected cell
conversion detrimentally. Additionally, the ROCK inhibitor was added to the naïve
medium everyday through the first passage. Upon further reflection, the protocol actually
called for the ROCK inhibitor to be added only 2 hours prior to passaging and only for
the first passage. The consequences of too frequent additions of ROCKi are not known.
Turning to the second possible explanation, the concentration of TGF-β, the
original protocol of Dr. Hanna used knock-out DMEM and called for TGF-β to be added
to a final concentration of 1 ng/mL. The base medium of mTeSR1 already contains TGFβ. The online protocol states “MTESR1 (Stem Cell Technologies- already contains TGFβ and FGF2) can be used as a base medium by merely adding missing cytokines and
small molecules to support human naïve cells in WIS-NHSM”, leading us to believe that
mTeSR1 already had the proper amount of TGF- β. However, when one looks at the
protocol published by Ludwig et al.(2006 a) to make mTeSR and the original paper about
the development of mTeSR (Ludwig et al., 2006 b), it is clear that the amount of TGF-β
is below what is required for naïve medium, 0.58 ng/mL and 0.564 ng/mL (2.35x10 -8
mM) respectively (Ludwig et al., 2006 a and b). Naïve medium relies on a delicate
balance of inhibitors, the lack of TGF-β could explain why the cells kept differentiating.
Additional evidence to support this conclusion comes from the Nature paper of Dr.
Hanna (Gafni et al., 2013). Dr. Hanna noted that TGF-β was required to promote
pluripotency (Gafni et al., 2013). Furthermore, in supplemental figure 6f of the original
paper, Gafni et al. 2013, there was an increase in Sox1 expression when TGF-β was
removed from the naïve medium (Gafni et al., 2013). It was hypothesized in that paper
that TGF- β was necessary to block the pro-neural signals generated by the inhibitor ERK
that was present in the naïve medium. An additional experiment would be needed to test
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this hypothesis. In this experiment TGFP-β would be added to achieve the 1ng/mL as
originally stated in the protocol.
The thesis project shifted focus to region-selective hiPSC because this cell type
should also be receptive to gene editing. The medium required to generate these cells is
much simpler than naïve (Figure 3). Similar errors to what occurred with the first
conversion to naïve also occurred with region-selective. For example, the first conversion
of Line 3 was done at 75% confluent. The global cell death that occurred with the naïve
medium did not occur, resulting in the cells having to be passaged the next day. Because
the cells were not adjusted to the medium, once passaged, none of them were able to
adhere. The other 3 lines were passaged a few days later with both TrypLE and PBS, but
adherence was still a problem.
The generated colonies from this conversion did not match the morphologically
from the images from Wu et al. 2015. We reached out to Dr. Wu, and through personal
correspondence, it was revealed hat the original formula was too low in nutrients for
human cells and that adding 1-3% BSA yielded better colonies. Dr. Wu also sent an
image of the RS cells being grown feeder-free. This image matched the generated cells.
The cells had spiky edges and looked similar to iPSC that were about to differentiate;
they were distinct from full differentiation, which was noted later in the same culture
(Figure 10).
During the next attempt various alterations to the protocol were used: (1) different
concentrations of BSA ranging from 1-3%, and 2) different methods of converting the
cells, straight into the medium and slowly like the naïve cells. Placing the cells directly in
the medium supplemented with 3% BSA was the ideal methodology. The morphology of
the cells using this methodology was similar to the previous cells but the cells now
proliferated at a very high rate and better-looking colonies could be obtained using
TrypLE rather than PBS. However, despite the improvements differentiation was still
seen.
A third optimization of using mouse embryonic fibroblasts (MEFs) was tested.
The original paper started the conversion of the cells on MEFs. All 4 lines were
converted to feeders. The conversion from feeder-free to MEFs was simple due to hiPSCs
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preferring MEFs for adherence. After being passaged on MEFs successfully, the RS
medium was applied. The cells grew quickly and obscured the MEF layer in 3
days. Only Line 4 never differentiated and at passage number 5 immunofluorescence
was attempted. Learning from the immunofluorescences results of the naïve cells,
immunofluorescence of chamber slides was attempted. However, adherence of MEFs to
the chamber slides was not achieved despite the addition of 1% gelatin. Since slides
would not work, the cells were shifted to be feeder free. This was simple since the rsPSCs
adhered to the matrigel much better than the MEFS. After 3 passages, no MEFs were
detected.

a

b

c

d

Figure 10: Region-selective cells do not exhibit stable morphology. Representative
images of rsPSC lines showing proper morphology (a and c) and the same colonies
demonstrating differentiation (b and d). a/b= Line 4 passage number 3. c/d= Line 1
passage number 3. Scale bar=100µm
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Once lines were stable (3 passages in the RS medium with no signs of
differentiation), immunofluorescence was performed; results of the immunofluorescence
are summarized in Table 2. All immunofluorescence was done on 12-well plates. Each
line showed different results and none were immunoreactive for every pluripotency
factor. The least successful conversion was Line 3. No passage beyond passage number 4
was achieved on either MEFs or matrigel. Immunofluorescence for Line 3 after a single
passage in region-selective medium was able to be done. The cells were positive for Sox2
and SSEA-4. However, no cells were positive for OCT4 (including the controls of the
original iPSC lines). Additionally, Sox2 showed proper localization, but the fluorescence
for SSEA-4 was not seen throughout the entire cell and the fluorescence appeared
speckled (Figure 11).
Table 2: Immunofluorescence for the pluripotency markers in region-selective
hiPSCs
Line 1

Line 2

Line 3

Line 4

Nanog

Negative

Negative

Negative

Positive

Oct4

Negative

Negative

Negative

Negative

Sox2

Positive

Positive

Positive

Positive

SSEA-3

Positive

Positive

Negative

Positive

SSEA-4

Rarely

Positive

Positive but speckled

Positive, but speckled

TRA-160
TRA-181
Overall

Positive

Positive

Negative

Weakly positive

Rarely positive

Positive

Negative

Positive

Cannot conclude it
is pluripotent

Not
pluripotent

Not pluripotent

Cannot conclude it is
pluripotent

Figure 11: Region-selective iPSC Line 3 is
positive for Sox2 and sporadically SSEA-4.
Immunostaining of Line 3 after a single passage in
region-selective is positive for Sox2 (red) and
SSEA-4 (green). The immunofluorescence for Sox2
showed proper co-localization with DAPI (blue) but
SSEA-4 is was not uniform across the cell surfaces.

31
The best line was Line 4. This was evident from the morphology and from the fact
that it reached as high as passage number 5 before ultimately differentiating. However,
cells were only weakly positive for TRA-1-81 (Figure 12a). The best evidence that this
line retained pluripotency was the immunofluorescence for Nanog and TRA-1-60 (Figure
12b). Further, that line’s localization of Nanog with DAPI was the best of any of the
lines, and the TRA-1-60 was observed across the entire cytoplasm. The colonies were
also positive for Sox2 and SSEA-4 (Figure 12c and Appendix B 3c). Similar to Line 3,
the SSEA-4 on Line 4 was speckled and there were nuclei that stained positive for DAPI
but were not positive for Sox2. This could be due to not enough antibody or it could
demonstrate that this is a heterogeneous cell population. The cells additionally were
positive for SSEA-3 and very weakly for TRA-1-81 (Figure 12d and Appendix B 3a).
However, no clear positive result for Oct4 was achieved throughout the project for this
line (Appendix B 3d).
The immunofluorescence for Line 4 revealed that even when the cells were
thought to be pluripotent, there were cells not pluripotent in the culture and the
population was heterogeneous. In the representative image, Figure 13a, only two clusters
of cells were positive for TRA-1-81, while most of the DAPI positive nuclei were not
surrounded by positive fluorescence representing Tra-1-81. Additional support that
differentiated cells were in the culture is the immunofluorescences for SSEA-4 and Sox2
(Figure 13b). Very few cells were positive for SSEA-4. The fluorescence of Sox2 is so
bright in spots it is eclipsing DAPI, but in other locations there are cells that are not
positive for Sox2 at all. Finally, no cells were found to be positive for Nanog or Oct4
(Figure 13c and d).
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a

b

c

d

Figure 12: Region-Selective Line 4 is positive for pluripotency markers except for
Oct4. a) Cells are weakly for TRA-1-81, green. b) Nuclei are double positive for Nanog
(yellow) and DAPI (blue). The image also shows the cells are positive for TRA-1-60
(green). c) The cells are positive Sox2 (red) which is co-localizing with DAPI. The cells
are sporadically positive for SSEA-4 instead of the desired uniform expression. d) The
cells are positive for SSEA-3 (yellow) but negative for Oct4 (green).
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c

d

Figure 13: Region-selective Line 1 is not pluripotent. a) Immunofluorescence for
TRA-1-81, green, revealed that a small subset of the cell culture were positive. b)
Immunostaining for Sox2, red, was positive but DAPI positive cells remain that are not
co-localizing. Also, the Sox2 fluorescence has eclipsed DAPI in certain nuclei leading to
concerns that gene expression of Sox2 was greater than expected in a pluripotent cell
type. SSEA-4 positive cells are rare and the fluorescence is not uniform. c) SSEA-3,
yellow, is present but not throughout the population. No cells were found to be positive
for Oct4, which would have fluoresced green. d) Immunofluorescences for Nanog, red,
were negative. The cells are positive for TRA-1-60 relatively equally through the culture.
Line 2 was also tested for pluripotency using immunofluorescence but this line
was never stable and continuously differentiated. The conversion was re-tried both feeder
and feeder-free and the cells kept shifting to the same differentiated morphology. The
best results for this line were done early in the conversion after a single passage in the
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medium. The fluorescence representing SSEA-4 was the least speckled of any of the lines
and almost all nuclei were double positive for DAPI and Sox2 (Figure 14a). The
expression of TRA-1-81 was also remarkable since all colonies were positive but it
appeared to the fluorescence was marking fibers instead of the entire cell surface, which
is the expect pattern of expression of TRA-1-81 (Figure 14b). The cells were found to be
negative for Oct4 and Nanog, but positive for SSEA-3 and TRA-1-60 (Figure 14c and d).

a

c

b

d

Figure 14: Region-selective Line 2 is not pluripotent. a) Immunofluorescence for
Sox2, red, and SSEA-4, green, was positive with Sox2 showing proper co-localization
with DAPI. b) The cells are positive for TRA-1-81, green, but through out the entire
cytoplasm but instead it appears to only be in parts of the cells that appear to be spindlelike. c) Cells are positive for SSEA-3, yellow, but the cells were negative for Oct4, green.
d) Positive fluorescence for TRA-1-60, green, was found throughout the cell population
but the cells were negative for Nanog, red.
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Immunofluorescence was also performed on Line 2 after the cells had
differentiated, making spindle-like projections that looked similar to those the naïve cells
made (Figure 7c). In an attempt to understand what the cells had become, the cells were
tested for the pluripotency markers and early neural proteins, Pax6 and β-tubulin. Despite
their morphology, the cells were negative for the neural markers but perhaps this means
that despite earlier statements, the cells were not neural.
While attempting to obtain consistent and complete immunofluorescence, the
steps required for eventual gene editing in the region-selective cell lines were began. The
first step prior to targeted gene editing is to optimize the electroporation system of Neon
for region-selective cells. Optimization in this case refers to the number of cells required
and the optimal voltage that would be at the balance point between cell death and the
number of cells that up took the plasmid successfully as evident from GFP expression
since pMAX-GFP was inserted. The first attempt at Neon optimization was not
successful because too few cells were used, approximately half a million cells from Line
1. In the second attempt, double the number of cells were used and an additional line,
Line 4, was added. The same range of voltages: 0, 800, 900, 1000, 1100, 1200, were used
in this attempt. The increase in the cells numbers resulted in plenty of cells to visualize
48 hours later (Figure 15a and b). The ideal voltage for Line 4 was 1000 volts, with
~10% of the cells fluorescing green and a confluency of 30% after 48 hours, while the
ideal voltage for Line 1 was 1100 volts with 20% of cells fluorescing green and
confluency of 25% after 48 hours (Figure 16a and b respectively). However, at all
voltages cells differentiated. In Wu et al., 2015, a different method of electroporation was
used, with a single 20 millisecond pulse of 300 volts. Thus, it is possible that a low
voltage is required to keep these cells from differentiating. Since rsPSCs are primed, it is
possible the cells are even more poised to differentiate, making them potentially even
more sensitive to voltage than traditional iPSCs.
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Figure 15: Graphs of Neon optimization for region-selective lines. Line 1 (a) and
Line 4 (b) were used for Neon optimization using range voltages from 0-1200 volts for a
single 20-millisecond pulse. Optimization was decided based on overall survival and
percent of the surviving cells that were fluorescing green.
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Figure 16: The optimal voltage for electroporation for region-selective lines is 1000
volts. Region-selective Line 4, figure a, and Line 1, figure b, were transfected with
pMAX-GFP using the Neon system for a single 20 millisecond pulse. A variety of
voltages were used. The optimal voltage of 1000 volts (15a.iii) was found for Line 4 and
1100 volts for Line 1 (15b.iii). The optimal voltage was decided based on the overall
survival of the cells after electroporation measured by confluency and the amount of cells
positive for GFP at the time of imaging.
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Overall, this project was not able to generate a naïve or region-selective hiPSC
line. None of lines were stable nor could they be confirmed as pluripotent via
immunofluorescence. The immunofluorescence may have failed due to directly fixing the
cells on the culture plates. Immunofluorescence on plates is simpler and eliminates the
step of growing the cells on slides, but it leads to images that are not sharp due to wells
not having perfectly flat bottoms. Also, the plates being in PBS led to diminished
fluorescence and imaging not being as sharp as desired.
Additionally, both methods demonstrated transitioning iPSC from one medium
type to another is not as simple as it seems. Pluripotency is a delicate state, thus it is
difficult to transition the cells effectively while also maintaining pluripotency. Next time,
a region-selective line would be generated while generating an iPSC line. This could be
done using a methodology similar to that used in the line generation discussed in the
methods section, but instead of switching the cells to E8 on day 7, the cells would be
switched to RS medium. The original paper did try to make a line using this methodology
but very little verification of behavior or expression patterns was done. This methodology
would allow the cells to already be adjusted to the medium as pluripotency is achieved.
The final lesson from the generation of the region-selective cell type is to focus on
what the cells are differentiating into. When one looks over the notes taken during the
project, it is clear that even once the methods were optimized, the cells were
differentiating. Instead of continuously reviewing the Wu et al., 2015 paper, the focus
should have been shifted to characterizing what the cells kept differentiating into.
Differentiation is a common outcome from mishandling iPSCs. However, the fact that the
cells kept differentiating into the same cell type based on morphology means that it is
likely that, if the cell type was characterized the issue with the medium could have been
pinpointed.
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iv. Discussion
The goal of this part of the thesis project was to generate a line that was receptive
to gene editing using CRISPR/Cas9. Two different media, naïve and region-selective,
were used to accomplish this goal. The scientific community desires a human iPSC line
that is receptive to gene editing so that iPSCs can be used for personalized medicine with
the patients’ mutations being corrected. However, neither of the two techniques
employed yielded a line that was stably pluripotent nor one that could be gene edited. The
largest issue with both techniques was the lack of stability. No line could be generated
that retained pluripotency for more than 9 passages. The reasons for this were discussed
at greater length in the Results section but what follows is a brief review regarding the
lack of success with either technique, as well as a discussion regarding the future
directions for each technique, and where the field currently stands on generation of
human naïve and region-selective cells.
Generation of naïve hiPSC lines:
The attempt to generate naïve iPSCs was not least successful. The reasons for this
were: 1) the media used was lacked the proper small molecule concentrations, and 2) an
inability to confirm correct conversion to the naïve state. (1) Naïve medium was initially
developed using knockout DMEM as the base medium not mTeSR 1. Nonetheless, the
mTeSR recipe was chosen because many lines in our lab were already adapted to
mTeSR. The lines’ previous exposure to mTeSR should have decreased the shock
experienced by the cells, which can cause iPSCs to differentiate. While the reasons for
choosing mTeSR were justified, this choice meant the experiment ultimately failed. The
online protocol on Dr. Hanna’s website implies that TGF-β does not need to be added
when mTeSR is used as the base medium, but because mTeSR does not contain the
correct concentration of TGF-β (1µM), more TGF-β should have been added. Any
additional experiments should use knockout DMEM as it is the most established base
medium for creating a naïve medium. It is also a base medium with very few
components, allowing users to add the concentrations of inhibitors and other factors that
suit their needs.
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(2) Confirmation of conversion to a naïve state was not obtained. This inability
reflects general concerns in the field regarding whether Dr. Hanna’s medium results in
cells that are truly naïve. Moreover, the naïve state in human cells has still not been
characterized so it is difficult to qualify something as truly naïve. The best existing
method to determine a naïve state is look at the entire transcriptome comparing the
generated naïve cells transcriptome to mouse naïve cells. Clearly, this is a flawed
comparison since it is between more than one species. The field is getting closer to both a
uniform set of characteristics and potentially, to a universally preferred medium since Dr.
Hanna’s most recent published medium is closer to the medium of Dr. Theunissen than
the original naïve medium.
For purposes of this thesis work, the point of confirming that something was naïve
was never reached. This was due to the constant differentiation and the fact that even
pluripotency could not be proven. As already discussed, this might have been due to
improperly made medium or the technique not being delicate enough to maintain the
naïve state. Dr. Hanna and his lab are now marketing a medium that uses mTeSR as a
base through Stem Cell Technologies to be available in 2016. Once available, we plan on
trying to use that medium to learn whether it was the medium or the technique that
caused the differentiation. If the medium works, gene editing will than be attempted.
Additionally, this project is being continued by advising Dr. Koyano-Nakagawa as her
lab attempts to use Dr. Hanna’s protocol to generate naïve cells.
The inability to apply Dr. Hanna’s protocol has already been established but this
work offers additional evidence on the problems associated with this protocol. In
addition, the work and the research that accompanied it offers a more detailed reasoning
behind why a naïve human cell is an important goal. Papers published in scientific
journals have very limited space and tend to offer at most a paragraph as to why the
group is trying to make a human naïve line.
As previously discussed, the ability to make a human naïve cell is inherently
problematic. Most explorations and media for stem cell generation are based on what
happens during development and with no human “naïve” cells existing in development,
there is nothing to base the medium off of but mouse naïve cells. The medium of Dr.
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Hanna was designed so that human cells would require LIF, and Dr. Theunissen’s
medium was based on an enhancer switch with unknown functional consequences.
Generation of region-selective cells
A region-selective hiPSC line was generated that was stable enough for gene
editing. Gene editing was terminated at the optimization step because the lowest voltage
caused the cells to differentiate. The problems with differentiation may have been due to
issues with the medium. The combination of FGF and IWR-1 was originally designed to
convert mouse cells. The role of FGF in hESCs and hiPSCs is different than in a mouse.
In human pluripotent cells, FGF’s role is to promote Nanog expression and not
necessarily to suppress lineages, which is its role in mice pluripotency (Greber et al
2010). It is possible that FGF is suppressing the required lineages in the culture since in
vitro systems are different than in vivo systems, but it does offer support for the results of
constant differentiation. The results are further supported because, based on morphology,
the cells were differentiating into lineages that came from the ectodermal lineage. The
inhibition of the ectodermal lineage is the main role of FGF in the region-selective
medium.
In order to offer additional support for the conclusion that the cells are
differentiating down the ectodermal lineage, immunofluorescence of the differentiation
should have been completed. This was attempted on Line 2 and the cells were found to be
negative for the early neural markers. However, because no positive fluorescence was
seen on these cells, the lack of negative early neural markers could be due to failed
immunofluorescence, not negative expression of the neural markers. Additionally, the
markers used were provided by Dr. James Dutton and thus were not chosen specifically
for changes in morphology when the cells differentiated. Future experiments should be
designed using markers that are more associated with ectoderm prior to commitment
down the neural lineage.
Future experiments using region-selective cells are not likely to be undertaken
because this type of cell is no longer desired for gene editing. If one looks closely at the
results from the original region-selective paper, it is clear that no improvements in gene
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editing were found using CRISPR or TALEN technology. The rsESCs were compared to
hESCs cultured with Rock inhibitor prior to electroporation. No significant difference
was found. The authors state that rsESCs are more receptive to gene editing than hESCs.
No data is shown with a comparison to hESCs not cultured in the presence of the ROCK
inhibitor. Assuming the authors’ statement is correct, the results are still not compelling.
With no significant difference found when comparing cells cultured in region-selective
medium to cells cultured in traditional iPSCs medium with the addition of ROCK
inhibitor, researchers would more likely prefer to use the ROCK inhibitor method. The
ROCK inhibitor can be added to any base medium and is much less laborious than
spending approximately a month converting the cells to region-selective medium. The
decision to continue to try gene editing was made based on the data being in ESCs cells
and because the medium being used had been optimized using the BSA. However, there
is no basis to assume the results would be improved.
Additionally, the region-selective medium selects against the ability of human
stem cells to self-renew by decreasing the expression of E-cadherin (Soncin and Ward
2011). The authors used the reduction in E-cadherin as support for their assertion that the
cells have initiated EMT. While EMT might be a positive attribute for the ability of these
pluripotent stem cells to migrate, it is not a positive if once the cells get to the desired
location, they are essentially progenitors cells. The levels of E-cadherin in human cells
was not explored by the authors, so the reduction in E-cadherin may not be present in the
human rsPSCs. There is some support for this conclusion, given that Chir99021 is a
component in many human pluripotency media and no loss of self-renewal has been
found.
The final issue regarding rsPSCs is that the phenotype desired looks very similar
to cells that are differentiating. When rsPSCs cultures are observed by an unbiased
individual in the stem cell field, the cells are described as pluripotent colonies that have
begun to differentiate. After culturing the cells for months, one can tell the difference, but
it is very subtle thus rendering it less than an ideal morphology to attempt to identify.
This thesis work supports the conclusion that a region-selective medium as
published by Dr. Wu is not conducive to maintaining human pluripotent cells. The
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medium must be supplemented with BSA to provide enough nutrients to support
continued survival of the cells. This work also provides, as far as we know, the first
evidence that the medium is not supportive due to the components acting on different
pathways in human iPSC than in mouse cells. Dr. Wu’s region-selective paper is very
recent, having only been published May 2015. The newness of the paper means there is
no available evidence that the results can be replicated. It will be interesting to see if a
group can successfully apply the results of Dr. Wu’s paper to human cells and still
maintain pluripotency.
Both the naïve and region-selective projects were begun to generate iPSCs that
could be accurately and efficiently edited using CRISPR technology. There is an
unstated, and possibly inaccurate, assumption that the scientific community requires
generation of this cell type. Gene editing in fibroblasts does not suffer from the same low
numbers, so one can envision a protocol that corrects the mutation in the fibroblasts prior
to generating an iPSC line. Using this methodology the issue of gene editing in iPSCs
could no longer plague the field. It should be noted that the issues of iPSC biases and lack
of full reversal of methylation would still remain.
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CHAPTER 2: EXPLORATION OF THE ROLE OF NANOG AND EMT IN THE
PATHOPHYSIOLOGY OF SQUAMOUS-CELL CARCINOMA OF RECESSIVE
DYSTROPHIC EPIDERMOLYSIS BULLOSA PATIENTS
i) Introduction
Patients with recessive dystrophic epidermolysis bullosa (RDEB) have a 70-fold
elevated risk of developing squamous-cell carcinoma (SCC) compared with unaffected
patients (Smoller et al., 1990). The goal of this project was to explore the reason for that
elevated risk. RDEB is part of a greater family of diseases including junctional
epidermolysis bullosa (JEB), epidermolysis bullosa simplex, dominant dystrophic
epidermolysis bullosa, and the recently discovered Kindler (Fine et al., 2014). These
diseases are grouped because they all result from a genetic mutation that results in
structurally fragile skin; in the case of RDEB, there is a mis-anchoring of the epidermis
and dermis. This mis-anchoring results in painful blisters both superficially and
internally. RDEB is caused by mutations in type VII collagen gene (COL7A1). The
characteristic phenotypic effects are mostly seen in epidermal keratinocytes since
keratinocytes are the primary source of COL7A1. Dermal fibroblasts have also been
reported to secrete Collagen. COL7A1 is a large gene as is the resulting protein. The
gene is made up of 118 exons and encodes a 9 kb mRNA. The final protein is 350 kDa
and is processed from the proα1 (VII) polypeptide (Christiano et al, 1994). The main role
of COL7A1 is to act as the anchoring fibril at the dermal-epidermal junction.
A more detailed description of the protein can be found in Varki et al. 2007.
Briefly, the protein folds into a homotrimeric type VII collagen monomer with the
collagenous domain surrounded by a globular domain, the NC1 domain and a smaller
carboxy terminal globular domain, NC2. NC1 is critical for its role in adhesion as evident
from its shared homology to adhesive proteins. Once secreted, type VII collagen becomes
a dimer in an anti-parallel fashion and the NC2 domain is cleaved. The anchoring fibrils
are made up of numerous type VII collagen dimers. The fibrils extend from the base of
the dermo-epidermal basement membrane to the upper papillary dermis.
Patients with epidermolysis bullosa (EB) have no support from the anchoring
fibrils, which means even the slightest pressure applied can cause the skin to slip, and the
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dermis and epidermis to separate. This separation is what causes the blisters. Patients
with the more severe forms of EB have to have their skin completely covered. The
fragility of the patients’ skin inspired the name, “butterfly children.” The skin breakdown
leads to high rates of infections. Other symptoms include damage to the eyes, including
corneal erosions and blisters, which can even lead to blindness (Fine et al., 2004). The
most common acute causes of death are sepsis, renal failure and upper airway occlusion
due to the damage done to the respective organs (Fine et al 2008, Fine et al 2008, Fine et
al 2004).
The chronic cause of death in EB patients is squamous cell carcinoma (SCC).
SCC is cancer that arises from errors in skin remodeling and UV damage. In the case of
EB, SCC tends to develop at sites of frequent wounding in the patient and not necessarily
at sites of sun exposure, as is common in most SCC development. However, the degree
and severity of the disease in RDEB patients could not be predicted based solely on skin
remodeling. The first indication that skin remodeling is not the complete explanation for
SCC is that severe SCC is higher in RDEB, with a high percentage in all subtypes;
RDEB-HS (23.0%), RDEB-nHS (9.9%), and RDEB-I (17.7%). These high rates are not
seen in patients with other types of EB including the severe JEB, 4.5%, (Fine et al.,
2009).
RDEB SCC is characterized by defined differentiated morphology, early
development, multiple primary sites and increased chance of metastases in contrast to
non-RDEB SCC. Non-RDEB SCC rarely metastases and, if it does, it only does so
numerous years after initial diagnosis (Arbiser et al., 2004, Fine et al., 2009, Fine, 2010).
These characteristics make RDEB SCC difficult to treat, and most patients do not live
more than five years after diagnosis, making it the leading cause of death in RDEB
patients after they reach adulthood (Fine et al., 2009). The relative risk is proportional to
the degree of blistering, with 55% of Hallopeau–Siemens RDEB (now known as
generalized severe RDEB) subjects dying from metastatic SCC by the age 40 (Fine et al.,
1999).
In 2009, Fine and colleagues performed the first in-depth analysis of RDEB SCC
with a substantial sample size. There was no significant difference in development rates
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with regard to gender or ethnicity. And the high rate of SCC was found only in RDEB
patients with the remaining EB patients having an incidence that is similar to the nondiseased population. SCC tended to be found at sites of chronic wound healing. The risk
of SCC development is high with the percentages escalating every five years; 7.5% by
age 20, 67.8% by 35, 73.4%, 80.2%, and 90.1% by ages 40, 45, and 55, respectively. The
chance of death is equally high, 12.7%, 19.2%, 57.2%, and 87.3% by ages 20, 25, 35, and
45, respectively. To put into perspective how high the risk of SCC is in RDEB patients,
the only disease that rivals the rate of SCC development is in xeroderma pigmentosum
(Diepgen and Mahler 2002). This disease is caused by a mutation in the nucleotide
excision repair pathway, which is the pathway used to repair the damage caused by UV
light.
The risk of SCC is well known but an explanation for its unique pathophysiology
is not. Knowledge of what causes the high rates of metastases and multiple primary sites
is possibly a key for the development of a targeted treatment. Most of the research into
RDEB SCC has focused on the role of Type VII Collagen in the formation of the cancer
(Ortiz-Urda et al., 2005, McGrath et al., 1993; Christiano et al., 1994). A paper published
by Pourreyron et al. in 2007 established that SCC developed at the same rate regardless
of the amount of COL7A1 expressed by the patient. The role of type VII collagen is still
one of greatest questions in the field (Kim and Murrell, 2015). The greatest strides made
in understanding the contribution of collagen to SCC development has been its role in the
surrounding tissue, where lack of COL7A1 provides a conducive environment for SCC
development (Ng et al., 2012).
Other research focused on more traditional cancer expression patterns such as p53
and p16ink4a. Arbiser et al., 2004 found that mutant p53 and high expression of
p16ink4a was found in all of the SCC samples of RDEB patients, and thus, it was
believed that those pathways were involved in the pathogenesis of the disease. The best
characterized difference between RDEB SCCs and spontaneous SCCs is that RDEB SCC
shows a significant decreased expression of Insulin-Like Growth Factor-Binding Protein3 (Mallipeddi et al., 2004). Despite these discoveries, the treatment of RDEB SCC has
not greatly changed. Most patients undergo surgery to remove the SCC, frequently
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involving a partial or complete limb amputation. However, because most patients develop
multiple SCC sites, there is no significant increase in five-year survival (Fine et al.,
2009). Other patients opt to have chemotherapy but this too does not significantly extend
their lives (Fine et al., 2009). Clearly, there is a need to understand how SCC develops in
RDEB patients, so that a treatment could be developed targeting the specific expression
pattern of RDEB SCC and extending the survival time of these patients.
For this project, we chose to focus on a unique expression pattern of Nanog in
RDEB. In Tolar et al. 2011, it was noticed that the methylation status of the Nanog
promoter was mostly hypomethylated in keratinocytes of RDEB patients. This
hypomethylation is also found in fibroblasts of RDEB patients. Perhaps more
importantly, this hypomethylation is not found in other types of EB (Umegaki-Arao et al,
2014). It was hypothesized that this methylation pattern might explain, at least in part,
why RDEB patients have such high rates of SCC and why this form of SCC is uniquely
deadly.
Nanog is the key factor in pluripotency. It is a relatively small transcript of 305
amino acids found on chromosome 12. The protein is commonly divided into three
domains, the N-terminal domain (amino acid 1-95), homeobox domain (amino acid 96–
155), and C-terminal (amino acid 156–305) domain (Mitsui et al., 2007, and Oh et al.,
2005). The first domain is rich in serine, threonine and proline allowing for regulation
via phosphorylation and additional post-translational modification. The N-terminus is
considered the motif responsible for the transcriptional activity of Nanog (Oh et al., 2005,
Wang et al., 2013). The homeobox controls pluripotency along with Oct4 and Sox2. This
domain also contains a nuclear export motif (Park et al., 2012). The C-terminus contains
two potent transactivation subdomains (Oh et al., 2005 and Pan et al., 2005). Both the N
and C-terminus have DNA-binding motifs and nuclear localization sequences (Do et al.,
2007).
The role of Nanog is complex due to there being eleven known pseudogenes
(Booth and Holland 2004). However, of these eleven, only one has a known open reading
frame, pseudo-gene 8 (NanogP8). This gene is found on chromosome 15 and is
intronless. It is identical to the embryonic Nanog (Nanog1) except for two amino acids;
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glutamine-253 is changed to histidine, and alanine 16 to glutamine (Gong et al 2015). In
both cases, the new amino acid is different in charge or polarity. These two residues are
also in regions of consequence, the N-termini and the C-termini. However, as of now the
proteins appear to behave similarly and localize to the nucleus (Palla et al., 2014). The
resulting Nanog proteins are so similar that antibodies against Nanog1 also bind NanogP8
(Santaliz-Ruis et al., 2014). Both transcripts are also amplified in PCR unless specific
attention is paid to the primer sequence selection (Palla et al., 2014).
Nanog recently has emerged as an important protein in numerous cancers due to
its ability to give cancer cells “stemness” and its role in inducing epithelial-tomesenchymal transition (EMT). Cancers linked to Nanog expression include: ovarian
serous carcinoma, colorectal, breast cancer, and head and neck SCC (Huang et al., 2014).
Most of these papers regarding Nanog’s role in cancer do not specify Nanog1 or
NanogP8 and, based on their PCR primers, could be amplifying both transcripts.
Regardless of which Nanog is active, the link to cancer has been explored from numerous
angles summarized in Figures 2.1 and 2.2.

Figure 2.1: The pathways affecting Nanog expression and the downstream targets of
Nanog in cancer progression and development. Adapted from Wang, Chiou and Wu,
2013
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Figure 2.2: The role of Nanog in cancer stem cells and how expression of Nanog can
drive the expression patterns that define cancer stem cells. Adapted from SantalizRuiz et al 2014
Nanog was first described as an oncogene in 2005. Zhang et al. found ectopic
overexpression of Nanog in NIH3T3 fibroblasts caused the cells to show a marked
increase in proliferation due to Nanog promoting entrance into S-phase. A follow up
study the next year by Piestun et al established that Nanog was affecting the expression
of Signal transducer and activator of transcription 3 (Stat3) and Jun-B. These transcripts
are critical for ESC self-renewal, leading researchers to explore Nanog’s role in causing
“stemness” associated with cancer stem cells. When cancer cells express Nanog, they are
essentially being reprogrammed like iPSCs, but instead of properly differentiating, the
cells upregulate expression of genes associated with tumorigenesis. However, other roles
of Nanog related to cancer have also been published (Figure 18). One interesting report
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by Noh et al. 2012 found that Nanog activated the Akt pathway via T-cell
leukemia/lymphoma protein 1A (Tcl1a). Tclla then allowed the cancer to be adapted to
the host’s immune system and thus escape from immune-mediated clearance. Another
group, Choi et al. 2012, found that by simply knocking down Nanog, transcripts such as
cyclins D1 and D2 as well as cyclin-dependent kinase 1 (that were required for cell cycle
progression) were down–regulated. In case of cyclin D1, Nanog in fact directly binds to
its minimal promoter (Han et al., 2012).
There are hundreds of reports of Nanog being expressed in cancer. Specifically
for RDEB there are numerous reports of Nanog being linked to aggressive forms of
SCC, as well as the aggressive forms of other cancer types (Chiou, S. H. et al, 2008;
Bourguignon et al, 2012; Watanabe, M. et al. 2014). Huang and colleagues published
one of the most compelling studies in 2014. This group found that Nanog was a marker
of cancer stem cells (CSCs) based on the ability of the subpopulation expressing Nanog
to make cellular spheres. This group further found an increase in Nanog expression in
the HNSCC cell lines compared to epithelial cell lines. Amazingly, the group also
found that knocking-down Nanog expression using lentriviral plasmids decreased
tumorigenic and CSC-like abilities, as was evident from both in vitro assays and in vivo
mouse studies. Further, when Nanog levels were reduced, there was an increase in
sensitivity to chemotherapy (Huang et al., 2014).
Recently, Palla et al (2015b) found Nanog overexpression caused SCC to
develop in the transgenic mouse model K5-rtTAtg/. Colla1tetO-Nanog/+. This conditional
Nanog expression system limits the Nanog over-expression to the basal layer of
stratified epithelium. The SCC did not develop until the researchers stimulated the
mitogenic and inflammatory response using 12-O-tetradecanoylphorbol 13-acetate as
the promoter and as the mutagen 7,12-dimethylbenz(a)anthracene. SCC developed after
20 weeks and the endogenous Nanog was expressed. In an attempt to resolve how
Nanog was driving SCC development, the researchers performed RNA-seq and found
the drivers of EMT, such as Zeb1, Zeb2, Twist and Prrx1, were upregulated in the SCC
samples compared to control papilloma cells not expressing Nanog. Further
experiments found that the endogenous Nanog directly bound to the promoters of Prrx1
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and Zeb2. This group also found that induced overexpression of Nanog was able to
upregulate EMT mediators in primary keratinocytes. Also, when Nanog was overexpressed in an immortalized keratinocyte line, the migration capacity of the cell
increased. In the final experiment in the paper, siRNA was used to silence Nanog in the
SCC line, which led to decreased migration and lower expression of the EMT genes.
This was not the first report of Nanog causing EMT. Wang et al. 2013 found that Nanog
alone could induce Slug. Slug is an important transcription factor for EMT and tumor
invasion.
EMT has previously been studied in the context of RDEB SCC through the
investigation of TGF-β expression. Both RDEB SCC samples and untransformed
RDEB keratinocytes display elevated levels of TGF-β (Knaup et al., 2011). This paper
mostly focused on TGF-β’s role in skin but they briefly tested for EMT. TGF-β is a
well-established trigger for EMT (Xu et al., 2009). The Knaup group found mRNA of
E-cadherin (which is usually down-regulated in EMT) was elevated in the SCC
samples. The researchers didn’t further explore this, but the presence of E-cadherin
could explain why RDEB SCCs appear to be differentiated showing high rates of
proliferation and metastases in vivo. The authors of this paper concluded that EMT had
not taken place.
Further evidence that Nanog is playing a role in RDEB SCC is that it has been
linked to cancers that are chemoresistant. As mentioned previously, no significant
increase in survival has been found in RDEB SCC patients that undergo chemotherapy
(Fine et al., 2009). Yang et al. 2012, found that overexpression of Nanog in human
esophageal cancer resulted in cisplatin resistance as well as a decrease in the number of
cells undergoing apoptosis. The reason for the cisplatin resistance was explored by
Wang et al. 2013 in lung adenocarcinoma cells. It was found that ectopic
overexpression of Nanog and Oct4 resulted in higher mRNA levels of ATP-binding
cassette sub-family B member 1 (ABCB1). ABCB1 is a membrane-bound transporter
that is responsible for export of cellular toxic agents such as cisplatin.
Interestingly, with RDEB patients the Nanog 1 promoter is already
hypomehtylated making the cells poised to express Nanog but most somatic tissue does
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not express Nanog and the promoter is otherwise heavily methylated. One possible
explanation is the role of p53. In mice, it has been observed that p53 suppresses Nanog
expression through direct binding to the Nanog promoter (Lin et al., 2005). This paper
was focusing on the role of p53 in ESCs, but since p53 is commonly suppressed in
cancer, its loss would result in one less mechanism to repress Nanog expression in
somatic cells. However, it should be noted that the role of p53 is only known with
regards to Nanog1 not NanogP8, and since NanogP8 does not share a promoter nor a
similar promoter structure, p53 may not bind that promoter as well.
With a strongly established link between Nanog and EMT in SCC, as well as in
keratinocytes, it was hypothesized that due to the hypomethylation of the Nanog
promoter in RDEB patients, Nanog is turned on, and through its role in EMT, it is
driving the development of an aggressive form of SCC. Thus, this project sought to lay
the groundwork for the role of Nanog expression in RDEB SCC. RDEB SCC lines
throughout the project will be compared to another SCC line, SCC 12F. SCC 12F was
isolated from a non-aggressive facial epidermis SCC from a 60-year-old (Rheinwalk
and Beckett, 1981).
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ii. Methods
To explore the role of Nanog and the downstream EMT genes, RDEB SCC lines
were used. The RDEB SCC lines were procured from our collaborator Dr. Andrew South.
Lily Xia plated the cells on coating matrix (Invitrogen R011K) in standard keratinocyte
medium, Epilife with calcium (Life technologies M-EPI-500-CA) supplemented with
EDG supplement (Invitrogen S-012-5) and Gentamicin/Amphotericin Solution
(Invitrogen R-015-10). Once stable cobblestone morphology was obtained, we began to
culture the cells and the coating matrix was no longer used. The control line, SCC 12F,
was cultured as described in Rheinwald and Becket 1981 with a slight modification.
Briefly, a million cells were thawed, quickly warmed to 37° C, and 10 mL of
DMEM/F12 (DMEM/F12 supplemented with 5% pen/strep, 2mM L-glutamine 5% fetal
bovine serum) was added drop wise. The cells were then pelleted by spinning them down
at 1000 rpm for 4 minutes. The cells were grown directly on T25 flasks and then
transferred to T75 flasks once confluent. Once stable, SCC 12F was switched to
keratinocyte medium.
The first experiment to explore the role of Nanog expression in RDEB SCC was
to confirm by RT-qPCR that the cells were expressing Nanog. Along with Nanog, the
expression of the EMT genes Prrx1, Twist, Zeb1 and Zeb2, was also tested (Qiagen
PPH06935A-200, PPH02132A-200, PPH01922A-200, and PPH09021B respectively).
The Nanog primer was made in house by Weili Chen as custom oligos (Appendix A).
The RNA isolation, cDNA and qPCR were performed as described above, except the
purchased primers were used at10 µM stocks as suggested on the informational guides
provided instead of 5 µM.
In order to confirm the qPCR data, immunofluorescence for Nanog was
performed. As a control for the technique, high molecular weight Cytokeratin antibody
was used (ThermoFisher Scientific MA5-12135) and mIgG1 (eBioscience 14-4714-82)
was used as the isotype control. This was done at different concentrations of cells
because if confluency is too high, certain antibodies won’t work. This work was
furthered through the use of chamber slides. The cells were grown on chamber slides
with 4 compartments (Fisher Scientific 08-774-25) until 50% confluency was reached.
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The cells were fixed and incubated with primary antibodies and fluorescent secondary
antibodies and finally stained with DAPI. After the DAPI stain was washed off, the
chamber portion of the slide was removed using the plastic tool provided with the slides.
The slides were then left to dry for approximately 1 hour. Once dry, a drop of anti-fade
gold (Invitrogen P10144) was applied to each of the 4 sections of the slide. A coverslip
was then placed and the excess anti-fade was removed using a chemi-wipe. The slides
were left at room temperature for 24 hours to fix in the dark and then moved to 4° C.
With the RNA levels supporting the hypothesis, the protein expression was tested
using a western blot. Cells were collected from a 150mm x 15 mm plate and then lysed
for 30 minutes in RIPA buffer on ice in order to break up the cells and release the
proteins. The cell debris was then pelleted by spinning the cell lysate at 14,000 RPM for
20 minutes. The NanoDrop Lite (Thermoscientific) was used to check the protein
concentration levels. The samples were standardized and mixed with Nublot (diluted
from 6x to 1x with the full volume) plus 0.25% beta-mercaptoethanol (β-ME). This
mixture was then heated to 95° C for 5 minutes. This step denatures the protein making it
possible to run on a gel. The Nublot also contains detergents, which create an equal mass
to charge ratio. This ratio is critical to make sure the SDS-page gel separates the contents
only by mass, not by charge or amino acid composition. After the samples were run out
on the gel, the samples were transferred to nitrocellose membranes. This transfer was
done using an iBlot 2 machine (ThermoFisher Scientific). It is important to transfer the
protein to membrane so the antibodies can bind their target proteins. The membrane was
blocked with 5% milk for 1 hour and then incubated at 4° C overnight in the primary
antibodies, Nanog (Everst Biotech EB06860) or α-tubulin (Santa Cruz SC-8035) at a
concentration of 1ul/mL in block. The primary antibody was washed off using 3 washes
of TBST for 5 minute per wash. It is important to remove the primary antibody to reduce
the background on the blot and get clear resolution of band size. The secondary antibody
was then applied at 1/5,000; Nanog’s secondary antibody was rabbit anti-Goat IgG HRP
conjugated, GAPDH’s secondary was goat anti-mouse IgG-HRP (Santa Cruz sc-2005)
and α-tubulin’s secondary antibody was goat anti-mouse IgM-HRP (Santa Cruz sc-2064).
After repeating the wash procedure, SuperSignal West Pico Chemiluminescent substrate
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was applied for 5 minutes (ThermoFisher Scientific 34087). This substrate reacts with the
HRP (Horseradish Peroxidase) that is bound to the respective secondary, which results in
a band appearing on the film. A variety of exposure times were used to get crisp bands
ranging from 10 seconds to 2 minutes.
After confirming that Nanog was differentially expressed in RDEB SCC samples,
we wanted to see if altering the expression of Nanog would alter the behavior of the
cancer cells. The first step was to use short hairpin RNA against Nanog to knockdown
Nanog. The first plasmid, LL – hNANOGi, was a gift from George Daley (Addgene
plasmid # 12196) and the negative control, pLL3.7, was a gift from Luk Parijs (Addgene
plasmid # 11795). An additional 8 knockdown vectors were purchased from the RNAi
genome library of the University of Minnesota (clones V2LHS_193422,
V2LHS_192868, V3LHS_394075, V3LHS_394074, V3LHS_394073,
TRCN0000004884, TRCN0000004885, TRCN0000004886, TRCN0000004887, and
TRCN0000004888). The controls for the RNAi clones were provided by the vendor. The
negative control was the empty plasmid i.e the backbone and the positive control
expresses GFP. All of the plasmids used are lenti-viral based and thus provided a more
permanent knockdown than using shRNA directly. The numerous constructs were used to
make sure the effects of the knockdown were not artifacts and because they target
different regions of the mRNA transcript of Nanog and NanogP8.
Upon receiving bacterial “stabs” of lentiviral vectors, the bacteria containing the
plasmids were grown on the respective plates. Plates were hand poured by mixing 20 g/L
LB-Lenox (EMD Millipore EM1.00547.0500), 10 g/L peptone (VWR International
90000-264), 5 g/L yeast extract (VWR International AAH26769-22), 0.015 g/L agar
(Bioexpresss E-3119-500) and the appropriate water. The mixture was then autoclaved.
The following day, the solidified medium was microwaved and the appropriate
antibiotics were added after reaching a temperature below 52° C. For plasmids generated
with the GIPZ backbone 25 µg/mL Zeocin and 100 µg/mL carbenicillin was added, while
100 µg/mL carbenicillin was added to the plates to grow up pLKO backbone plasmids.
The proper antibiotics are critical to make sure that the only bacterial clones that grow on
the plates are the desired plasmid. The plates were streaked with plasmids from the
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bacterial stab by taking a sterile inoculation loop (the loop was held in a Bunsen burner
flame for approximately 20 seconds) to collect a small sample from the stab. A zigzag
pattern was used to apply the bacteria to the plate. The plate was placed at 37° C for 18
hours. The plates were then placed at 4° C until ready to make an overnight culture.
Overnight cultures were done by taking a single colony from the plate and
growing it overnight in liquid medium. Liquid culture was made using the same recipe
but without agar. A p200 tip was used to select a single colony. The colony and tip were
left in 2 mL liquid culture in a14 mL tube for 18 hours at 37° C. After 18 hours, 2 mini
preps per plasmid were performed. The mini preps remove the plasmids from the E. coli.
More than 1 mini prep was used because LL-hNANOGi and GIPZ are high copy number
plasmids and a single mini kit would not be able to process all the media. The overnight
cultures were also used to make long-term storage of the bacterial stocks. 500 µL of the
overnight culture was mixed with 500 µL 50% glycerol solution and put at -80° C. The
stocks are good for 2 years. Mini prep kits were purchased from Qiagen (12125) and
instructions were followed. The final elution volume was 50 µL.
The final step prior to growing up lentiviral particles was to confirm the proper
plasmid length. This was done using a restriction digest. Two different restrictive
enzymes were used, Sac II and EcoR I (New England Biolab R0157S and R5101S
respectively). These restriction enzymes are able to cleave at sites in the plasmid causing
DNA breaks. The digest was performed as described on the New England Biotechnology
website. In brief, for the Sac II enzyme digest, 50 µL reactions were made with 5 µL
buffer, 1 µg DNA, 1 µg Sac II (added last) and DNA/RNA pure water up to 50 µL. The
samples were incubated at 37° C for 1 hour. The enzymatic reaction was stopped using
the 6x purple dye supplied in the kit (#B7024S). This dye stops the reaction because it
contains EDTA, which chelates magnesium and renders the enzyme inactive. The digests
were then run out on a 1% agarose gel with a drop of Ethidium bromide added. The gel
ran at 124 volts for 75 minutes. The EcoR I purchased is a 10x master mix containing the
restriction enzyme, EcoRI-HF, NE Buffer, BSA and loading dye. 1 µL of mix was added
to 1 µg of DNA and brought up to a 20 µL total with pure water. This reaction was
incubated at 37° C for only 15 minutes. The master mix already contains the stop
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solution, which functions when the solution reaches below 27° C. This enzyme digest
was also run out on a 1% agarose gel with a 100bp ladder (New England BioLabs #
N3231L) and visualized.
The following results section will include a more detailed description of how the
methods were initially used and optimized to what is listed in the methods. The results
section also includes a brief discussion about the issues that arose and possible
explanations for those issues.
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iii. Results
The first step in this project was to culture the four different RDEB SCC lines that
were graciously gifted by Dr. Andrew South (School of Medicine, University of Dundee,
Scotland, UK). All the lines have a slightly different morphology and growth rate, Figure
3. It should be noted, other than RDEB 53, the rate of proliferation increased the longer
the cells were in culture. The control line, SCC 12F, was also grown (Figure 2.3). In an
attempt to limit the number of variables in the comparison, all direct comparisons
between the RDEB SCC lines and SCC 12F samples were taken from the SCC 12F cells
grown in the keratinocyte medium Epilife.
RDEB 2

RDEB 4

RDEB 53

Proliferated at a steady rate
similar to keratinocytes.
Spaces between the
“cobblestones” are large.

Looks similar to RDEB 2
but proliferated faster and
the spaces between the
“cobblestones” are small.

Rapid proliferation and
small “cobblestone”
morphology.

RDEB 62

“Cobblestones” appear to be
flatter than other SCC lines.
Grows at an exceptional rate.

SCC 12F

Non-cobblestone
morphology. Rapid
proliferation.

Figure 2.3: Morphology and characteristic of each SCC line. Scale bar=100µm
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Prior to examining the role of Nanog and the EMT proteins in the RDEB SCC
pathophysiology, the expression of Nanog and the EMT genes was tested using RTqPCR in each cancer line. Results are presented as relative gene expression comparing
the RDEB SCC gene expression to SCC F12. Comparison to SCC 12F was chosen
because it was from a non-aggressive non-RDEB SCC. Relative gene expression was
derived using the CT value of the gene of interest for SCC F12 minus the CT value of the
endogenous control GAPDH as the endogenous calibrator (calibrator dCT). Each reaction
was than standardized against the calibrator dCT by doing the same calibration but using
the CT values for the gene of interest and GAPDH for the RDEB SCC line (dCT-dCT
calibrator= RQ). The date was than linearize (2-RQ). It should be noted that the Nanog
primer used in this comparison amplifies both Nanog1 and NanogP8 (Expression of
Nanog1 is planned for the future and the custom oligos have been ordered). To examine
if the difference in each gene’s expression was significantly different between SCC 12F
and the tested RDEB SCC line, a non-paired t-test was run. There was a significant fold
increase in expression of Nanog, Prrx1, Zeb1, Zeb2, and Twist in the RDEB SCC
samples (Figure 2.4). The only comparison that was not significantly different was the
expression of Zeb1 in SCC 12F and RDEB (Figure 2.4d).
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Figure 2.4: Expression of Nanog and EMT genes in SCC 12F and the RDEB SCC
lines. a) Each RDEB line shows a significant increase in expression of Nanog compared
to SCC 12F. b) Prrx1: each RDEB line shows a significant increase in expression of
Prrx1 compared to SCC 12F. c) Twist is differentially expressed in all the RDEB lines
compared to SCC 12F. d) Expression of Zeb1 is significantly increased in the RDEB
lines when compared to SCC 12F except for RDEB 4. e) Expression of Zeb2 is
significantly increased in the RDEB lines when compared to SCC 12F. GAPDH was used
as the endogenous control for all experiments and a total of three biological replicates
were graphed (n=3). An unpaired t-test was used to test for significance (*= significant
with a p <0.03, **=very significant with a p< 0.001 ***= extremely significant, p <
0.0001.)
The next step to confirm Nanog’s role in RDEB SCC behavior was to use a
western blot to demonstrate that the mRNA was being translated into a proper
structurally accurate protein. The samples tested were RDEB 4 and SCC 12F, both
denatured with and without β-ME (β-ME aids in the lysis). The samples were loaded;
ladder, RDEB 4, and RDEB 4+ β-ME, SCC 12F, SCC 12F+ β-ME. After running the gel
and successful transfer to the membrane, the membrane was cut in half using sterile
scissors. The ladder and SCC 12F samples were tested for α-tubulin protein presence and
the RDEB 4 samples for Nanog presence. The need to cut the sample limits the

62
conclusions that can be drawn about the SCC 12F samples because the ladder was on the
other blot and thus when imaging the ladder had to be manually re-aligned with the SCC
12F membrane. Also, the cut location was chosen based on the borders generated by the
dye, which may not accurately reflect the location of the proteins.
The blot containing the RDEB samples showed a faint band in the line containing
the sample denatured with β-ME (lane 4) when the film was exposed for 30 seconds
(Figure 2.5a). The film was then exposed for 60 seconds and 90 seconds to increase the
strength of the band (Figure 21b and c). The band darkened and sharpened, but at 90
seconds background was beginning to be detected so no further exposure times were
used. The band was at the proper kilodaltons, 376 kDa, based on the ladder, marked with
a piece of reactive tape (lane 1). The blot showed that the Nanog protein was likely
present and that β-ME was required for proper lysis. This blot cannot be used to make
conclusions because no control staining was done.
1

a)

36k
Da

b)

36kDa

c)

36kDa

Lane identities: 1) reactive tape with point at 36 kDa based on the ladder 2) Ladder used
to identify 36kDa but does not react with the secondary antibody and thus is not visible.
3) RDEB 2 denatured in a solution with just Nublot 4) RDEB 2 denatured with β-ME
Figure 2.5: SCC line RDEB 4 may contain Nanog. RDEB 4 was incubated with Nanog
primary and a band was seen at approximately 36 kDa, which was marked using a reacted
piece of tape. The first exposure time of 30 seconds (5a) showed a band only in lane 3,
the RDEB 4 sample denatured with β-ME, and no band was seen in lane 2 where RDEB2
was denatured with only Nublot. The band was faint so further exposure times of 60
seconds (5b), and 90 seconds (5c) were used to strengthen the band. No control was used
so no conclusions can be drawn
The α-tubulin blot showed a strong band when the film was exposed for 10
seconds in the lane containing the SCC 12F denatured in a solution containing β-ME and
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a faint band in the lane denatured with Nublot (Figure 2.6). An exposure time of 30
seconds increased the saturation of the faint band (Figure 2.6). This membrane was then
stripped using wash buffer overnight and incubated with Nanog primary for 4 hours. The
application of the secondary and washing was done as described in the methods. No
bands were seen on this blot, even after a 2-minute exposure (data not shown). The lack
of bands could indicate that the amount of Nanog protein was too low to be detected.
This is supported by the expression of Nanog mRNA in SCC 12F being 6-fold less than
in RDEB 4 (Figure 2.4). However, since no control for Nanog was included and the
ladder was manually placed with this blot no conclusions could be drawn. This blot and
the previous blot (Figure 2.5) need to be repeated. The planned blot will included the
RDEB SCC sample, SCC F12, and a control for Nanog expression (iPSC line). The blot
will be incubated with the Nanog primary and with α-tubulin as a loading control.
10 second exposure
50 kDa

30 second exposure
50 kDa

Lane identities: 1) Ladder manual placed from Figure 5, 50 kDa marked on image based
on ladder 2) SCC F12 denatured only with Nublot 3) SCC F12 denatured with Nublot
and β-ME
Figure 2.6: SCC 12F expresses α-tubulin. a) The blot was incubated with α-tubulin
and a band was seen at 50 kDa representing α-tubulin after only a 10 second exposure in
the lane denatured with β-ME, upper panel. The lower panel depicts the banding pattern
of an exposure time of 30 second. A band was now seen in both lanes.
The presence of Nanog protein was also confirmed by immunofluorescence.
Immunofluorescence can show localization and it gave a better idea whether the
expression of Nanog was uniform across the population or whether a few cells were
expressing Nanog at high level. Immunofluorescence for Nanog was successful with a
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few hurdles. In all attempts high molecular weight Cytokeratin was used as a positive
control for the immunofluorescence not working instead of being negative for Nanog.
This antibody binds all the peptides of keratin, and thus squamous epithelium should be
positive. RDEB 2, RDEB 53 and RDEB 4 were found to be positive for both Cytokeratin
and Nanog. RDEB 62 was also tested but the cells were not positive for Nanog or
Cytokeratin demonstrating that the immunofluorescence failed. SCC 12F was found to be
negative for Nanog except very rarely and at very low levels of fluorescence. The pattern
of Nanog expression in RDEB 2, RDEB 4, RDEB 53 and SCC 12F was not expected;
Nanog expression extended past the DAPI and appears like the image was overexposed
(Figure 2.7a, b, c, and d). Nanog is supposed to be nuclear so there should be perfect
overlap in fluorescence. Since DAPI stains DNA, it is possible that Nanog could still be
nuclear but extend past DAPI.

a.

b.
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c.

d.

Figure 2.7: RDEB SCC line expresses Nanog and Cytokeratin. Cells were plated on a
12-well plate and grown to 50% confluency and then fixed using 4% paraformaldehyde.
The left panel of a-d is testing for Cytokeratin and the right panel for Nanog. DAPI was
used as counterstain in both panels. Image a is RDEB 2, image b is RDEB 4, image c is
RDEB 53 and image d is SCC 12F. All cell types were found to be positive for
Cytokeratin. RDEB2, RDEB 4 and RDEB 53 were found to be positive for Nanog but
exhibited unexpected expression pattern, with Nanog extending past DAPI. SCC 12F was
also positive for Nanog but only when overexposed.
To test the hypothesis that Nanog was still restricted to the nucleus,
immunofluorescence for Nanog and Cytokeratin were used on the same well of cells.
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This did not reveal anything because a cross-reaction occurred leading Cytokeratin and
Nanog to appear to co-localize in the cytoplasm (Figure 2.8a, b, c, and d). This crossreaction was due to the secondary for the Cytokeratin being raised in a goat so it reacted
with the goat portion of primary antibody against Nanog that was made in goat. This
could not have been predicted since the secondary for Cytokeratin was against mouse
leading to the variable light chain no longer targeting goat.

a

b

c

d

Figure 2.8: Co-immunofluorescence for Nanog and Cytokeratin in the RDEB SCC
lines failed due to a cross-reaction. RDEB SCC lines 2 (image a), 4, (image b), 53
(image c) and 62 (image d) were grown on a 12-well plate and fixed. The fixed cells were
tested for Nanog, red, and Cytokeratin, green, expression. Due to the secondary for
Cytokeratin being raised in a goat against mouse, it reacted with the goat part of the
Nanog primary, since the primary was made in a goat.
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Another possible explanation for eclipse of Nanog past DAPI is that the culture
wells were not flat and distorted the image. To test this, the cells were grown on slides
instead. The cells were at high confluency, which can lead to false negative results,
however immunofluorescence was still attempted. The smooth flat surface of the slides
provided the best images. Nanog still extended past the DAPI for both RDEB 2 and
RDEB 4, which could mean that the antibody is not reacting with Nanog or that Nanog is
present both in the nucleus and the cytoplasm (Figure 2.9a and b). However, it does
appear to be more circular than the fluorescence for Cytokeratin. The expression of
Nanog in RDEB 53 and RDEB 62 showed a more speckled pattern. RDEB 53 showed the
best double positive cells for Nanog and DAPI (Figure 2.9c). Immunofluorescence in
RDEB 62 was the least successful because, despite the speckling, the Nanog eclipsed
DAPI most of the time, though some of the cells showed DAPI extending past the Nanog
(Figure 9d). Based on similar speckled pattern for Cytokeratin, it is believed this pattern
is due to too much mounting antifade reagent on the slides. Finally, it should be noted
that all immunofluorescence for Nanog is targeting both Nanog1 and NanogP8 since the
primary antibody binds both.

a

a
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Figure 2.9: RDEB SCC lines are positive for Nanog and Cytokeratin and growth on
slides yields sharper imaging. RDEB SCC lines were grown on chamber slides and then
immunofluorescence against Nanog (red) and Cytokeratin (green) was done, DAPI was
used as nuclear marker. a) RDEB 2 is positive for Nanog and Cytokeratin. Nanog’s
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expression appears to extend past DAPI. b) RDEB is positive for Nanog and Cytokeratin.
The fluorescence representing Nanog extends past DAPI. c) RDEB 53 is positive for
Nanog and Nanog rarely extends past DAPI though there are cells in the top of the image
where Nanog is present in both the cytoplasm and the nucleus. The line is also positive
for Cytokeratin. d) RDEB 62 is positive for Nanog and Cytokeratin. However, in both
panels the fluorescence is not sharp and over exposure is present.
With some evidence for the expression of Nanog confirmed, the process of
creating knockdowns of Nanog using RNAi began. The first step was to take the bacterial
stabs and grow up the bacterial cells. Every clone grew up quickly, and 18 hours after
plating very few distinct single colonies remained. A single colony was picked and grown
up overnight and then 1.5 mL of the culture was used for mini preps.
The gel of the restriction digest will not be shown due to using the wrong ladder
(100bp). The plasmids did produce the expected number of bands and potentially the
right size based on the ladder. However, the highest band of the ladder was too low,
1,517bp, with the expected base pairs at 1.9kb and 7kb for the EcoR1 digest and expected
bands at 1.26kb, 2.5kb, and 7.9kb for the Sac II digest. Additionally, EcoR1 digestion
was placed at room temperature for close to 10 minutes as the gel solidified. The digests
using Sac II were also placed at room temperature after digests but for only 5 minutes.
This gel will be repeated using a 10kb ladder and without alterations to the protocol listed
in the methods.
This project is still in the beginning phases. However, it is already clear that
Nanog is present in the RDEB SCC samples (Figure 9) and that the mRNA expression of
Nanog and the EMT genes is significantly higher in RDEB SCC lines than in non-RDEB
SCC line SCC F12 (Figure 5). In order to conclude that the expression of Nanog and
EMT is contributing to the aggressive behavior of the RDEB SCC, we plan on comparing
Nanog and the EMT gene expression in the RDEB SCC lines to wild type keratinocytes
and RDEB keratinocytes. The relative hypomethylation of the Nanog promoter is seen in
RDEB non-transformed keratinocytes yet presence of the Nanog protein is not (Tolar et
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al., 2011); thus, it will be of interest to see if the expression of EMT follows a similar
pattern.
Related to the hypomethylation of the Nanog promoter, is the need to confirm
which Nanog, Nanog1 or NanogP8, is present in the RDEB SCC samples. It would
expect the Nanog being expressed in RDEB SCC is Nanog1 due to the hypomethylation
of the promoter. However, most cancers have been linked to NanogP8 or the source of
the Nanog is not specified. Additionally, were the protein is localized in the cell needs
further be explored. The immunofluorescence is not conclusive about whether the
expression of Nanog is much higher than in traditional pluripotent cells causing
fluorescence marking Nanog to eclipse DAPI, or if Nanog is both in the nucleus and in
the cytoplasm.
In order to prove that Nanog is relevant to the aggressive behavior of RDEB SCC
a knockdown of the mRNA is required. With the plasmid already purified, the next step
is to generate lenti-viral particles. These lenti-viral particles can then be used to simply
infect the cells with the targeted RNAi against Nanog. The knockdown will be confirmed
using western blots. If Nanog is successfully knocked down, a change in behavior should
be observed. The readouts for this behavior would be a decreased proliferation rate, a
decreased ability to invade as evaluated by a cell migration assay, and finally an
increased sensitivity to treatment with chemotherapy. To strengthen the conclusions that
Nanog is playing a role in the aggressive nature of RDEB SCC in vivo, an animal study
would be required. In this study the RDEB SCC lines, with and without the Nanog
knockdown, would be injected subcutaneously into an immunodeficient mouse. The
mouse would then be monitored for tumor size and rate of metastases.
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iv) Discussion
The goal of this project was to explore the role of Nanog and its downstream EMT
targets. Although this work is in the beginning phases, the data generated at this point is
already important in the treatment of SCC in RDEB patients. As outlined in the
introduction, the SCC that develops in RDEB patients is essentially untreatable. The
cancer is so hard to treat because it is uncharacteristically aggressive leading to the
multiple primary sites and high rate of metastases. This work demonstrates that Nanog
and the EMT genes are present in the RDEB SCC samples and thus could be contributing
to the pathophysiology of the RDEB SCC. Furthermore, it is already clear that treatments
targeting Nanog or the EMT proteins could be explored for these patients in
particular. The expression of these genes is significantly higher in RDEB SCC than in
traditional SCC. Planned future experiments include treating the cancer in a dish. The test
chemotherapies will be chosen based on their targets and will be confirmed in vitro if
these proteins are biologically important targets for cancer treatment.
One of the biggest questions that remains for this project is whether the Nanog
present in these cancer lines is Nanog1 or the protein transcribed from NanogP8. There is
evidence that it will be Nanog1 because the hypomethylation of promoter is present prior
to expression. However, the NanogP8 is linked to more types of cancer. Since the
resulting proteins are so similar, they may be able to drive the same pathways such as
EMT. For the patients, it may not matter given that the two different amino acids would
be hard to target and thus any planned treatments would be unlikely to be specific.
Moreover, Nanog is unlikely to be the target for future treatments since adult stem cells
also express Nanog.
Additional questions that need to be answered are whether Nanog expression is
uniform through RDEB SCC population or if it is only found in a subset of the cells. That
subset would have been selected for during the line generation. As mentioned in the
introduction, Nanog is linked to cancer stem cells. If Nanog was being expressed
throughout the cancer, this could explain the aggression, since essentially every
cancerous cell would be acting as stem cell. Part of the reason Nanog would be a logical
expression in cancer stem cells is that it is a key pluripotency factor, and it is part of the
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circuit driving the expression of the other two key “stemness” factors, Oct4 and Sox2.
Therefore, the expression of Oct4 and Sox2 should be tested. This was attempted in this
thesis project and no expression was found. However, this immunofluorescence
essentially failed and, because Nanog was not detected, it needs to be repeated.
This work also highlights how important it is to look at the similarities between
aggressive cancer and stem cells. As the introduction pointed out, in the last two years
Nanog has been found in cancer of every germ layer, and it is almost exclusively only
expressed in the aggressive form of the cancer. One of the reasons Nanog in RDEB SCC
was first explored was that we were studying pluripotency and the similarities between
the behavior of iPSCs and metastatic cancer was striking.
A summary of the future plans for this experiment can be found in Appendix E.
Briefly, looking forward from this project, if the knockdowns of Nanog result in the loss
of aggression both in vitro and in vivo, the next step is to figure out how to exploit this.
As already mentioned, Nanog is not an advisable target since effects on the patient would
be too vast. However, the transcripts downstream could be great targets. Unexpected
results might send future projects in a completely different direction -focusing on what is
driving the expression of Nanog and the function Nanog is playing if not in aggression.
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APPENDIX A: RT-QPCR PRIMER SEQUENCES
GAPDH
F: 5’-GAAGGTGAAGGTCGGAGT-3’
R: 5’-GAAGATGGTGATGGGATTTC-3’
Nanog
F: 5’-AGAAGGCCTCAGCTAC-3’
R: 5’-GGCCTGATTCCAGGATT-3’
Oct4
F: 5’-TCTCGCCCCCTCCAGCT-3’
R: 5’-GCCCCACTCCAACCTGG-3’
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APPENDIX B: ADDITIONAL IMAGES
Figure 1: Cell death noted in application of naïve medium to Line 1. Medium was
added gradually with an increase in naïve medium by 25% every two days. Each image,
a and b, represents a single cell population. Scale bar=100µm
a)
Day 2

Day 7

Day 14

Day 17
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Day 2
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Figure 2: Immunofluorescence of naïve iPSC lines. Naïve iPSC lines were fixed using
4% paraformaldehyde. Cells were incubated with the primary antibody overnight at 4°C
and the secondary antibody for one hour at room temperature. DAPI was used as
counterstain to mark the nuclei. a) Line 4 was passaged 4 times in naïve medium and
tested for expression of Sox2, red, and SSEA-4, green. The cells were positive for both
(with Sox2 co-localizing with DAPI as expect). b) Line 4 was passaged 4 times in the
naïve medium and immunofluorescence for Nanog, red, and TRA-1-60, green was done.
The cells were negative for TRA-1-60 and noted to be positive for Nanog, however, due
to overexposure one can’t tell the cells are positive for Nanog.

a

b

90
Figure 3: Immunofluorescence of the region-selective iPSC lines. Naïve lines were
fixed using 4% paraformaldehyde. Cells were incubated with the primary antibody
overnight at 4°C and the secondary antibody for one hour at room temperature. DAPI
was used as counterstain to mark the nuclei. A) Line 4 was passaged 4 times in regionselective medium and tested for TRA-1-81, green, and SSEA-3, red, using
immunofluorescence. The cells were positive for SSEA-3 and negative for TRA-1-81. B)
Line 4 was passaged 3 times in region-selective medium and tested for Nanog, red, and
TRA-1-60, green using immunofluorescence. Nanog does not co-localizing with DAPI
and cell positive for TRA-1-60 are both rare and the pattern is not cytoplasmic. C) Line 4
was passaged twice in the region-selective medium and test for expression of Sox2, red,
and SSEA-4, green using immunofluorescence. The cells were positive for Sox2 and
showed proper localization. Cell positive for SSEA-4 were rare. D) Line 4 was passaged
twice in region-selective medium and test for Oct4, green, expression and SSEA-3, red,
expression. While there are cells that are positive for Oct4 that overlaps with DAPI, no
SSEA-3 was present.

A

B

C

D
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APPENDIX C: RT-QPCR RAW DATA
Name
Line 1 N2
Line 1 N2
Line 1 N2
Line 4 CTR
Line 4 CTR
Line 4 CTR
Line 1 N2
Line 1 N2
Line 1 N2
Line 4 CTR
Line 4 CTR
Line 4 CTR
Water
Water
Water
Water
Water
Water

Target
GAPDH
GAPDH
GAPDH
GAPDH
GAPDH
GAPDH
Oct 3/4
Oct 3/4
Oct 3/4
Oct 3/4
Oct 3/4
Oct 3/4
GAPDH
GAPDH
GAPDH
Oct 3/4
Oct 3/4
Oct 3/4

Ct SYBR
23.89
23.96
24.19
23.27
20.48
21.46
35.79
27.72
34.45
35.69
-
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APPENDIX D: FLOW CHART OF FUTURE DIRECTIONS FOR THE ROLE OF
NANOG IN RDEB SCC
Increase in
migration

Western blots
Migration assay

No change
Nanog present

Nanog absent
Decrease in the
number of foci
Focus assay

RT-qPCR:
Compare RDEB
SCC to
keratinocytes

Higher expression
in RDEB SCC

No change in the
number of foci

Viral transduce
shRNA targeting
Nanog and
controls

No change
Trans-well
invasion assay
Increase in
amount in lower
chamber

No difference in
EMT gene
expression

No change in
response
Treat cancer in a
dish

Metastasis assay
using tail
injections and
WireWly
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sensitivity to
chemotherapy

Difference in rates
of metastasis
No difference.
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