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Abstract
Analysis of Signal Transduction Pathways in Induced Pluripotent Stem Cell Reprogramming
by
Ashley Linn Fritz
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor David V. Schaffer, Chair

Embryonic stem cells have immense biomedical potential, since they are pluripotent and
thus have the capability to form any cell type in the adult body. Human embryonic stem cell
derivation, however, involves destroying “leftover” embryos - a non-ideal scenario both ethically
and as the embryonic stem cells may not be representative of, or “tissue compatible” with, the
general patient population. In 2006, researchers discovered a way to “reprogram” an adult cell
into an embryonic-like cell by expressing only four genes, the “Yamanaka factors” (c-Myc, Klf4,
Oct4, Sox2), work that was awarded the 2012 Nobel Prize in Medicine. The resultant
embryonic-like cells were termed induced pluripotent stem (iPS) cells. With this technology,
cell-replacement therapies, where a diseased cell type in an individual is replaced with stem cell-
derived cells, will be able to utilize a patient’s own cells. Additionally, biopsies from patients
will allow for researchers to study and culture diseased cells, a benefit especially if the cause of
the disease is unknown and the diseased cells are not easily isolated.

However, two limitations hinder the applications of iPS cell technology. First, the
formation of iPS cells is very inefficient, with only 0.01-0.1% of cells converting back to an
embryonic-like state. Second, there is an increased risk of cell abnormalities and cancer. The
delivery of the factors to cells is mediated by viral delivery, which can modify the genome and
activate cancer-causing genes. Additionally, the proteins KLF4 and C-MYC are oncogenes, or
have the potential to cause cancer. Typically, replacing a factor or changing the gene delivery
method from viral gene delivery results in an even lower efficiency and has remained a challenge
for iPS cell technology.

Signal transduction, the relay of an input from outside the cell to the DNA inside the
nucleus, is mediated through protein-protein interactions, and has been shown to be a central
regulator of cell behavior. Signal transduction proteins directly affect the activation of
transcription factors (such as C-MYC, KLF4, OCT4, and SOX2), which then bind to DNA to
regulate gene expression. Because signal transduction proteins are more easily manipulated
through small molecules (drugs) and external proteins, I have developed a way to study signal
transduction during iPS cell reprogramming.

I have created a library of 38 genes encoding signal transduction proteins that can
upregulate and downregulate major signaling pathways within the cell. The library can be used
in a modular approach to study reprogramming using mouse cells. First, the library can be used
by itself to see if there are any combinations of signaling proteins that can replace the Yamanaka
factors. Second, the library can be used in conjunction with the Yamanaka factors to see how



signaling proteins affect reprogramming. Third, the library can be used to see if any signaling
proteins can replace OCT4, SOX2, and KLF4.

The second aim of the library, to see how each signaling protein affects reprogramming,
resulted in a group of genes that aided in reprogramming, a group that had no effect on
reprogramming, and a group that was deleterious to reprogramming. Importantly, the results
from the library showed that previously published results aligned with our data, verifying our
methods to study reprogramming. Additionally, I identified several GTPases that improve or
hinder iPS cell reprogramming, factors that to date have not been largely studied in
reprogramming.

To learn more about the individual signaling proteins and their role in reprogramming, I
performed studies looking if each signaling protein could replace OCT4, SOX2, and KLF4. The
most promising results were in replacing OCT4, which to date has been the most difficult to
replace as SOX2, KLF4, and ¢c-MYC have published small molecule replacements. I discovered
an activated cell surface receptor, GNAS, that could replace OCT4 with approximately 8% of the
efficiency of OCT4, SOX2, KLF4, and C-MYC. Forskolin, a small molecule that mimicked the
activity of the receptor could also replace OCT4 with a 2.1-fold increase in reprogramming
efficiency. To illustrate these cells are pluripotent, I did immunostaining to probe for the
presence of embryonic stem cell markers, SSEA1, OCT4, and NANOG. The cells were able to
differentiate into the three germ layers, resulting in cells from the brain, muscle, liver, and heart.
Additionally, I have determined that forskolin acts via the EPAC signaling pathway and is
necessary and sufficient to induce colony formation. Forskolin also increases epithelial gene
expression, decreases mesenchymal gene expression, and increases cell proliferation to replace
OCT4 during reprogramming

To date, this work shows a small molecule can replace OCT4 to result in pluripotent cells.
Not only does this aid the understanding of reprogramming biology, but it is an initial step in
finding a method to reprogram without viruses or oncogenes, which is ideal for downstream
applications such as cell-replacement therapies and disease studies.
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CHAPTER 1
INTRODUCTION

Embryonic and Induced Pluripotent Stem Cells

Embryonic stem cells (ESCs) are endowed with the pluripotency of an early stage
embryo, i.e. the capacity to differentiate into all cell types within the adult body. Additionally,
ESCs can divide indefinitely in an immature state, a process known as self-renewal. In 1981,
embryonic stem cells were first generated from mouse embryos" ? and seventeen years later
human embryonic stem cells (hESCs) were successfully created (from human embryos that
would otherwise be discarded at in vitro fertilization clinics) and cultured®. Since hESCs can
potentially differentiate into any cell type, cell replacement therapies — where cells lost due to
disease or injury are replaced with healthy cells derived from hESCs — have been a major focus
for hESC research. However, there are numerous major challenges to such efforts, including
immune responses, since differentiated cells derived from a general hESC will not be “tissue
matched” to a particular patient recipient. Some research has shown that ESCs and their
derivatives do not activate the immune system™ >, but other studies have shown the opposite®*®,
potentially requiring patients undergoing hESC treatments to suppress their immune system, as
illustrated in a landmark clinical trial. On January 23, 2009, the FDA approved the first hESC
cell replacement therapy clinical trial for treatment of spinal cord injury’. Geron Corporation, in
collaboration with the University of California, Irvine, showed that hESC-derived
“oligodendrocyte progenitors” implanted into a spinal cord injury site in rat models could restore
locomotion'” "', which in part provided the basis for human trials. During the clinical trial,
patients must undergo immune suppression for 60 days, a potential drawback for treating patients.
Creating pluripotent, embryonic-like stem cells from a patient could enable the generation of
“tissue matched” cells, thereby avoiding immune response issues.

Another powerful application for hESCs is to study processes of human development,
and in addition, introducing disease-associated genetic mutations into the cells offers
opportunities to study mechanisms of human disease and models for developing new medical
therapies'>. However, one major challenge is that many molecular mechanisms underlying
human disease are unknown, and it is difficult to know in advance whether a particular hESC
would harbor genetic or other modifications that would result in a disease, given that the embryo
did not have the opportunity to develop and exhibit that disease. It is thus difficult to generate
hESC-based models of many forms of human disease. Therefore, despite the promise of hESCs,
biomedical limitations and some ethical concerns remain.

In parallel to work with hESCs, the stem cell and development fields have been exploring
whether it is possible to endow mature or differentiated cells with the capacity for pluripotency
and self-renewal, i.e. to reprogram them to an “embryonic” state. Such reprogramming has been
previously achieved through the use of somatic cell nuclear transfer (SCNT), a process where the
nucleus of a differentiated cell is transferred into an egg cell whose own nucleus has been
removed, which can result in “rebooting” the cell to a pluripotent cell (the process that led to
Dolly the sheep). However, while SCNT has established that reprogramming is possible, the
molecular factors in the egg that were responsible for initiating the nuclear reprogramming
process were unclear’. In 2006, Kazutoshi Takahashi and Shinya Yamanaka remarkably
discovered that a small set of factors was sufficient to reprogram cells and thereby generate
“induced” pluripotent stem (iPS) cells. Specifically, when genes encoding four transcription

1



factors — c-Myc, KIf4, Oct4, and Sox2 — were introduced into fibroblasts (differentiated cells
from connective tissue) to overproduce or “overexpress” those factors, the cells reverted back to
a pluripotent state replete with the differentiation potential and self renewal of an ESC'*. The
year after this groundbreaking work, iPS cells were created from differentiated human cell lines
using the four “Yamanaka factors” (c-Myc, Klf4, Oct4, and Sox2), as well as an alternate set of 4
genes (Lin28, Nanog, Oct4, and Sox2)'> '° indicating that multiple “paths” can lead to a
pluripotent state.

To establish their differentiation potential, numerous cell types have been created from
iPS cells and compared to the corresponding ES-derived, differentiated cells. In particular,
cardiovascular cells'”*', leukocytes®, hematopoietic cells®, adipocytes®, and neurons™ have
been generated from iPS cells. Also, in a proof-of-principle experiment for cell replacement
therapy using iPS cells, Hanna et al. isolated tail-tip fibroblasts from a sickle cell anemia mouse
model, created an iPS cell line, and introduced genes to correct the mutated B-globin gene.
When replacing diseased cells with the corrected cells derived from the iPS cell lines, the mice
had a reduction of the sickle-shaped blood cells, increased urine concentration, decreased
respiration, and increased weight, which were all comparable to the non-sickle cell anemia
control animals®’.

Importantly, iPS cells have potential as systems for studying mechanisms of human
disease via isolating a readily accessible cell type from a diseased person (an option not available
for hESCs), reprogramming the cell type to form iPS lines, and differentiating the iPS cell line
into the diseased cell type present in the patient’s body (Figure 1). Not only does this method
allow for culturing diseased cell types that are inaccessible through surgeries or biopsies (e.g.
brain tissue), but differentiation of iPS cells into the diseased state can yield valuable information
about the progression and pathology of the disease. Using biopsied skin cells from two patients
suffering from the neurodegenerative disease amyotrophic lateral sclerosis (ALS or Lou Gehrig’s
disease), Dimos et al. reprogrammed the cells to iPSC and then differentiated them to motor
neurons, the diseased cell type in ALS®’. An iPS culture model for ALS will enable high
throughput screening to aid in pharmaceutical development. For diseases that have multiple
mutations, no associated mutation, or are influenced by environmental effects, iPS culture
models could also allow the study of various environmental perturbations and the effect on
disease progression and prognosis.

While iPS cells hold great promise for medical therapies and research, numerous issues
with reprogramming remain. Currently, the efficiency of reprogramming is exceedingly low; for
every 10,000 mouse embryonic fibroblasts infected with retroviral vectors (viruses modified to
carry genes inside of cells) containing the Yamanaka genes, 1-10 fully reprogrammed colonies
are expected”®, and the efficiency with human cells is lower. Small molecules™', microRNAs*%,
and different starting cell types™ have been used to enhance reprogramming, but the efficiency is
still low. Furthermore, the process of reprogramming is time intensive, taking approximately 2
weeks to isolate mouse iPS colonies and 3-4 weeks to isolate human iPS colonies™. Since much
is still unknown about the mechanism of reprogramming, screening methodologies could
potentially discover new empirical means to increase reprogramming efficiency, increase the rate
of iPS conversion, and further elucidate reprogramming mechanisms.

In addition to efficiency, when using iPS cells for human therapy, safety is a concern.
The reprogramming process most often involves inserting the reprogramming genes into the
genome, which could potentially disrupt key genes and damage the cell, and additionally, one of
the Yamanaka genes, c-Myc, is an oncogene, which when activated promotes cancer formation™.
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Several efforts have been made to overcome these limitations: by using a viral vector less likely
to integrate into the genome™®; using small molecules®’; reducing the number of integrations into
the genome™®*’; delivering non-integrating plasmid DNA****; (repeatedly) delivering of proteins
rather than of DNA into cells*’; removing c-myc from the Yamanaka genes** *; and excising the
integrated DNA after reprogramming has occurred*” *>*’. These methods, however, usually
lower the efficiency of reprogramming even further. Identifying additional factors that aid
reprogramming may yield a deeper understanding of the underlying mechanism as well as result
in new approaches for efficient and safe reprogramming.

CELL REPLACEMENT THERAPY

Replacing diseased cells with cells
derived from the own patient

DISEASE MODELING
Studying diseased cells

from a patient in a dish

LR
°
e *

Drug candidates

Biopsy
Transplant
Diseased patient Reprogram Differentiate

"y v~ W

Embryonic-like cells

@ Reprogram

(Gene Therapy)
Differentiate @

Embryonic-like cells

Cell behavior

Figure 1. Induced pluripotent stem cell applications. Induced pluripotent stem cells have potential for
cell replacement therapies, where a diseased patient’s cells are reprogrammed to an embryonic state,
corrected via gene therapy if necessary, differentiated into the diseased phenotype, and then transplanted
back into the patient. iPS cells can also be used for disease modeling, where reprogrammed cells are
differentiated into the diseased phenotype and can be used to screen therapeutic drugs.

Intracellular Signal Transduction and Induced Pluripotent Stem Cells

During normal embryonic development, a cell receives cues from environmental
signaling molecules, cell-cell contacts, the extracellular matrix, and mechanical forces acting on
the cell surface, which first govern cell fate by interacting with receptor proteins primarily on the
cell surface. These receptors in turn activate pathways of proteins inside the cell, in a process
known as “signal transduction.” The resulting signals then reach the nucleus and modulate the
activation of transcription factors, key proteins that then activate or represses the expression
(messenger RNA production) of specific genes, which then execute changes in cell behavior
(Figure 2)*. This process of sensing and processing environmental signals regulates nearly all
cell behavior, such as the ability of a stem cell to differentiate to a particular cell type, become
quiescent, self-renew, or die®. In contrast to normal development, the viral vector introduction
of the four Yamanaka factors is sufficient to reverse cellular differentiation, originally specified
through the various environmental cues, resulting in induced pluripotent stem cells. However,
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the field has primarily focused its efforts on reprogramming though the introduction of
transcription factors, and it is largely unknown whether pluripotent cells can also be obtained by

instead manipulating signal transduction pathways, or by manipulating the external environment
of the cell.
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Figure 2. Simplified schematics of signal transduction from the cell membrane to the nucleus. (a) An
input signal external to the cell is first transduced into the cell via cell surface receptors spanning the cell
membrane. A series of protein-protein interactions transduce the signal to transcription factors in the
nucleus. Transcription factors bind DNA to initiate gene transcription and expression changes, which
could result in cell behavior. (b) Signal transductions are complex, with many downstream effectors and
feedback loops and crosstalk possible between pathways.

Important work has quantitatively studied how external signaling inputs are propagated
through signal transduction networks to effect changes in cell behavior, i.e. the input-output
relationships of signal transduction. For instance, Janes et al. studied signaling regulation on a
form of cell death known as apoptosis. Cells were experimentally perturbed with combinations
of three extracellular signaling molecules: TNF to induce death vs. EGF or insulin to inhibit
death. Subsequently, both the activity of 19 intracellular proteins known to be involved in the
apoptotic signal transduction pathways and the progression of apoptosis were measured. Using
mathematical modeling to find the most important variables leading to apoptosis resulted in three
important conclusions. First, knowledge of the activity of any individual protein was not
sufficient to predict cellular output behavior, in this case apoptosis. Second, intracellular signal
transduction proteins more accurately predicted the progression of apoptosis than the
extracellular signaling molecules (94% to 45% accuracy, respectively). Third, knowledge of the
activity of 3-7 signal transduction proteins was sufficient to predict cell apoptosis. Cell behavior
could thus be predicted by and presumably depended upon the cellular state of signal
transduction, i.e. the repertoire of active and inactive signal transduction proteins™. Therefore,
studying and manipulating signal transduction proteins could be useful in inducing other cell
behavior, such as inducing pluripotency. While the focus in the reprogramming field has been
on analysis of transcription factors, we propose to study whether inducing pluripotent stem cells
may be aided by perturbing cellular signal transduction using a library-based approach. In
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addition, building on the idea that multiple paths can lead to pluripotency, as evident in the fact
that two distinct sets of transcription factors are capable of reprogramming a cell'> ', we will
explore whether signal transduction proteins are also sufficient to induce pluripotency.

Signal transduction is necessary for maintaining ESC pluripotency and self-renewal. As
one of many examples, hESCs require a high level of ERK signaling, whereas mESCs require
inhibition of ERK activity"' . Unsurprisingly, research has also implicated a relationship
between signal transduction pathways and reprogramming. Silva et al. have shown that the
addition of two chemical inhibitors, specific to ERK and GSK3p, can fully reprogram neural
stem cells overexpressing KLF4 and OCT4”. Similarly, three chemical inhibitors, specific to
ERK, GSK3p, and ALKS, were necessary to propagate and maintain rat iPS cells infected with
the Yamanaka factors®*. Additionally, the estrogen receptor ESRRB was able to reprogram
mouse embryonic fibroblasts in combination with only OCT4 and SOX2>*, and kenpaullone, a
non-specific inhibitor of kinases (proteins that add phosphate groups onto target molecules), was
able to replace KLF4 in reprogramming™®. Finally, the extracellular signaling protein WNT3A
promotes reprogramming of mouse embryonic fibroblasts overexpressing KLF4, OCT4, and
SOX2”7.  While the concept that manipulating signal transduction can aid or enhance
reprogramming shows promise, few signal transduction pathways necessary for reprogramming
have been determined, and most efforts to discern signal transduction proteins have been through
inhibitory screens, which can only decrease activity of signaling proteins even though activation
of some may play a role in inducing pluripotency.

Signal Transduction Library

By sampling more signal transduction states, both through inhibition and activation of
signal transduction proteins, we will explore the hypothesis that signal transduction proteins can
enhance or even replace transcription factor mediated reprogramming, with the ultimate goal of
replacing all four transcription factors. Furthermore, perturbing the signal transduction pathways
to achieve reprogramming would further our understanding of the reprogramming process, could
alleviate the risk of manipulating the genome, and may lead to increases in reprogramming
efficiency.
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CHAPTER 2

A MEDIUM-THROUGHPUT ANALYSIS OF SIGNALING
PATHWAYS INVOLVED IN EARLY STAGES OF STEM CELL
REPROGRAMMING

Abstract

The induction of pluripotent stem cells from adult cells has enormous potential in
regenerative medicine. While initial efforts to study mechanisms and improve the efficiency of
induced pluripotent stem (iPS) reprogramming focused on the direct roles of transcriptional
regulators, increasing evidence indicates that cellular signal transduction pathways can modulate
induced pluripotency. Here, we present a medium-throughput system to study the effect of
signaling pathways on the early stages of reprogramming. We have generated a set of lentiviral
vectors encoding 38 genes that upregulate or downregulate major signal transduction pathways.
In combination with the four Yamanaka factors OCT4, SOX2, KLF4, and C-MYC, we have
quantified each signaling factor’s effect on reprogramming. This approach confirmed the role of
several factors previously implicated in reprogramming, as well as identified several GTPases
that improve or hinder iPS cell reprogramming, factors that to date have not been largely studied
in reprogramming, as well as a possible pathway involving GNAQ and MAP2K6 that blocks
reprogramming. In addition to identifying potential relationships between signal transduction
and reprogramming, this methodology is useful in determining new targets for increasing
reprogramming efficiency and/or cell differentiation.

Introduction

Yamanaka’s groundbreaking work found that expression of only four transcription factors —
OCT4, SOX2, KLF4 and, C-MYC (OSKM) — was sufficient to revert differentiated adult cells to
embryonic phenotypes'. The resulting induced pluripotent stem (iPS) cells, which have the
capacity to form all three germ layers and subsequently all cell types in an adult organism — offer
immense biomedical potential including the use of patient-derived iPS cells for cell-replacement
therapies or for in vitro models of human disease. However, further understanding of
reprogramming mechanisms is necessary for this relatively new technology, particularly to
develop safer and potentially more efficient reprogramming methodologies for downstream
applications.

Signal transduction, the relay of a microenvironmental input into the interior of a cell, is
mediated through protein-protein and second messenger interactions and is a central regulator of
nearly all facets of cell behavior. In many cases, these signaling pathways can modulate the
activity of key transcription factors, including the Yamanaka factors and other factors involved
in pluripotency, strongly suggesting that signaling may modulate reprogramming. For instance,
leukemia inhibitor factor (LIF) and bone morphogenic protein 4 (BMP4) activate signaling
pathways and downstream effectors such as STAT3, which in turn activates C-MYC, as well as
Inhibitor of Differentiation (ID) proteins to maintain murine embryonic stem cell pluripotency®”.
To date several signaling pathways have indeed been implicated in the reprogramming process.
For example, early work demonstrated that a small molecule inhibitor of TGFJ signaling could
replace SOX2, BMP signaling is important in the early state mesenchymal to epithelial
transition®, and exogenous WNT3A could create pluripotent colonies in the absence of C-MYC”.
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Guided by the candidate approach that originally led to the identification of the Yamanaka
factors, we have systematically investigated additional upstream signal transducers that may
modulate reprogramming, including numerous pathways whose activity can readily be
manipulated with small molecules and/or exogenous proteins. Specifically, we generated a set of
lentiviral vectors encoding 38 constitutively-active, dominant-negative, or wild-type versions of
signal transduction genes to probe several intracellular signaling pathways. By measuring the
effect of each on reprogramming in a medium-throughput, quantitative manner, we have both
validated the methodology by comparison to previously published results as well as discovered
new roles for GTPase-mediated signal transduction pathways in early stages of reprogramming.

Materials and Methods
Cell Culture and Plasmid Construction

HEK293T cells were maintained in IMDM with 10% FBS and 1%
penicillin/streptomycin. 129 MEF cells were a kind gift of Lin He (University of California,
Berkeley), isolated as previously described'’. MEFs were maintained in DMEM (high glucose),
10% FBS, 1% GlutaMAX, and 1% penicillin/streptomycin (Invitrogen). Cells undergoing
reprogramming were maintained in mouse embryonic stem cell conditions: DMEM (high
glucose), 15% FBS (Hyclone, SH3007003E), 0.5% penicillin/streptomycin, 1% GlutaMAX, 1%
Sodium Pyruvate, 1% MEM NEAA, 0.1 mM 2-mercaptoethanol (Invitrogen), and 1000 U/mL
LIF (Millipore, ESG1106). Cells were maintained at 37°C with 5% CO,.

Plasmids were obtained from several sources. STEMCCA-loxP was a kind gift of
Gustavo Mostoslavsky (Boston University)''. The following plasmids were obtained from
Addgene: pHIV EGFP (plasmid 21373)"%, pCMV5 ALK-2 Q207D (plasmid 11740)", pRC/RSV
Flag MKK3(glu) (plasmid 14670)"*, and pCDNA3-Flag MKK6(glu) (plasmid 13518)".
pCDNA3.1+ Gail Q204L pCDNA3.1+ Gal2 Q231L, pCDNA3.1+ Goaq Q209L, and
pCDNA3.1+ Gas Q227L were obtained from Missouri S&T cDNA Resource Center
(www.cdna.org). CLGPIT myc DN RhoA T19N, CLGPIT myc CA RhoA Q63L, CLGPIT CA
Racl(Q61L), CLGPIT DN Racl(T17N), CLGPIT CA Cdc42(Q61L), CLGPIT DN
Cdc42(T17N), pBS SK SP Smo, pEN RelA, CLGPIT Aktl, and CLGPIT Akt AAA were
described previously'>"®. CLPIT GSK3p K85R, CLPIT GSK3p R96A, and CLPIT GSK3f S9A,
cloned from rat cDNA and mutagenized, were kind gifts from Smita Agrawal. MIG STAT3 and
MIG DN STAT3 were kind gifts from II-Hoan Oh'". pCS2-ICV-6MT mNICD was a kind gift of
Raphael Kopan (Washington University)’, and CLPIT mNICD was a kind gift of Smita
Agrawal. pEN IkBa, cloned from cDNA, was a kind gift of Kathryn Miller-Jensen (Yale
University). Wild-type constructs containing CaMKII, CaMKIIN, and CaMKIV were a kind gift
of Thomas Soderling (Oregon Health & Science University)*"*, and CLGPIT CaMKII T286D,
CLGPIT CaMKIIN, CLGPIT CaMKIV were a kind gift from Joseph Peltier. The RasG12V
construct was a kind gift of Paul Khavari (Stanford University)*’, and CLGPIT HRas G12V was
a kind gift of Joseph Peltier. CLGPIT Akt DD and CLGPIT HRas S17N, were mutagenized
from WT Akt and HRas G12V constructs, respectively, and were kind gifts of Joseph Peltier.
CLPIT CTNNBI1 was a kind gift from Anand Asthagiri (Northeastern University). pRKSF
FLAG TbRI T202D was a kind gift from Rik Derynck (UCSF)**. pCDNA3.1+ HIF AODD was
a kind gift from David Young (UCSF)”. pCEP4 ERK1, pCEP4 ERK1 K71R, 3XFLAG-CMV7
ERK2, and 3XFLAG-CMV7 ERK2 K52R were kind gifts from Melanie Cobb (University of
Texas Southwestern Medical Center)26. Plasmids containing CTNNBI, Hifla, NFKBIA, Smo,
and STAT3 required site directed mutagenesis following the QuikChange protocol (Strategene).
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Using standard cloning techniques, all genes were inserted into the murine leukemia virus
(MLV) retroviral vector CLGPIT*’ and subsequently transferred to the lentiviral vector, pHIV IG
loxP. pHIV IG loxP was created by insertion of three oligo constructs into the pHIV EGFP
backbone'?. The oligos encoded the lox66 site, a multiple cloning site, or the lox71 site. DNA
was prepared with QIAGEN Plasmid Midi Kit per manufacturer's instructions. Plasmid
sequences were verified by restriction enzyme digest and sequencing.

Viral Production and Titering

For the signal transduction vectors, lentiviral supernatant was produced by HEK293T
cells in 6 well plates using calcium phosphate transfection as previously described”.
Supernatant was collected 48 hours post transfection, aliquoted, and stored at -80°C. For the
reprogramming cassette, STEMCCA loxP, the lentiviral transfection and centrifugation were
performed as previously described'**. STEMCCA loxP is a second-generation lentivirus, and
CLPIT Tat-mCherry*’ was thus added during transfection to promote viral genomic mRNA
expression. 0.45 um bottle top filters (Thermo Scientific, 09-740-28D) were used to filter the
virus, and no sucrose layer was used in ultracentrifugation. The concentrated virus was aliquoted
and stored at -80°C. Aliquots were only thawed once.

To quantify the amount of virus produced, 1,600 MEF or HEK293T cells were plated in
black-walled 96 well plates (E+K Scientific) coated with gelatin or poly-D-lysine, respectively.
After the cells attached, virus was added to the media.

Vector-mediated gene expression was analyzed 72 hours post-infection. For the signal
transduction viruses, HEK293T cells were incubated with Hoescht stain (Sigma-Aldrich, B2261)
to visualize nuclei. MEF cells were fixed in 4% paraformaldehyde for 15 minutes. The cells
were blocked and permeabilized with 5% donkey serum with 0.3% Triton X-100 in PBS. The
anti-GFP primary antibody (Invitrogen, A-11122, 1:500 dilution) was incubated overnight at 4°C.
The secondary antibody (Invitrogen, A-21206, 1:250 dilution) was incubated for 2 hours at room
temperature. DAPI (Invitrogen, 1:2000 dilution) was used as a nuclear stain. For STEMCCA-
loxP virus, both cell types were fixed and stained. An anti-Oct4 antibody (Santa Cruz
Biotechnology, sc-5279, 1:100 dilution) and a secondary antibody (Invitrogen, A-21235, 1:250
dilution) were used. GFP or OCT4 expression was imaged with the Molecular Devices
ImageXpress Micro and analyzed with MetaXpress software. Infectious titers were calculated as
previously described*®.

iPS Cell Reprogramming and Analysis

7,500 passage 3 MEF cells were plated into 48 well plates. One signal transduction virus
(85-500 uL) and 14.3 uL of STEMCCA-loxP virus were added to each well 8 hours after plating.
The following day, the media were replaced with fresh MEF media. 48 hours post-infection,
each 48 well was split into triplicate onto MEF feeder layers (GlobalStem, GSC-6101M) in
mouse embryonic stem cell media. Media were changed every day.

9 days post-infection, cells were fixed with 4% paraformaldehyde for 15 minutes.
Alkaline phosphatase expression was assayed using the ELF Phosphatase Detection Kit (ATCC,
SCRR-3010) per manufacturer’s instructions. (Note that ATCC kit has been discontinued, and
we have found the ELF 97 Endogenous Phosphatase Detection Kit (Invitrogen, E-6601) to be an
appropriate substitute). HCS NuclearMask Red stain (Invitrogen, H10326, 1:1000 dilution) was
used to visualize nuclei.
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The 24 well plates were imaged with a Molecular Devices ImageXpress Micro high-
throughput imager. A custom filter cube (Semrock BrightLine filters, Excitation: FF01-377/50-
25, Dichroic: FF409-Di03-25x36, Emission: FF01-536/40-25) was necessary to detect alkaline
phosphatase expression. For image analysis, a custom journal was created in the MetaXpress
software to merge the images and identify colonies/regions of alkaline phosphatase expression.
Significance was measured in Prism software (GraphPad) using ANOVA with post-hoc Dunnett
tests.

Results

To study the effect of signaling pathways on OSKM iPS cell reprogramming, we first
inserted 38 genes encoding signal transduction proteins into the lentiviral vector pHIV IG loxP, a
modified version of the self-inactivating vector pHIV-EGFP'? (Fig. 1a). The 38 cDNAs encoding
signaling factors (Table I) are representative of several pathways important in mammalian cell
biology: calcium-modulated, cytoskeletal, G-protein receptor-mediated, hypoxia-mediated, JAK-
STAT, canonical tyrosine kinase receptor-mediated, NFxB, Notch, Hedgehog, TGF[3 , and Wnt-
-catenin signaling pathways.

Table I. Signal transduction genes used in the study.

Gene Symbol Common Accession Species Modifications
Name
CA ACVRI ALK2 NP 001096 Human Q207D
S189E, T193E, FLAG N-term
CA MAP2K3 MEK3 NP_002747 Human (E312K mutation)
CA MAP2K6 MEKG6 NP_002749 Human S207E, T211E, FLAG N-term
DN RHOA RhoA NP 001655 Human TI9N, Myc epitope N-terminus
CA RHOA RhoA NP 001655 Human Q63L, Myc epitope N-terminus
CA RACI Racl NP_008839 Human Q61L
DN RACI Racl NP_008839 Human T17N
CA CDC42 CDCA42 NP 001782 Human Q61L
DN CDC42 CDCA42 NP 001782 Human T17N
WT Akt Aktl NP 033782 Mouse
DN  Aktl Aktl NP 033782 Mouse T308A, S473A, K179A
CA Akl Aktl NP 033782 Mouse T308D, S473D
CA Camk2a CaMKII NP 037052 Rat T286D
WT  Camk2n2 CaMKIIN | NP 067710 Rat
WT  Camik4 CaMKIV NP 036859 Rat
CA HRAS H-Ras NP 005334 Human Gl12V
DN HRAS H-Ras NP 005334 Human S17N
CA CITNNBI b-Catenin | NP 001895 Human S374G, 2xFLAG C-terminus
WT RELA RelA NP 068810 Human
CA NFKBIA IkBa NP 065390 Human S32A, S36A
CA Tefbrl ALKS PR0204 Rat GSM after N148, TZOZD, FLAG N-
terminus
CA Hifla HIFla Q61221 Mouse M1-L400, Q614-STOP(837)
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WT MAPK3 ERK1 NP 002737 Human HA tag N-terminus

DN MAPK3 ERK1 NP 002737 Human K71R, HA tag N-terminus

WT  Mapkl ERK?2 NP 446294 Rat

DN Mapkl ERK?2 NP 446294 Rat K52R

CA GNAIl Gail NP 002060 Human Q204L

CA GNAI2 Gal2 NP 031379 Human Q231L

CA GNAQ Gaq NP 002063 | Human Q209L

CA GNAS Gas NP 000507 Human Q227L

CA  Notchl Notchl | EDLO8321 | Mouse | V!/44-52184,6Myc epitopes (C-

terminus)

CA  Smo Smo NP 036939 Rat WS539L

CA STAT3 STATS3 NP 003141 Human A662C, N664C

DN STAT3 STATS3 NP 644805 Human M1-K685
KD,DN Gsk3b Gsk3b NP 114469 Rat K85R

DN  Gsk3b Gsk3b NP 114469 Rat RI96A

CA Gsk3b Gsk3b NP 114469 Rat S9A

DN TGFBR2 TGFb-RII NP 003233 Human MI1-1219
Abbreviations:

CA, constitutively-active; DN, dominant-negative; KD, kinase-dead; WT, wild-type

After separately packaging vectors encoding the signaling factors, viral titer was determined
using GFP expression on either HEK293T or MEF cells as previously described”®. Briefly, 72
hours after infection, viral transgene expression was assayed with high-content imaging and
analysis to measure GFP expression (Fig. 1b-c). GFP fluorescence levels within the MEF cells
were lower than in HEK293Ts, presumably due to differences in cell shape/volume or promoter
strength, and immunocytochemistry was necessary to amplify GFP expression for high-content
imaging.

The resultant infectious viral titers illustrate that in most cases, the differences in titer
between cell lines and batches were not substantial. However, with constitutively-active HRAS,
the calculated titer was considerably higher on MEF cells than HEK293T cells, which — given
that HRAS is a known oncogene — could reflect differential effects on the cell cycle of MEFs
compared to immortalized HEK293T cells. For the full study, vectors were titered on
HEK293Ts for use in reprogramming experiments.

Similar to the quantification of viral titer for those encoding signal transduction genes, — the
cassette virus expressing Oct4, Sox2, Kif4, and c-Myc, STEMCCA-loxP"' — was titered by
immunocytochemistry to quantify Oct4 expression in HEK293T and MEF cells (Fig. D1).
However, unlike the viruses encoding signaling factors, the STEMCCA titer was much lower
(approximately 7.5-fold) on MEF cells than HEK293Ts (6.9x10* versus 5.2x10° infectious
units/mL, respectively). The viral titer for STEMCCA-loxP on MEF cells was thus used in
subsequent experiments.

To investigate each gene’s effect on reprogramming, 7,500 MEF cells at passage 3 were
plated into 48 well plates. To equalize vector dosages based on the measured titers, virus was
added to the supernatant at a multiplicity of infection (MOI) of 1 (resulting in approximately
63% of the cells infected) for the signaling factors. As the sole exception, cells were infected
with vector encoding constitutively-active GNAQ, which had the lowest viral titer, at an MOI of
0.83 (56% of the cells infected). In all cases, cells were infected with the STEMCCA virus at a
MOI of 0.13 (~12% of the cells infected).
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Figure 1. Lentiviral titering. (a) Schematic of the lentiviral vectors used for the reprogramming study.
pHIV IG loxP is a self-inactivating lentiviral vector in which a signal transduction gene and GFP are
transcribed from an EFla promoter. pHIV CTRL is an empty vector used as an infection control. (b)
Example images from titering the control virus and a virus containing a constitutively-active ACVRI on
MEF cells. GFP signal was amplified through immunostaining. Nuclei were stained with DAPI. Scale

bars are 200 um. (c) Titers from two batches for signal transduction gene packaged into lentivirus. Cells
were assayed for GFP expression 72 hours post-infection by high-throughput imaging and analysis. Error
bars represent 95% confidence interval.

Forty-eight hours post-infection, each well was split into triplicate and plated on mitomycin
c-treated MEF feeder layers in mouse embryonic stem cell conditions. Nine days post-infection,
the cells were fixed and stained for alkaline phosphatase activity, an early marker of
reprogramming™’. Utilizing high-content imaging, 71% of each well was imaged and analyzed
for alkaline phosphatase positive colonies (Fig. 2¢). We created custom analysis software that
allowed for the identification of colonies based on a minimum threshold of alkaline phosphatase
expression and threshold of colony area. Additionally, this analysis measured individual colony
metrics, such as colony area, intensity ranges, and shape factor (Fig. 2b). Example images from
wells infected with the control virus (pHIV CTRL), constitutively-active GNAQ, or dominant-
negative Mapkl are presented in Figure 2c.
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a Nuclear Mask Phosphatase Merge Colony Mask b
Object # 6
Area (um?) 46522
Average intensity (RFU) 959
Minimum intensity (RFU) 303
Maximum intensity (RFU) 3312
Intensity Std. Dev. (RFU) 335
Shape factor 0.675

C Nuclear Mask Alkaline Phosphatase Colony Mask

CA GNAQ pHIV CTRL

DN Mapk1

Figure 2. Analysis of alkaline phosphatase expression for induced pluripotent colonies. (a) Example of a
stained colony from the wild-type Ak¢/ condition. The nucleus was stained with HCS Nuclear Mask red
stain. The alkaline phosphatase was stained with a fluorescent enzymatic-based kit (name manufacturer
here). The images are shown individually and merged, and the resultant computer-generated mask from
the analysis software from which the area and intensity metrics are measured is shown. Scale bars are
200 um. (b) Example of individual colony metrics from the analysis. (c) Three wells are shown: the
control pHIV CTRL condition, the constitutively-active GNAQ condition, and the dominant-negative
Mapkl condition. Constitutively-active GNAQ and dominant-negative Mapkl represent extreme changes
in reprogramming efficiency. The minimum colony size measured in the colony mask was 15,000 um®.
Scale bars are 3 mm.

Numbers of alkaline phosphatase positive colonies for each condition are shown in Figure 3.
While an exact efficiency — i.e., the fraction of cells infected on day O that subsequently
underwent reprogramming — cannot be calculated due to conceivable differences in cell division
rates among cells expressing different transgenes, an increase in colony number likely
corresponds to an increase in reprogramming efficiency. In particular, constitutively-active
MAP2K3, constitutively-active NFKBIA, constitutively-active Hifla, dominant-negative Mapkl,
constitutively-active GNAII, and constitutively-active Smo exhibited a significant (p<0.05)
increase in colony number compared to the control virus sample. Three of these signaling
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pathways have been previously implicated in reprogramming biology. First, PD 0325901, a
small molecule inhibitor of MAP2K1 and MAP2K2, has been found to help stabilize the
pluripotent state when added with a GSK3p inhibitor’’. MAP2K1 and MAP2K2 are activators
of MAPK1, and as shown in Fig. 3, inhibition of Mapkl! increased the colony number. Inhibition
of MAPK1 and inhibition of MAP2K1 and MAP2K2 during reprogramming may thus act
similarly by preventing differentiation®,
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Figure 3. Number of alkaline phosphatase positive colonies 9 days post-infection with a signal
transduction gene and Oct4, Sox2, Kif4, and c-Myc as determined by high-content imaging and analysis.
Statistical significance was measured using ANOVA with a post-hoc Dunnett test relative to the infection

control, pHIV CTRL. The minimum colony size measured was 15,000 um®>. Error bars represent
standard deviation.

Second, hypoxia has been previously found to increase reprogramming efficiency.
Analogously, a constitutively-active Hifla, which mimics a hypoxic environment, increased the
number of alkaline phosphatase colonies (Fig. 3). Third, soluble SHH in combination with
OCT4 was able to induce pluripotent stem cells by enhancing an intermediate neural stem cell
(NSC)-like state®*. While it is unclear whether MEF reprogramming similarly proceeds through
a NSC state, in our study a constitutively-active Smo, which activates the SHH signaling
pathway, similarly increased the number of alkaline phosphatase colonies (Fig. 3).

Figure 3 also highlights signaling pathways that are detrimental to reprogramming.
Constitutively-active versions of MAP2K3, RACI, HRAS, GNAI12, and GNAQ all led to
significant reductions in alkaline phosphatase colonies. ~While none of the factors has been
directly implicated in reprogramming, their signaling pathways offer interesting implications for
reprogramming mechanisms.
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These results were based on a minimum colony size of 15,000 umz; however, the custom
module for the high-throughput imaging analysis readily allows for changes in the colony size
parameter. Figure D2 shows the resultant number of colonies for a smaller size cutoff (8,000
um?) or a larger size cutoff (25,000 pum?). Within the 15,000 um” analysis discussed above, 11
signal transduction factors significantly (p<0.05) altered the number of colonies. However,
additional signaling factors were found to significantly modify reprogramming in both the 8,000
and 25,000 um? cutoff analysis (13 and 12 genes, respectively). For instance, dominant-negative
Akt] was found to increase reprogramming efficiency in both the 8,000 and 25,000 um® analysis
but was not statistically significant (p<0.05) in the 15,000 um® analysis. Additionally, in the
25,000 pum® analysis, constitutively-active Gsk3b was found to be significantly (p<0.01)
deleterious to reprogramming when considering larger colony sizes, which may act through
similar mechanism as previously described™.
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Figure 4. Total area of alkaline phosphatase positive colonies 9 days post-infection with a signal
transduction gene and Oct4, Sox2, Kif4, and c-Myc as determined by high-content imaging and analysis.
Statistical significance was measured using ANOVA with a post-hoc Dunnett test relative to the infection
control, pHIV CTRL. The minimum colony size measured was 15,000 um®>. Error bars represent
standard deviation.

In addition to quantifying the resulting number of colonies after reprogramming, the custom
module also measures the total area of all colonies (Fig. 4, or Fig. D3 for smaller 8,000 um?® or
larger 25,000 pm” size cutoffs), which in the hypothetic event that individual colonies were
difficult to define and segment could serve as a more effective metric for reprogramming. There
were three important differences between the colony number and colony area analysis. First,
unlike the colony number analysis, within the total area analysis, constitutively-active Gsk3b,
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which decreased colony area, and constitutively-active CTNNBI, which increased colony area,
were statistically significant and further highlighted the importance of the Wnt-B-catenin
pathway in reprogramming. Second, both constitutively-active RHOA and RACI significantly
decreased colony area, which may further elucidate signaling mechanisms detrimental to
reprogramming. Third, constitutively-active ACVRI caused a significant increase in colony area.
ACVRI, an important protein in osteogenesis, reportedly yields alkaline phosphatase positive,
bone-like cells” (Fig. D4). The observed cells — which are morphologically different from
embryonic stem cells that in contrast have round, have a high nucleus to volume ratio, and form
colonies — are thus readily distinguishable visually as false-positives. In summary, co-expression
of signaling factors along with OSKM, coupled with high-content imaging analysis, enables
rapid investigation of how numerous cellular signaling pathways impact pluripotency
reprogramming.

Discussion

We have developed a medium-throughput system to investigate the likely complex
interactions between signal transduction pathways and reprogramming mechanisms. In this
system, we upregulated and/or downregulated numerous signaling pathways and analyzed their
effects on reprogramming using high-content imaging and analysis. In particular, we inserted 38
signaling factors into individual lentiviral vectors, packaged small volumes of each virus, banked
frozen viral supernatant, and used high-content imaging to titer lentiviruses and thereby
normalize among different viral packaging efficiencies.

By utilizing a robust enzymatic stain with little-to-no background signal for the early
reprogramming marker alkaline phosphatase, we generated a quantitative and high-throughput
system to assay reprogramming colonies, which are otherwise often counted by hand. The
software is capable of measuring numerous population metrics, including final colony number
and total area of colonies, as well as individual colony area and a shape factor. These data may
yield future insights into the uniformity and distribution of a population of colonies. For instance,
a condition with larger colonies compared to the control may be a result of increased
reprogramming kinetics or a growth advantage. Additionally, the shape factor may be an
indicator of the stability or stochasticity of reprogramming.

By evaluating the factors that increased the number of alkaline phosphatase positive
colonies, we found several pathways that were previously known to affect reprogramming.
MAPKI, Hifla, and Smo had a significant effect on colony number and reprogramming this
study, consistent with prior work®"****. Furthermore, when we analyzed the total area of
alkaline phosphatase positive colonies, Wnt-B-catenin pathway, which has been previously
implied in mouse embryonic stem cell biology®® and reprogramming’', was found to alter the
area of reprogramming. Specifically elevating B-catenin signaling with a constitutively-active
CTNNBI resulted in increased colony area, and conversely decreasing the signaling, with a
constitutively-active Gsk3b, decreased colony area and reprogramming efficiency.

However, we found that while activation of the AKT pathway did not alter reprogramming, a
dominant-negative 4Akt/ increased colony number. This result is contrary to previously published
studies showing that AKT binds and positively regulates SOX2 to reprogram cells, and that an
inhibitor of PTEN, an AKT pathway antagonist, improves reprogramming efficiency’” **.
However, a small molecule inhibitor of PI3K and thus of the AKT pathway has conversely been
found to increase reprogramming efficiency”.
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Constitutively active versions of MAP2K3, RAC1, HRAS, GNA12, and GNAQ, which yielded
fewer alkaline phosphatase positive colonies and were thus detrimental to reprogramming, have
interesting implications for reprogramming biology. First, HRAS combined with KLF4 can
induce oncogenic transformation of MEFs*, which here could counteract pluripotency
reprogramming; however, this possibility is unlikely since constitutively-active HRAS expression
did not induce any apparent expansion of alkaline phosphatase negative colonies (Fig. DS5).
Alternatively, constitutively-active HRAS has been shown to induce premature senescence in
mouse embryonic fibroblasts,"' and HRAS may thus block reprogramming by initiating
senescence™. Finally, constitutively-active RAS, with RAC1 as a possible effector, is important
in epithelial to mesenchymal transition”, which may run counter to the mesenchymal to
epithelial transition that is a necessary early event in reprogramming™.

In addition, GNAQ and MAP2K3 may act though similar mechanisms to suppress
reprogramming. GNAQ signals via MAP2K3 and MAP2K6, which ultimately activate
MAPK14 (also known as p38 MAPK)”. GNAQ activation of MAP2K3 is independent of
RHOA, and its activation of MAP2K6 occurs in a RHOA-dependent manner*. Constitutively-
active GNAQ, RHOA, and MAP2K6, which each decreased reprogramming efficiency, may
potentially thus act via the same pathway. Conversely, constitutively-active MAP2K3 increased
the number of alkaline phosphatase colonies, which indicates MAP2K3 may be acting though an
alternative mechanism to the GNAQ signaling pathway. Lastly, constitutively-active GNAI2 —
which resulted in significantly fewer alkaline phosphatase colonies in our system — has been
shown to upregulate expression of the tumor suppressor p53*, shown to be a barrier to
reprogramming”” **.

Ultimately, the results of this study may further our understanding of signaling and
reprogramming. For instance, our screen has revealed that reprogramming is dramatically
impacted by several GTPases, whose role in induced pluripotency has not previously been
studied. Not only did we discover activating small GTPases (HRAS, RHOA, RACI) reduced
Oct4, Sox2, Klf4, and c-Myc mediated reprogramming, but activating alpha subunits of
heterotrimeric GTPases (GNAII, GNAI2, GNAQ) also had significant impacts in reprogramming,
wherein GNA12 and GNAQ decreased reprogramming efficiency and GNAII increased
efficiency.

In summary, we have created a medium-throughput, quantitative system to modulate major
signaling pathways and analyze effects on the reprogramming process. These findings can be
further explored in future studies to elucidate the mechanistic roles of key canonical signaling
pathways in induced pluripotency. In addition, this methodology could readily be implemented
to determine whether these signaling pathways could substitute for individual Yamanaka factors.
This would benefit reprogramming efforts, since K/f4 and c-Myc are known oncogenes, and even
Oct4 expression has been linked with tumor dedifferentiation and progression to a cancer stem
cell phenotype®. Therefore, replacing these genes with small molecule or growth factor
modulators of signaling could enhance the safety of reprogramming. Finally, this lentiviral
vector resource can be harnessed to study other aspects of mammalian cell and developmental
biology, such as stem cell differentiation or lineage reprogramming from one differentiated cell
state to another.
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CHAPTER 3

ANALYSIS OF SMOOTHENED, RAS, AND NOTCH SIGNAL
TRANSDUCTION PATHWAYS DURING INDUCED
PLURIPOTENT STEM CELL REPROGRAMMING

Abstract

Induced pluripotent stem cells exhibit the pluripotency and potential for regenerative
medicine of embryonic stem cells. In our previous study, we utilized signaling factors to
modulate reprogramming with the four transcription factors OCT4, SOX2, KLF4, and C-MYC.
Here, we use the same signaling factors to see if we can replace the individual factors OCT4,
SOX2, and KLF4. In preliminary experiments, we studied external modulation of the sonic
hedgehog pathway during reprogramming. Second, we discovered two inhibitors were sufficient
to switch on NANOG expression with constitutively-active HRAS in OCT4-negative
reprogramming conditions. Lastly, we found constitutively-active Notchl was sufficient to
produce cell lines expressing pluripotency markers in OCT4-negative conditions. However,
upon in vitro differentiation, these cells were deficient in neuronal (ectodermal) differentiation.
This screen also found constitutively-active GNAS to be sufficient to replace OCT4, which is
covered in Chapter 4. These results further mechanistic understanding of the individual factors
for inducing pluripotency.

Introduction

The ability to reprogram cells with four transcription factors was first discovered in 2006
by Kazutoshi Takahashi and Shinya Yamanaka'. However, two of the four factors, KIf4 and c-
Myc are known oncogenes, and even OCT4 expression has been linked with tumor
dedifferentiation and progression to a cancer stem cell phenotype®. Thus, scientists have been
working on new reprogramming methodologies to find new factors for reprogramming.
Additionally, we gain mechanistic understanding of the role of each transcription factor by
discovering replacement factors. For instance, OCT4-specific replacements are the transcription
factor, NR5A2, the DNA hydroxylase, TET1, and the membrane protein, CDH1 (also known as
E-cadherin)®. SOX2-specific replacements are the TGFp inhibitors, SB-431542 and 616452
(also known as RepSox)*’. KLF4-specific replacements are BMP4 and the small molecule
inhibitor, kenpaullone®®. These results do not include C-MYC, which was shown early on to be
dispensable in reprogramming'® "',

Signaling pathways, rather than transcription factors, can be manipulated by small
molecules and growth factors, which is advantageous for reprogramming. Small molecules can
be added with temporal control and at variable concentrations, libraries of small molecules are
readily available, and small molecules are relatively straightforward to use versus producing
transgenic proteins or viral vectors. Small molecules have been previously used to improve
reprogramming methodologies'?, and factor replacements have been discovered for SOX2% "'
" and KLF4* % '>'° To date, however, no small molecule replacement for OCT4 has been
discovered.

Previously, we have shown the effects of signal transduction pathways on induced
pluripotent stem cell reprogramming (Chapter 2). Here, we use a similar approach to determine
if any signaling factors are sufficient to replace the reprogramming factors Oct4, Sox2, and KIf4.
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Our initial screen resulted in few alkaline phosphatase positive colonies; however, their presence
was sufficient to initiate studies on individual pathways. This chapter details the studies
performed with the Sonic Hedgehog, Ras/MAPK, and Notch signaling pathways. An additional
study with GNAS in OCT4 replacement is detailed in Chapter 4.

Methods
Cell Culture and Plasmid Construction

HEK293T cells were maintained in IMDM with 10% FBS and 1%
penicillin/streptomycin. 129 MEF cells were a kind gift of Lin He (University of California,
Berkeley) and isolated as previously described'’. MEFs were maintained in DMEM (high
glucose), 10% FBS, 1% GlutaMAX, and 1% penicillin/streptomycin (Invitrogen). Cells
undergoing reprogramming were maintained in serum-containing, mouse embryonic stem cell
(mESC-FBS) conditions: DMEM (high glucose), 15% FBS (Hyclone, SH3007003E), 0.5%
penicillin/streptomycin, 1% GlutaMAX, 1% Sodium Pyruvate, 1% MEM NEAA, 0.1 mM 2-
mercaptoethanol (Invitrogen), and 1000 U/mL LIF (Millipore, ESG1106). 15% KnockOut
Serum Replacement (Invitrogen) was used in place of FBS in serum-free conditions (mESC-
KSR). Differentiating embryoid bodies (EBs) were maintained in mESC-FBS media without
LIF. Cells were maintained at 37°C with 5% CO,.

STEMCCA-SKM loxP (SKM), STEMCCA-OKM loxP (OKM), and STEMCCA-OSM
loxP (OSM) were constructed from the STEMCCA loxP vector'®. Briefly, STEMCCA-SKM
loxP was constructed by creating a Notl-KIf4-IRES-Ndel PCR fragment (NotI-KIf4 Forward: 5'
- GTAATATGCGGCCGCCATGGCTGTCAGCGACGCTCTG - 3', Nde-IRES Reverse: 5' -
CCCCCCCCCCATATGTGTGGCCATATTATCATCGTGTTTTTCAAAGGAAAACC - 3,
restriction sites in bold). After enzymatic digestion, the PCR fragment was inserted into a NotI-
Ndel digested STEMCCA loxP subsequently removing the Oct4 gene. STEMCCA-OKM loxP
was constructed by creating an Ndel-cMyc-Clal PCR fragment (Ndel-cMyc Forward: 5' -
GGATAGCATATGATGCCCCTCAACGTGAACTTC - 3', Clal-cMyc Reverse: 5' -
CGATCTATCGATTTATGCACCAGAGTTTCGAAGCTGTTC - 3"). After enzymatic
digestion, the PCR fragment was inserted into an Ndel-Clal digested STEMCCA loxP
subsequently removing the Sox2 gene. STEMCCA-OSM loxP was constructed through overlap
extension PCR. Two PCR fragments, Notl-Oct4-STOP-IRES and Oct4-IRES-Ndel, were created
(NotI-Oct4-STOP-IRES Forward: 5' — GAATAAGCGGCCGCCATGGCTGGACACCTGGCT
TCAGACTTCGCCTTCTCACC - 3', Notl-Oct4-STOP-IRES Reverse: 5' — GCCAGTAACGTT
AGGGGGGGGGGAGTCAGTTTGAATGCATGGGAGAGCCCAGA - 3', Oct4-IRES-Ndel
Forward: 5' — GGGCTCTCCCATGCATTCAAACTGACTCCCCCCCCCCTAACGTTACTGG
CCGA - 3", Oct4-IRES-Ndel Reverse: 5' — GGGGGGCATATGTGTGGCCATATTATCATCG
TGTTTTTCAAAGGAAAACCACGTCCCCGTGGTTCGGGGG - 3', sequences located in
primer in italics). The two fragments were used in a subsequent PCR with the NotI-Oct4-STOP-
IRES Forward and the Oct4-IRES-Ndel Reverse primers creating a Notl-Oct4-IRES-Ndel PCR
fragment. After enzymatic digestion, the PCR fragment was inserted into a Notl-Ndel digested
STEMCCA loxP subsequently removing the KI/f4 gene. DNA was prepared with QIAGEN
Plasmid Maxi Kit per manufacturer's instructions. Plasmid sequences were verified by
restriction enzyme digest and sequencing.
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Viral Production and Titering

For the signal transduction vectors, lentiviral supernatant was produced by HEK293T
cells in 6 well plates using calcium phosphate transfection as previously described (Chapter 2)"°.
Supernatant was collected 48 hours post transfection, aliquoted, and stored at -80°C. For the
reprogramming cassettes, STEMCCA loxP, STEMCCA-SKM loxP, STEMCCA-OKM loxP,
and STEMCCA-OSM loxP, the lentiviral transfection and centrifugation were performed as
previously described'® '°.

To quantify the amount of virus produced, 1,600 MEF cells were plated in black-walled
96 well plates (E+K Scientific) coated with gelatin. After the cells attached, virus was added to
the media. Vector-mediated gene expression was analyzed 72 hours post post-infection. MEF
cells were fixed in 4% paraformaldehyde for 15 minutes. The cells were blocked and
permeabilized with 5% donkey serum with 0.3% Triton X-100 in PBS. The anti-GFP primary
antibody (Invitrogen, A-11122, 1:500 dilution) was incubated overnight at 4°C. The secondary
antibody (Invitrogen, A-21206, 1:250 dilution) was incubated for 2 hours at room temperature.
DAPI (Invitrogen, 1:2000 dilution) was used as a nuclear stain. For Oct4-containing STEMCCA
loxP cassette viruses, an anti-Oct4 antibody (Santa Cruz Biotechnology, sc-5279, 1:100 dilution)
and a secondary antibody (Invitrogen, A-21235, 1:250 dilution) were used. For STEMCCA-
SKM loxP, an anti-SOX2 antibody (Santa Cruz Biotechnology, sc-17320, 1:200) and a
secondary antibody (Jackson ImmunoResearch, 705-165-147, 1:250) were used. GFP, SOX2, or
OCT4 expression was imaged with the Molecular Devices ImageXpress Micro and analyzed
with MetaXpress software. Infectious titers were calculated as previously described””’. More
information for the signal transduction titers on MEFs is found in Chapter 2.

iPS Cell Reprogramming — Factor Replacement

7,500 passage 3 MEF cells were plated into 48 well plates. The following day one signal
transduction virus (24-650 uL) was added at an MOI of 1.0 (63% cells infected) and
STEMCCA-loxP virus was added at an MOI of 0.3 (26% cells infected) to each condition.
following day, the media were replaced with fresh MEF media. 48 hours post-infection, each 48
well was split into triplicate onto MEF feeder layers (GlobalStem, GSC-6101M) in mouse
embryonic stem cell media. Media were changed every day. The 6-channel multichannel
adjustable pipette (Rainin, LA6-1200XLS) was used to passage cells and change media.

9 days post-infection, cells were fixed with 4% paraformaldehyde for 15 minutes.
Alkaline phosphatase expression was assayed using the ELF Phosphatase Detection Kit (ATCC,
SCRR-3010) per manufacturer’s instructions. (Note that ATCC kit has been discontinued, and
we have found the ELF 97 Endogenous Phosphatase Detection Kit (Invitrogen, E-6601) to be an
appropriate substitute). HCS NuclearMask Red stain (Invitrogen, H10326, 1:1000 dilution) was
used to visualize nuclei.

The 24 well plates were imaged with a Molecular Devices ImageXpress Micro high-
throughput imager. A custom filter cube (Semrock BrightLine filters, Excitation: FF01-377/50-
25, Dichroic: FF409-Di03-25x36, Emission: FF01-536/40-25) was necessary to detect alkaline
phosphatase expression. For image analysis, a custom journal was created in the MetaXpress
software to merge the images and identify colonies/regions of alkaline phosphatase expression.

Sonic Hedgehog Reprogramming

Hyaluronic-acid-SHH conjugates and recombinant SHH were kind gifts of Randolph
Ashton. Reprogramming was performed as previously described. After passage to feeder layers,
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the HyA-SHH construct was added at 200 ng/mL, and the HyA-EMCH backbone control was
added at the same volume as the HyA-SHH construct. The small molecule SAG was added (100
nM, Calbiochem, 566660) after passage. Media was changed daily. Cells were fixed 8 days
after infection and stained for NANOG expression (Abcam, ab70482, 1:250 and Jackson
ImmunoResearch, 711-605-152, 1:500). Colonies were analyzed as previously described.

NANOG Analysis

Cells were reprogrammed as previously described. Briefly, 9000 passage 3 MEFs were
plated in 48 well plates. The following day the cells were infected the respective STEMCCA
virus and signaling factor. 24 hours later, the medium was replaced with MEF media. The
following day, the cells were passaged into 12 well plates with mitomycin-c treated feeder layers
in mouse embryonic stem cell medium. In conditions with CHIR99021 and PD0325901, small
molecules were added five days post-infection, unless otherwise noted, in serum-free mouse
embryonic stem cell medium. Once colony formation was apparent, cells were fixed and stained
against NANOG (Abcam, ab70482, 1:250 and Jackson ImmunoResearch, 711-605-152, 1:500).
Various small molecules were used during reprogramming: CHIR99021 (3 uM, Cayman
Chemical, 13122), PD 0325901 (1 uM, Cayman Chemical, 13034), SC1 (300 nM, Cayman
Chemical, 10009557), FGF (10 ng/uL, Peprotech, 100-18B), and EGF (10 ng/uL, Peprotech,
315-09).

Cell Line Isolation and Pluripotency Immunostaining

Cells were reprogrammed as previously described. Twelve or more days post-infection,
cells were manually selected under a microscope (EVOS xI core, AMG), trypsinized, and added
to separate wells in a 48 well plate with mitomycin-c treated MEF feeder layers in serum-
containing mouse embryonic stem cell media. Cells were passaged upon confluency. To probe
for expression of pluripotency proteins, confluent cells were fixed and stained with the following
antibodies: SSEA1, OCT4, and NANOG (previously described). For SSEA1, the primary
antibody (Millipore, MAB4301, 1:200) and secondary antibody (Invitrogen, A-21045, 1:1000)
were used. As SSEAL is cell surface marker, no Triton-X100 was used to permeabilize the cells.
The staining was imaged on the ImageXpress Micro (Molecular Devices).

Embryoid Body Differentiation

iPS cell lines were trypsinized and incubated on 0.1% gelatin-coated tissue culture plates
in EB medium for 1 hour at 37°C with 5% CO, to separate the MEF feeder layers from the iPS
cells. The unattached cells were collected and diluted to 2.25x10* cells/mL. 20 UL drops were
pipetted onto a 15 cm lid. 10 mL PBS buffer was added to the plate and the lid was gently
placed on top of the plate. The hanging drops were incubated at 37°C with 5% CO; for two days.
The drops were collected and the embryoid body suspension was added to a bacterial-grade
sterile 10 cm dish. The embryoid bodies were incubated for three or more days before pipetting
individual embryoid bodies into the wells of a 24 well plate coated with gelatin. The following
day, the media was partially changed. The media was changed every other day or every day
upon confluency. The embryoid bodies were fixed when the EBs had attached, cells had
migrated and appeared differentiated (12-20 days after hanging drop). The cardiomyocyte
videos were captured using a Nikon Eclipse TE2000-E microscope.

To visualize the expression of differentiation markers, the wells were fixed and stained
with one the following antibodies: for mesoderm, anti-a-smooth muscle actin (Sigma Aldrich,
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A2547, 1:500) and the secondary (Invitrogen, A-11003, 1:1000); for endoderm, anti-HNF3[3
(also known as FOXA2) (Millipore, 07-633, 1:500); and for ectoderm, anti-B3-tubulin (Covance,
MRB-435P, 1:500). The secondary antibody (Invitrogen, A11-012, 1:1000) was used for
HNF3p and B3-tubulin staining. The staining was imaged on the ImageXpress Micro (Molecular
Devices).

Results
Screening for OCT4, KLF4, or SOX2 Replacements Results in Minimal Reprogramming

After studying the ability of signaling pathways to modulate induced pluripotent stem cell
reprogramming (Chapter 2), we subsequently asked if any signaling pathways were able to
replace the reprogramming factors OCT4, SOX2, or KLF4. The STEMCCA loxP cassette'® was
modified to create the 3-factor vectors: STEMCCA-SKM loxP (SKM), STEMCCA-OKM loxP
(OKM), and STEMCCA-OSM loxP (OSM), which removed Oct4, Sox2, and KIf4 from the viral
transgene, respectively (Figure E1). Viral titers were calculated as in Chapter 2.

To assay whether any signaling pathways could substitute for OCT4, SOX2, or KLF4
during reprogramming, passage 3 MEFs were plated and infected with STEMCCA loxP vectors
(MOI of 0.3 viruses/cell resulting in ~26% of cells infected) and lentiviruses encoding
constitutively-active, dominant-negative, or wild-type signal transduction genes (MOI of 1.0
resulting in ~63% of cells infected). The construction of the library and the methodology for the
reprogramming screen is detailed in Chapter 2. Briefly, cells were passaged into mouse
embryonic stem cell conditions 2 days post-infection. Once colony morphology was apparent,
the cells were fixed and stained for alkaline phosphatase expression, an early reprogramming
marker: 10 days post-infection for OSM (K/f4-negative), 16 days post-infection for OKM (Sox2-
negative), and 13 days post-infection for SKM (Oct4-negative). High-content imaging and
analysis (Chapter 2) was used to quantify the number of alkaline phosphatase positive colonies.
The results of the screen are shown in Table 1.

Table I. Reprogramming factor replacement

Replacing Number of Alkaline
Factor Gene Symbol Phosphatase+ Colonies
KLF4 CA HRAS 24+2
KLF4 CA Smo 0.3+0.6
KLF4 DN STAT3 0.3+0.6
SOX2 DN RHOA 0.3+£0.6
SOX2 WT Camk4 0.3+0.6
SOX2 CA Notchl 0.7+0.6
SOX2 CA Smo 03+0.6
OCT4 CA RHOA 0.3+£0.6
OCT4 DN RACI 0.3+£0.6
OCT4 CA CDC42 0.7+1.1
OCT4 WT Aktl 0.3+£0.6
OCT4 CA HRAS 0.3+0.6
OCT4 CA NFKBIA 0.3+£0.6
OCT4 CA Tgfbrl 0.3+£0.6
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OCT4 CA Hifla 0.3+0.6
OCT4 WT Mapkl 0.3+0.6
OCT4 CA GNAS 07+1.1
OCT4 CA Notchl 0.7+ 0.6
OCT4 CA Smo 0.7+£0.6
OCT4 CA STAT3 0.3+0.6
OCT4 DN Gsk3b 0.3+0.6
OCT4 DN TGFBR2 0.3+0.6
OCT4 pHIV CTRL 0.3+0.6

Colony formation was a rare event, with only 1-2 colonies maximally appearing per
condition, with the sole exception of constitutively-active HRAS during KLF4 replacement
(Table I). As the cells were infected an MOI of 0.3 for the STEMCCA loxP viruses and 1.0 for
the signaling viruses, ~410 cells per well were infected with both viruses, as estimated by the
viral titer and a Poisson distribution. Since reprogramming is a rare process ., it is likely that too
few cells were infected to determine how well the signaling factors were at replacing each
reprogramming factor. However, as OCT4, SOX2, and KLF4 are necessary for the
reprogramming of mouse embryonic fibroblasts” ® " ° alkaline phosphatase positive colony
formation is a promising indicator of the potential to replace a respective factor. Example
colonies from the K/f4-negative condition are shown in Figure 1.

Alkaline
Nuclear Mask Phosphatase

Figure 1. Signaling pathways can induce alkaline phosphatase colonies in the absence of KLF4.
Colonies were infected with OSM and the virus containing each signaling factor. 10 days post-infection,
cells were fixed and stained for alkaline phosphatase expression. Cells were analyzed by high-content
imaging and analysis, which resulted in a colony mask to define individual colonies. Minimum colony
size measured was 31,200 um®. Scale bars are 300 um.

Merge Colony Mask

CAHRAS

CA Smo

Constitutively-active HRAS, an activator of MAPK signaling, was able to replace KLF4
to form alkaline phosphatase positive colonies morphologically similar to mouse embryonic stem
cell colonies. However, in comparison, constitutively-active Smo, the cell surface receptor
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Smoothened, only resulted in one alkaline phosphatase positive region which did not readily
form into colony shape (Fig. 1), which indicates that Smo may or may not be able to replace
some of KLF4’s function. Similarly, constitutively-active Smo also resulted in alkaline
phosphatase positive regions for SOX2 replacement albeit without colony morphology (Fig. 2).
This induction of alkaline phosphatase without KLF4 or SOX2 expression may indicate that Smo
is a general factor that may be able to improve reprogramming via mechanisms not specific to
one reprogramming factor.

Alkaline
Nuclear Mask Phosphatase

Figure 2. Signaling pathways can induce alkaline phosphatase colonies in the absence of SOX2.
Colonies were infected with OKM and the virus containing each signaling factor. 16 days post-infection,
cells were fixed and stained for alkaline phosphatase expression. Cells were analyzed by high-content

imaging and analysis, which resulted in a colony mask to define individual colonies. Minimum colony
size measured was 31,200 um®. Scale bars are 300 um.

Colony Mask

CA Notch1

CA Smo

Additionally, a constitutively-active Notchl, a cell surface receptor, was able to generate
alkaline phosphatase positive colonies in the absence of SOX2 (Figure 2). Interestingly,
constitutively-active Notchl and Smo also generated alkaline-phosphatase positive colonies in
the absence of OCT4 (Figure 3). The SKM screen resulted in the most hits for factor
replacement. For example, even the pHIV CTRL infection control resulted in one region of
alkaline phosphatase expression (Figure 2), however, the expression was not uniform and no
colonies were present, indicating that the cells would be unlikely to reprogram completely to the
iPS cell state. Constitutively-active GNAS, a cell surface receptor, was able to generate alkaline
phosphatase positive colonies and is discussed further in Chapter 4 (Figure 2).

Even though HRAS signaling was indicated in the KLLF4-negative screen, constitutively-
active HRAS was unable to generate alkaline phosphatase colonies without the Oct4 transgene.
However, several areas of proliferation and colony morphology were both apparent in the SKM
HRAS condition (Figure E2). One colony did have non-uniform alkaline phosphatase
expression (Figure 2) indicating that it may be possible to generate colonies in the absence of
OCT4 by activation of the MAPK pathway.

Ultimately, these results led us to perform preliminary experiments on three signaling
pathways: sonic hedgehog (CA Smo), MAPK (CA HRAS), and notch (CA Notchl) pathways.
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Alkaline

Nuclear Mask Phosphatase Merge Colony Mask

pHIV CTRL

CAHRAS

)4

CA Notch1 CA GNAS

CA Smo

Figure 3. Signaling pathways can induce alkaline phosphatase colonies in the absence of OCTA4.
Colonies were infected with SKM and the virus containing each signaling factor. 13 days post-infection,
cells were fixed and stained for alkaline phosphatase expression. Cells were analyzed by high-content
imaging and analysis, which resulted in a colony mask to define individual colonies. Minimum colony
size measured was 31,200 um®. Scale bars are 300 um.

External Activation of the Sonic Hedgehog Pathway Minimally Improves Reprogramming

As constitutively-active Smo was able to generate an alkaline phosphatase positive
colony without OCT4 and alkaline phosphatase regions in KLF4- and SOX2-negative conditions,
we wanted to see if activation of the sonic hedgehog pathway could improve reprogramming.
Additionally, as previously discussed, constitutively-active Smo was able to significantly
increase the number of alkaline phosphatase colonies in OSKM reprogramming (p < 0.05,
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Chapter 2). During reprogramming, we added recombinant SHH and the small molecule agonist
against Smoothened, SAG. Neither the protein nor the small molecule resulted in a significant
increase in the number of NANOG positive colonies (Figure 4a). In contrast, when a multivalent
form of SHH was added to reprogramming cultures, the number of reprogrammed colonies and
reprogramming efficiency was significantly increased (p < 0.05, Figure 4b). Due to the small
increase reprogramming, however, we decided not to pursue further studies with the sonic
hedgehog pathway.
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Figure 4. External modulation of the sonic hedgehog signaling pathway does not strongly affect OSKM
reprogramming. (a) OSKM reprogrammed cells (MOI of 0.1) were treated with recombinant SHH or the
small molecule agonist, SAG. Colony number is normalized to the OSKM condition. (b) OSKM
reprogrammed cells were treated with a hyaluronic acid-SHH conjugate. Colony number is normalized to
the SHH negative condition. Colonies were fixed 8 days post infection and analyzed by high-content
imaging and analysis. The minimum colony size is 10,000 pm®. Statistical significance was measured
using a Student’s t-Test (two-tailed, homoscedastic) with * p < 0.05. Error bars represent standard
deviation.

Activation of the MAPK Pathway Can Replace KLF4 or OCT4 to Result in NANOG Positive
Colonies

We wanted to further study the effect of HRAS in OCT4-negative conditions. As some
alkaline phosphatase expression was present, we hypothesized that the addition of the 2 small
molecule inhibitors (2i), CHIR99021 and PD 0325901, that have the potential to stabilize
partially reprogrammed cells®', might be enough to turn on pluripotency genes. As shown in
Figure 5, MEFs infected with SKM and constitutively-active (CA) HRAS express NANOG, a
later stage reprogramming marker, when the 2i inhibitors are added after 5 days post-infection in
serum-free medium. Compared to the OSM and CA HRAS infected cells, the colonies have
smooth borders, are densely packed with cells, and strongly express NANOG (Figure 5, E3).

We further wanted to test the necessity of both inhibitors on the CA HRAS replacement
of OCT4. Preliminary experiments indicate that both inhibitors can produce NANOG positive
colonies individually (Figure E4a), which is surprising as the target of the PD 0325901 inhibitor
in downstream in the MAPK pathway. An additional preliminary experiment also showed that
earlier addition of the 2i small molecules might further improve reprogramming (Figure E4b).
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DAPI NANOG Merge Colony Mask
Figure 5. Constitutively-active HRAS can induce NANOG expression without the K/f4 or Oct4 transgene.
Passage 3 MEFs were reprogrammed with OSM and constitutively-HRAS and stained for NANOG
expression 8 days post-infection. Passage 3 MEFs were also reprogrammed with SKM and constitively-
active HRAS with the 2i inhibitors (CHIR99021 and PD 0325901) added in serum-free conditions 5 days
post-infection. Cells were analyzed for NANOG expression 14 days post-infection. Cells were analyzed
by high-content imaging and analysis. Minimum colony size measured was 15,000 um’. The images

were post-processed differently as SKM CA HRAS 2i and OSM CA HRAS had dissimilar colony
morphology and expression. Scale bars are 300 um.

OSM
CAHRAS

SKM
CAHRAS 2i

As PD 0325901 with CA HRAS and SKM was able to generate NANOG positive
colonies, we wanted to test if the small molecule SC1 could also generate colonies in the absence
of OCT4. SCl1 is a small molecule that activates Ras/MAPK signaling but inhibits the
downstream effector of MAPK signaling, ERK1°%; This is mechanism is similar to PD 0325901
inhibiting the downstream effector, MEK, during activation of HRAS. SC1 added during OCT4-
reprogramming resulted in NANOG positive colonies (Figure 6).

Additionally, as activation of MAPK signaling may have been necessary for SCI1
addition, we added the growth factors EGF or FGF in addition to SCI in preliminary
experiments. As shown in Figure ES, the addition of FGF increased colony formation by 2.4-
fold. To further test the pluripotency of the SC1 SKM FGF cells, we selected 4 colonies for cell
line expansion. However, all 4 colonies failed to form cell lines, indicating the colonies may not
have fully reached pluripotency, and we did not further study the effect of the HRAS signaling
pathway in OCT4-replacement.

DAPI NANOG Merge Colony Mask

Figure 6. The small molecule, SC1, can induce NANOG expression without the Oct4 transgene. Passage
3 MEFs were reprogrammed with SKM and SC1 was added 3 days post-infection. 5 days post-infection
CHIR99021 was added in serum-free media. Medium and small molecules were changed every other day.
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Cells were analyzed for NANOG expression 9 days post-infection. Cells were analyzed by high-content
imaging and analysis. Minimum colony size measured was 15,000 um”. Scale bars are 300 pm.

Notchl Activates Pluripotency Markers in the Absence of OCT4 but Fails to Induce Ectoderm
Differentiation

Constitutively-active Notchl appeared in both the SOX2- and OCT4-negative screens.
Further studies indicated that SOX2 replacement was highly inefficient, as when more cells were
infected, only a few colonies were generated (data not shown). We further studied Notchl’s
ability to replace OCT4. CA Notchl and SKM reprogrammed colonies were further isolated and
propagated to form cell lines. As shown in Figure 7, the cell lines, such as SKM Notch-01,
expressed the pluripotency markers, SSEA1, OCT4, and NANOG.

DAPI Marker Merge

SSEA1

OCT4

NANOG

Figure 7. Activating Notchl expression activates endogenous pluripotency genes. The cell line, SKM
Notch-01, was stained for pluripotency markers, SSEA1, OCT4, and NANOG. The cell line was imaged
seven passages after isolation. Scale bars are 50 um.

To further test the pluripotency of the Notch cell lines, we performed in vitro embryoid
body differentiation experiments. While cells staining positive for mesoderm and endoderm
markers were readily apparent in the differentiated outgrowths (Figure 8), the cultures failed to
produce bllI-tubulin positive, ectodermal cells, indicating that the Notchl replacement of OCT4
did not fully result in pluripotency.
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HNF3B
endoderm

DAPI
Smooth-Muscle Actin
mesoderm

Figure 8. Constitutively-active Notchl cell lines form embryoid bodies and produce two germ layers in
vitro. SKM Notch-01 differentiates into two of the three germ layers: images are of different regions
expressing smooth-muscle actin or HNF3f, respectively, in embryoid body outgrowth. No BIII-tubulin
cells were identified. Scale bars are 25 um.

Discussion

The induction of pluripotent stem cells from adult cells has the potential to impact
personalized and regenerative medicine. However, Kif4, c-Myc, and possibly Oct4 are
considered oncogenes, and ongoing research is determining new ways to reprogram to find safer,
more efficient methodologies. Here, we describe screening methodology to replace OCT4,
SOX2, and KLF4 through modulating signaling pathways by utilizing 38 signaling genes in
combination with three of the four reprogramming factors (using SKM, OKM, OSM vectors,
respectively).

During the screening for an OCT4 replacement, more signaling factors resulted in
alkaline phosphatase expression than in SOX2- and KLF4-negative screens. The SKM vector
was modified from the STEMCCA loxP plasmid'®, in which the F2A sequence was later
determined to be ineffective for processing of OCT4 and KLF4 proteins™. However, in the
creation of the SKM vector, the F2A sequence is removed, theoretically resulting in higher
expression of KLF4. As the three factors, SOX2, KLF4, and C-MYC, are co-expressed and we
used the permissive 129 mouse strain and embryonic fibroblasts to reprogram®', we minimized
the barriers to reprogramming and found a robust system to find substitutions for Oct4 in
reprogramming. Additionally, the F2A sequence remaining in the OKM vector may be one
reason for which SOX2 replacements were hard to discover in this screen.

Within the OCT4-negative conditions, we initially analyzed three signaling pathways:
sonic hedgehog, Ras/MAPK, and notch pathway. The sonic hedgehog pathway, as mentioned in
Chapter 2, has already been implicated for reprogramming. BMII, activated downstream of the
sonic hedgehog, is a transcription factor capable of transdifferentiating cells to a neural stem cell
like-state and in combination with OCT4, results in induced pluripotent stem cells*. As
constitutively-active Smo was able to generate alkaline phosphatase expression in SOX2- and
KLF4-negative conditions as well as an alkaline phosphatase colony in the absence of OCT4 we
wanted to test if external activation of the pathway could aid in reprogramming. While we only
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saw a few colonies when a multivalent SHH construct was added in SKM conditions (data not
shown), we were able to generate significantly more NANOG positive colonies in OSKM
conditions. These initial experiments may indicate that manipulation of the sonic hedgehog
pathway may be useful for improving reprogramming or even replacing OCT4; however, further
studies need to be performed.

Subsequently, we studied the ability of constitutively-active HRAS to replace KLF4 and
OCT4. HRAS has been shown to activate KLF5%, and KLF5 has been shown to partially
recover KLF4-negative reprogramming conditions'®.  This mechanism is perhaps why
constitutively-active HRAS can generate alkaline phosphatase positive colonies in KLF4-
negative reprogramming conditions. Interestingly, HRAS is also able to form colony-like
morphology in OCT4-negative conditions. These colonies were not pluripotent by alkaline
phosphatase expression, but upon the addition of the 2i small molecule inhibitors®', NANOG
expression was readily apparent. The inhibitor, PD 0325901, is an agonist for MAPK signaling,
the pathway that HRAS activates. This led us to test the small molecule SC1, which has been
shown to activate RAS signaling while inhibiting MAPK signaling”>. In SKM and FGF
reprogramming conditions, SC1 was able to generate NANOG positive colonies; however, the
colonies were unsuccessful in forming stable pluripotent cell lines. Future work could further
our understanding of the MAPK signaling pathway during reprogramming. For example, ERAS
is a Ras-like protein found in mouse embryonic stem cells that does not activate the MAPK
pathway”, and it would be of interest to see if ERAS could also replace OCT4 during
reprogramming. However, one concern when activating RAS is a risk of oncogenesis”,
especially as we saw highly dense, proliferative colonies with SKM, HRAS and 2i, and any cell
lines created with modification of the Ras pathway should be scrutinized for tumorigenic
properties.

In analysis of the Notchl replacement of OCT4, we discovered we were able to generate
cell lines with iPS cell-like morphologically and with expression of SSEA1, OCT4, and NANOG.
However, after in vitro differentiation of these cell lines, no neuronal cells were found in the
differentiated outgrowth. Previous studies have indicated that persistent expression of Notch
signaling can hinder neuronal differentiation®*>°. The lack of differentiation to the neural
lineage may be the first indication that the cells have prolonged expression of Notchl in the
induced pluripotent state and that the lentiviral transgene may not be silenced or may become
reactivated during differentiation®">. In future studies, it may be possible to activate Notchl
transiently or without the use of viral vectors for the hypothesis that Notchl may be necessary
only during reprogramming but harmful once pluripotency is established.

In addition to the individual factor replacement, we additionally studied if the signaling
factors that were indicated in the OSKM screen or the factor replacement screens would be able
to replace all four reprogramming factors. Unfortunately, different combinations of the signaling
genes were not able to result in colony like formation (detailed in Table EI, EIl). While
complete replacement was unsuccessful and we only delved briefly into studying three signaling
pathways, this screen did lead to a successful OCT4 replacement that is presented in detail in
Chapter 4.
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CHAPTER 4

CAMP AND EPAC SIGNALING CAN FUNCTIONALLY
REPLACE OCT4 DURING INDUCED PLURIPOTENT STEM
CELL REPROGRAMMING

Abstract

The advent of induced pluripotent stem cells — via the ectopic overexpression of
reprogramming factors such as OCT4, SOX2, KLF4, and C-MYC (OSKM) in a differentiated
cell type — has enabled groundbreaking research efforts in regenerative medicine, disease
modeling, and drug discovery. While initial studies have focused on the effect of nuclear factors,
increasing evidence highlights the role of signal transduction during reprogramming. By utilizing
a quantitative, medium-throughput screen to systematically upregulate or downregulate several
major signaling pathways for transcription factor replacement, we discovered that cAMP signal
activation enables reprogramming in the absence of OCT4. Constitutively-active GNAS (G-
alpha s subunit) and forskolin, which both activate cAMP signaling, reactivate endogenous
OCT4 expression during reprogramming. Additionally, we have determined that the
downstream EPAC signaling pathway, and not the PKA pathway, is necessary and sufficient to
induce colony formation. Ultimately, cAMP signaling increases epithelial gene expression,
decreases mesenchymal gene expression, and increases cell proliferation decreasing the barriers
to reprogramming.

Introduction

The induction of pluripotent stem cells from adult cells has powerful clinical applications
for drug discovery and personalized medicine. In 2006, it was discovered that overexpression of
four transcription factors — OCT4, SOX2, KLF4, and C-MYC — was sufficient to revert mouse
embryonic fibroblasts to a pluripotent, embryonic stem cell-like state capable of self-renewal'.
These induced cells have the ability to differentiate into virtually any adult cell type creating
possibilities for cell-replacement therapies and in vitro drug discovery and screening. Furthering
the mechanistic understanding of cellular reprogramming and finding alternate reprogramming
factors will allow for improved methodologies for downstream applications.

Signal transduction pathways, which consist of a series of protein-protein interactions to
transduce an extracellular signal to the nucleus, have been shown to regulate embryonic stem cell
biology. For instance, activation of the WNT-B-Catenin, or inhibition of the antagonist GSK33,
has been shown to positively effect embryonic stem cell self-renewal through the downstream
effector STAT3**. To date, several signaling pathways have also been implicated in
reprogramming.  Similarly, the WNT signaling pathway has also been shown to affect
reprogramming: WNT3A can improve reprogramming in the absence of C-MYC’ and a GSK3B
inhibitor was initially shown to stabilize partially reprogrammed cells®. As signaling pathways
have the potential to be modified by external growth factors or small molecules, there is potential
for discovering novel reprogramming methodologies.

Here, to further mechanistic understanding of the reprogramming factors, we have
systematically screened major cellular signaling pathways for their ability to replace individual
reprogramming factors. Subsequently, we discovered that the activation of cyclic AMP via the
adenylyl cyclase signaling pathway is sufficient to generate OCT4 positive colonies in the
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absence of the Oct4 transgene, consistent with a previous report’. We verify that activating
cAMP with forskolin, and adding the 2i (CHIR99021 and PD 0325901) inhibitors, was able to
replace OCT4 at relatively high efficiency (0.72% versus 1.1% with or without Oct4,
respectively) and resulted in pluripotency. We further explore the mechanism of forskolin-
mediated OCT4 replacement: by studying the downstream cAMP signaling effectors, we show
EPAC is sufficient for replacement, and the downstream effector RAP1 is necessary during
reprogramming and OCT4 replacement. Forskolin additionally reduces the barriers for
reprogramming by regulating mesenchymal-to-epithelial transition genes, particularly by
upregulation of EPCAM and downregulation of mesenchymal markers, and promoting cellular
proliferation.

Materials and Methods
Cell Culture

HEK293T cells were maintained in IMDM with 10% FBS and 1%
penicillin/streptomycin. 129 MEF cells were a kind gift of Lin He (University of California,
Berkeley) and isolated as previously described®. MEFs were maintained in DMEM (high
glucose), 10% FBS, 1% GlutaMAX, and 1% penicillin/streptomycin (Invitrogen). Cells
undergoing reprogramming were maintained in serum-containing, mouse embryonic stem cell
(mESC-FBS) conditions: DMEM (high glucose), 15% FBS (Hyclone, SH3007003E), 0.5%
penicillin/streptomycin, 1% GlutaMAX, 1% Sodium Pyruvate, 1% MEM NEAA, 0.1 mM 2-
mercaptoethanol (Invitrogen), and 1000 U/mL LIF (Millipore, ESG1106). Feeder-free cell lines
were maintained with GMEM (Sigma Aldrich) instead of DMEM. 15% KnockOut Serum
Replacement (Invitrogen) was used in place of FBS in serum-free conditions (mESC-KSR).
Differentiating embryoid bodies (EBs) were maintained in mESC-FBS media without LIF. Cells
were maintained at 37°C with 5% CO..

Viral Production and Titer

Constitutively-active GNAS lentivirus was produced by HEK293T cells using calcium
phosphate transfection and concentrated as previously described without a sucrose layer’. For the
reprogramming cassette, STEMCCA loxP (OSKM), and STEMCCA-SKM loxP (SKM), the
lentiviral transfection and centrifugation were performed as previously described'” ''. The
STEMCCA loxP viruses are second-generation lentiviruses, and CLPIT Tat-mCherry'> was thus
added during transfection to promote viral genomic mRNA expression. 0.45 um bottle top filters
(Thermo Scientific, 09-740-28D) were used to filter the virus, and no sucrose layer was used in
ultracentrifugation. The concentrated virus was aliquoted and stored at -80°C. Aliquots were
only thawed once.

To quantify the amount of lentivirus, 1,600 MEFs were plated in 0.1% gelatin-coated
(Millipore, ES-006-B) black-walled 96 well plates (E+K Scientific). After cell attachment,
varying volumes of virus were added to the media. 72 hours post-infection, viral transgene
expression was analyzed. After fixation with 4% paraformaldehyde, antibodies were used to
amplify the protein expression: for STEMCCA loxP virus, an anti-OCT4 antibody (Santa Cruz
Biotechnology, sc-5279, 1:100 dilution) and a secondary antibody (Invitrogen, A-21235, 1:250)
were used; for STEMCCA-SKM loxP, an anti-SOX2 antibody (Santa Cruz Biotechnology, sc-
17320, 1:200) and a secondary antibody (Jackson ImmunoResearch, 705-165-147, 1:250) were
used; for constitutively-active GNAS, an anti-GFP primary antibody (Abcam, ab13970, 1:250)
and a secondary antibody (Jackson Immunoresearch, 703-545-155, 1:250) were used. DAPI
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(Invitrogen, 1:2000) was used as a nuclear stain. OCT4, SOX2, or GFP expression was imaged
with the Molecular Devices ImageXpress Micro and analyzed with MetaXpress software.
Infectious titers were calculated as previously described'’.

iPS Cell Reprogramming and Efficiency Calculations

4,000 passage 3 mouse embryonic fibroblasts were plated per sample and combined into
four wells for infection: SKM, OSKM, SKM and CA GNAS, or SKM and pHIV CTRL, with
cell densities between 9,473-12,631 cells/cm”. Approximately 12 hours after passage, the wells
were infected with SKM or OSKM at an MOI of 0.47 infectious particles/cell. Additionally,
virus expressing constitutively-active GNAS or the infection control, pHIV CTRL, was added to
their respective wells at an MOI of 1.2. 24 hours after infection, the media was replaced with
MEF media. 48 hours after infection, cells were passed to 24 well plates with mitomycin-c
treated MEF feeder layers (GlobalStem, GSC-6101M) with mESC-FBS media with or without
forskolin (10 uM, Enzo Life Sciences, BML-CN100-0010). Media and small molecules were
changed daily. At five days post-infection, the small molecules CHIR99021 (3 uM, Cayman
Chemical, 13122) and PD 0325901 (1 uM, Cayman Chemical, 13034) were added to the
appropriate wells. All conditions containing CHIR99021 and/or PD 0325901 were cultured in
serum-free (MESC-KSR) media upon small molecule addition. The small molecules and media
were changed daily. After passage, all wells were maintained in 0.22% DMSO. The wells were
fixed nine days post-infection.

To account for differences in cell division between the four viral infections, three wells
per viral infection were also plated on a 24 well plate with feeder layers in mESC-FBS medium
with 0.22% DMSO during the passage. Eight hours later the cells were fixed with 4%
paraformaldehyde. The wells were stained for SOX2 or SOX2 and GFP expression with an anti-
Sox2 antibody and an anti-GFP antibody (antibodies previously described). The wells were
imaged with the Molecular Devices ImageXpress Micro and analyzed with MetaXpress software.
By normalizing between the numbers of cells infected per condition, the number of resulting
OCT4 colonies are comparable. Reprogramming efficiency was calculated as the number of
OCT4 colonies (divided by the ratio of cells infected in the condition to cells infected in the
SKM condition) divided by the number of cells infected in the SKM condition.

The fixed reprogrammed cells were stained for OCT4 and NANOG expression: an anti-
OCT4 antibody (Santa Cruz Biotechnology, sc-5279, 1:100) and an anti-NANOG antibody
(Abcam, ab70482, 1:250) were incubated for 1 hour at room temperature. The secondary
antibodies (Jackson ImmunoResearch, 715-585-150 and 711-605-152, 1:500) were incubated for
two hours at room temperature. For image analysis, a custom journal was created in the
MetaXpress software to merge the images and identify colonies/regions of OCT4 or NANOG
expression (Chapter 2). The colony numbers were normalized to the SKM condition.
Significance was measured using a Student’s t-Test (two-tailed, homoscedastic).

Cell Line Isolation and Pluripotency Immunostaining

Cells were reprogrammed as previously described. Twelve or more days post-infection,
cells were manually selected under a microscope (EVOS xI core, AMG), trypsinized, and added
to separate wells in a 48 well plate with mitomycin-c treated MEF feeder layers. The SKM FK
21 cell lines were maintained in mESC-KSR media with forskolin, CHIR99021, and PD 0325901
for 1-3 passages and then transferred to mESC-FBS media without small molecules. The cells
were passed every 2-3 days in mESC-FBS media on feeder layers.
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To transfer the cells to feeder-free conditions, the cells were plated into gelatin-coated
plates with GMEM-based mESC media that had been conditioned with mitomycin-c treated
MEF feeder layers, harvested, and supplemented with LIF (GMEM-CM). 48 hours later, the
cells were incubated with 50% GMEM-CM and 50% GMEM mESC media. The following day
the cells were passaged. 48 hours after passage, the cells were maintained in 100% GMEM
mESC media.

To probe for expression of pluripotency proteins, confluent cells were fixed and stained
with the following antibodies: SSEA1, OCT4, and NANOG (previously described). For SSEAI,
the primary antibody (Millipore, MAB4301, 1:200) and secondary antibody (Invitrogen, A-
21045, 1:1000) were used. As SSEAI is cell surface marker, no Triton-X100 was used to
permeabilize the cells. The staining was imaged on the ImageXpress Micro (Molecular Devices).

Embryoid Body Differentiation

iPS cell lines were trypsinized and incubated on 0.1% gelatin-coated tissue culture plates
in EB medium for 1 hour at 37°C with 5% CO, to separate the MEF feeder layers from the iPS
cells. The unattached cells were collected and diluted to 2.25x10* cells/mL. 20 uL drops were
pipetted onto a 15 cm lid. 10 mL PBS buffer was added to the plate and the lid was gently
placed on top of the plate. The hanging drops were incubated at 37°C with 5% CO, for two days.
The drops were collected and the embryoid body suspension was added to a bacterial-grade
sterile 10 cm dish. The embryoid bodies were incubated for three or more days before pipetting
individual embryoid bodies into the wells of a 24 well plate coated with gelatin. The following
day, the media was partially changed. The media was changed every other day or every day
upon confluency. The embryoid bodies were fixed when the EBs had attached, cells had
migrated and appeared differentiated (12-20 days after hanging drop). The cardiomyocyte
videos were captured using a Nikon Eclipse TE2000-E microscope.

To improve neural differentiation in cultures, retinoic acid (5 UM, Enzo Life Sciences,
BML-GR100-0500) was added during the transfer of the hanging drops to the suspension culture.
Every other day, 50% of the media was changed with retinoic acid. The retinoic acid treatment
was stopped when the EBs were transferred for attachment.

To visualize the expression of differentiation markers, the wells were fixed and stained
with one the following antibodies: for mesoderm, anti-a-smooth muscle actin (Sigma Aldrich,
A2547, 1:500) and the secondary (Invitrogen, A-11003, 1:1000); for endoderm, anti-HNF3[3
(also known as FOXA2) (Millipore, 07-633, 1:500); and for ectoderm, anti-B3-tubulin (Covance,
MRB-435P, 1:500). The secondary antibody (Invitrogen, A11-012, 1:1000) was used for
HNF3p and B3-tubulin staining. The staining was imaged on the ImageXpress Micro (Molecular
Devices).

Small Molecule Reprogramming Assay

Cells were reprogrammed, stained, and analyzed as previously described. Small
molecules were added two days post-infection: 476485 (Millipore, 476485), GGTI-298 (Santa
Cruz Biotech, sc-221673), and 8-pCPT-2'-O-Me-cAMP (Sigma Aldrich, C8988). The small
molecules and media were changed daily. After passage, all wells were maintained in 0.22%
DMSO. The wells were fixed nine days post-infection.
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Proliferation Assay

Cells were reprogrammed as previously described. Three, four, or five days post-
infection, the cells were incubated with 10 uM EdU (Invitrogen, E10187) for 1 hour. The cells
were washed, fixed, and subsequently stained for SOX2 expression (antibody previously
described) with a secondary antibody (Jackson ImmunoResearch, 705-545-147, 1:500). The
cells were then stained with the Click-iT EdU Alexa Fluor 594 Imaging Kit (Invitrogen, C10339).
Nuclei were visualized with DAPI (1:2000). The SOX2 and EdU staining was imaged with the
Molecular Devices ImageXpress Micro and analyzed with MetaXpress software.

Quantitative RT-PCR

Cells were reprogrammed as previously described. Briefly, 6,000 passage 3 MEFs per
sample were combined for SKM or OSKM infection. The following day, the cells were infected
at an MOI of 0.3 infectious particles/cell. The passage and media changes remained the same as
the previous protocol. All conditions were maintained in 0.1% DMSO after passage. Three, five,
or seven days post-infection, RNA was isolated using the RNeasy Micro Kit (Qiagen, 74004) per
manufacturer’s instructions. RNA was quantified, normalized, and reverse-transcribed using the
ThermoScript RT-PCR for First-Strand cDNA Synthesis (Invitrogen, 11146) per manufacturer’s
instructions. The samples were analyzed for gene expression on the BioRad iQ5 with standard
curves, water samples, and melt curve controls. qPCR primers are listed in Table FI.

Results
Adenylyl Cyclase Activators Produce OCT4 Positive Colonies in the Absence of the Oct4
Transgene

To determine if any signaling factors could replace OCT4 in induced pluripotent stem
cell reprogramming, we infected mouse embryonic fibroblasts (MEFs) with 38 individual viruses
encoding signaling factors and the STEMCCA-SKM loxP (SKM) virus (Chapter 3). This initial
screen indicated that constitutively-active (CA) GNAS could result in OCT4 positive colonies.
To further quantify this OCT4 replacement, we infected more MEFs with virus encoding CA
GNAS and SKM virus (both at higher MOIs). Additionally, as GNAS activates adenylyl cyclase
and cAMP signaling, we added the small molecule agonist, forskolin, in our reprogramming
experiments. Nine days post-infection, colonies expressing OCT4 were present in both the CA
GNAS and the forskolin conditions (Fig. 1a), and by using high-content imaging and analysis, we
quantified the number of OCT4 positive colonies (Fig. 1b, F1).

To accurately calculate reprogramming efficiency, we normalized for differences in cell
division rates between infection and passage into mouse embryonic stem cell conditions (Fig.
S6). For example, cells infected with SKM and GNAS or SKM and the lentiviral control had
different proliferation rates, which effects the efficiency calculations (p<0.05, Fig. F2).
Efficiencies for various conditions, including controls, are included in Table I.

The activation of cAMP signaling via CA GNAS or forskolin with SKM significantly
increased the number of OCT4 positive colonies (p<0.05) compared to the negative control (Fig.
Ic). However, forskolin resulted in a greater increase (2.2-fold) in colony number compared to
CA GNAS, which may be due to differences in mechanistic activation of cAMP activation. As
CA GNAS and forskolin resulted significantly fewer colonies than with OCT4 reprogramming
(p<0.005, 12-fold and 6-fold reduction, respectively) (Fig. 1d), we next asked if we could
increase the number of colonies to reach similar efficiencies of OSKM reprogramming. As the
2i inhibitors (CHIR99021 and PD 0325901) have been shown to aid in reprogramming’®, we
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added them with the cAMP activators during reprogramming. 2i inhibition resulted in an ~4-
fold increase in the number of OCT4 positive colonies both conditions (Fig. 1c).
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Figure 1. The cAMP activators, constitutively-active GNAS and forskolin, induce OCT4 positive
colonies in the absence of the Oct4 transgene. (a) Example colony images from the Sox2, Kif4, c-Myc,
and constitutively-active GNAS condition and the Sox2, KIf4, c-Myc, and forskolin (FSKM) condition are
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shown. Scale bars are 300 um. (b) Example images of the entire 24 wells are shown. The minimum
colony size measured in the colony mask was 15,000 um”. Scale bars are 3 mm. (c) The number of
OCT4 positive colonies measured from high-throughput analysis for constitutively-active GNAS, the
infection control, pHIV CTRL, and forskolin with SKM. Conditions with and without 2i small molecule
inhibitors in serum-free media are shown. (d) The number of OCT4 positive colonies with forskolin,
DMSO, and Oct4 conditions. The Oct4 conditions were normalized to the SKM conditions due to
variability of infection. Statistical significance was measured using a Student’s t-Test (two-tailed,
homoscedastic) with * p < 0.05 and ** p < 0.005. Negative controls are p < 0.005. The minimum colony
size was 15,000 um®. Error bars represent s.d. (n=3). All conditions were cultured in 0.22% DMSO and
fixed with paraformaldehyde nine days post-infection.

We wanted to further quantify the necessity each of the 2i inhibitors in addition to the
effects of the serum-free media that used when we added the inhibitors. When the SKM and
forskolin condition (FSKM) was cultured in serum-free media, the 3.9-fold increase was
replicated, indicating that the medium is sufficient for the increase in colony number rather than
the 2i inhibitors (Fig. 1d). Additionally, when added alone, PD 0325901 could also significantly
increase the number of OCT4 positive colonies compared to the 2i condition, giving us insight
into the mechanism of replacement (Fig. F3).

As additional controls, we also varied the colony cut-off size in the analysis as well as
measuring NANOG expression (Fig. F4, F5). However, NANOG staining was not as robust and
not ideal for the automated analysis, although the trends for forskolin remain (Fig. F5a).

Table I. Normalized reprogramming efficiencies

Reprogramming Efficiency (%)
Condition + Standard Deviation

OSKM FK 222 + 0.12
OKSM 1.12 + 0.11
SKM FK PD 0325901 098 = 0.08
SKM FK 2i 0.72 + 0.08
SKM FK (KSR) 0.71 + 0.06
SKM FK CHIR99021 0.68 = 0.06
SKM CA GNAS 2i 033 = 0.02
SKM FK (FBS) 0.19 + 0.02
SKM CA GNAS 0.09 £+ 0.03
SKM (KSR) 0.02 + 0.02
SKM CHIR99021 0.02 + 0.00
SKM PD 0325901 0.01 = 0.01
SKM 2i 0.01 += 0.01
SKM pHIV CTRL 0.01 £+ 0.01

cAMP Activation with 2i Inhibition Results in Pluripotency without the Oct4 Transgene

During our reprogramming studies, we noticed the addition of forskolin induces early
morphological changes in MEFs compared to the positive and negative controls (Fig. 2a) For
instance, colonies were visible five days post-infection in with forskolin; SKM and OSKM also
form colonies although they are less distinctive from surrounding cells than forskolin-induced
colonies. By seven days post-infection, SKM colonies are no longer apparent, and OSKM and
FSKM both exhibit colony formation, a first indication of pluripotency.

44



Next, to determine if the resultant cells were pluripotent, MEFs were reprogrammed with
SKM, forskolin, and the 2i inhibitors. The inhibitors were added as they had the potential to
stabilize the pluripotent state’ and were not detrimental to reprogramming. Colonies were
isolated and passaged to form cell lines. iPS lines, such as SKM FK 2i-02, were stained for
pluripotent markers, SSEA1, OCT4, and NANOG (Fig. 2b, F6). SSEA1 expression was present,
but not uniform in all colonies (Fig. F6). However, cAMP activation reactivated endogenous
OCT4 and NANOG expression (Fig. 2b, F6). For ease of culture, the iPS cell lines could also be
transitioned to feeder-free conditions, and pluripotency marker expression remained (Fig. F7).
Cell lines maintained colony morphology in culture for at least 19 passages (Fig. F8).
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Figure 2. cAMP signaling induces morphological changes and activates pluripotent gene expression with
21 and without the Oct4 transgene. (a) Brightfield images show the change in morphology of mouse
embryonic fibroblasts 3, 5, and 7 days post-infection with SKM, FSKM, and OSKM, respectively.
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Conditions contain 0.1% DMSO. Scale bars are 40 um. (b) The cell line, SKM FK 2i-02, was stained for
pluripotency markers, SSEA1, OCT4, and NANOG. The cell line was imaged seven passages after
isolation and four passages in serum containing media without 2i and FK. Scale bars are 50 pm.

To test the ability for the cell lines to differentiate into the three germ layers, the iPS cell
lines were induced to differentiate in hanging drops in the absence of LIF. The embryoid bodies
were cultured in suspension and then attached for cells to migrate and differentiate (Fig. 3a).
The resulting cultures were stained for the mesodermal marker, smooth-muscle actin; the
ectodermal marker, B-III tubulin; and the endoderm marker, HNF3[ (Fig. 3b, F9). To improve
the neuronal differentiation, retinoic acid was added to embryoid-body suspension culture, and
mesodermal and endodermal markers were still apparent in the cultures with retinoic acid (Fig.
3b). Additionally, one cell line, SKM FK 2i-01, readily formed cardiomyocytes during
embryoid-body differentiation (four AVI files, available upon request).

a
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°

Figure 3. Forskolin 2i cell lines form embryoid bodies and produce three germ layers in vitro. (a) SKM
FK 2i-06 forms embryoid bodies after initial culture for two days in hanging drops. Pictures are shown
two, three, five, and six days in differentiation conditions. Scale bars are 40 um. (b) SKM FK 2i-06
differentiates into three germ layers. Images are of different regions expressing smooth-muscle actin,

DAPI

Smooth-Muscle Actin
mesoderm

BllI-Tubulin
ectoderm

HNF3B
endoderm
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BII-tubulin, or HNF3p, respectively, in embryoid body outgrowth. Retinoic acid (5 um) was added to
the differentiation media during embryoid body suspension culture. Scale bars are 25 um.

cAMP Acts Through the EPAC-RAP1 Pathway to Induce Reprogramming

We had determined that the activation of adenylyl cyclase/cAMP signaling was sufficient
to replace OCT4 during reprogramming; however, we were uncertain as which effectors were
necessary for reprogramming. Adenylyl cyclases, which are expressed throughout many organ
systems'?, catalyze the reaction of ATP to 3°, 5’-cyclic AMP (cAMP). cAMP subsequently
signals through two main effectors, PKA and EPAC'*". We next modulated the downstream
PKA and EPAC pathways to determine their importance in OCT4 replacement and
reprogramming (Fig. 4).
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Figure 4. The EPAC-RAP1 pathway is necessary for replacement of OCT4. (a) The PKA inhibitor,
476485, increases the number of OCT4 positive colonies in forskolin induced reprogramming. (b)
Adding the EPAC analog, 8-pCPT-2’-O-Me-cAMP at higher concentrations increases the number of
OCTH4 positive colonies compared to a SKM control. (¢) The RAP1 inhibitor, GGTI-298, decreases the
number of reprogrammed colonies in OSKM reprogramming. (d) The RAPI inhibitor, GGTI-298,
decreases the number of OCT4 positive colonies in forskolin reprogramming at increased concentrations.
Statistical significance was measured using a Student’s t-Test (two-tailed, homoscedastic) with * p < 0.05
and ** p < 0.005. The minimum colony size was 15,000 um®. Error bars represent s.d. (n=3). All
conditions were cultured in 0.22% DMSO and fixed with paraformaldehyde nine days post-infection.

First, to understand whether the PKA pathway is necessary to replace OCT4, the PKA
inhibitor, 476485, was added during FSKM reprogramming. Inhibiting PKA signaling caused a
significant increase (p<0.05) in the number of OCT4 positive colonies (Fig. 4a), which indicates
cAMP signaling is not acting through PKA to replace OCT4.
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Next, we wanted to determine if the other major effector of cAMP signaling, EPAC, was
sufficient to replace OCT4. The EPAC-specific cAMP analog, 8-pCPT-2’-O-Me-cAMP'®, was
added to SKM during reprogramming. The addition of the cAMP analog resulted in a significant
increase (p<0.005) in the number of OCT4 positive colonies compared to the negative control
(Fig. 4b), which indicates that EPAC pathway activation is sufficient to replace OCT4.

Last, to determine if the EPAC pathway is necessary during reprogramming, we inhibited
an effector of EPAC, RAP'. The RAPI inhibitor, GGTI-298, was titrated on MEFs to
determine toxic concentrations; concentrations higher than 5 uM decreased MEF viability (Fig.
S14a). Adding 2.5 uM GGTI-298 to OSKM reprogramming caused a significant decrease in
colony number (p<0.005), and adding 5 uM drastically decreased OSKM reprogramming (158-
fold decrease) (Fig. 4c). Similarly, increasing the concentration of GGTI-298 in FSKM
reprogramming reduced the levels compared to the negative control (Fig. 4d), which indicates
that the EPAC signaling pathway is necessary for reprogramming and OCT4 replacement.

cAMP Signaling Increases Cellular Division Rates and Regulates Genes Involved in the
Mesenchymal to Epithelial Transition to Replace OCT4

After determining the role of the cAMP effectors, we next asked what role cAMP
signaling may have in reprogramming. Due to the early presence of colonies in the
reprogramming, we wanted to determine if cell proliferation was augmented, especially as cell
division is a barrier to reprogramming' . Cells were treated with EdU and assayed for EJU
incorporation and viral transgene expression using an antibody against SOX2. The addition of
the cAMP signaling agonist, forskolin, to SKM increases the percentage of dividing cells 24
hours after addition (24% versus 17% of the cells dividing with or without forskolin,
respectively) (Fig. 5a). The cell division remains higher 48 and 72 hours after forskolin addition
(Fig. 5a), which may decrease the barriers to reprogramming.

Additionally, due to the early changes in cell morphology, we wanted to study whether
activating cAMP signaling altered the expression of the mesenchymal and epithelial genes,
particularly as the mesenchymal to epithelial transition is an early barrier to reprogramming®”*'.
Quantitative RT-PCR was used to analyze genes three, five, or seven days post-infection. The
cAMP signaling agonist, forskolin, increased the expression of epithelial genes, Cdhl and
Epcam (Fig. Se, 1), and decreased the expression of mesenchymal genes, Cdh2 and Slug (Fig. 5g,
h) compared to the SKM negative control. The expression for Epcam, Cdh2, and Slug differed
from the OSKM expression levels, indicating that cAMP signaling differs in function from
OCT4 by decreasing mesenchymal gene expression and increasing Epcam expression.

As cAMP signaling was sufficient to replace OCT4, we also studied the pathway’s
effects on pluripotency genes. Activating cAMP with forskolin resulted in an increase in Oct4
expression but failed to upregulate Nanog at seven days post-infection compared to OSKM (2-
fold, 14-fold, 348-fold increase for Nanog with SKM, FKSM, and OSKM, respectively) (Fig. 5b,
d). Interestingly, forskolin decreased the expression of K/f4 during the timeframe studied (Fig.
5¢) even though previous studies had indicated KIf4 was downstream of forksolin activation® .
Thus, activated cAMP acts in a K/f4-independent manner but is capable of upregulating Oct4
during reprogramming.
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Figure 5. cAMP activation induces cell division changes and gene expression changes to lower the
barrier to reprogramming. (a) Forskolin causes an increase in cell division rate hours after addition.
Mouse embryonic fibroblasts were infected with SKM. Two days post-infection, cells were split in
mouse embryonic stem cell conditions with forskolin or DMSO. EdU was incubated for 1 hour and the
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cells were fixed. To account for non-infected cells, the cells were costained against SOX2, which is
present in the viral transgene. Error bars represent s.d. (n=3). (b-h) mRNA levels of pluripotency genes
(b-d), epithelial genes (e-f), and mesenchymal genes (g-h) were analyzed at early time points in
reprogramming. Each gene expression was normalized to the internal control gene, Hprt. Each condition
was subsequently normalized to the SKM day 3 control condition. Error bars represent s.d. (n=2,
technical).

Discussion

Inducing pluripotent stem cells from adult cells has immense potential for the
regenerative medicine field and improving reprogramming methodologies will lead to greater
accessibility for research and mechanistic understanding. Small molecule libraries, which have
been used successfully for transcription factor replacement, can be disadvantageous to study
signaling pathways due to an abundance of inhibitors rather than activators, variable target
specificity, and cellular toxicity. Here, we present a methodology to screen the upregulation and
downregulation of major cellular signaling pathways with distinct protein targets and low
cellular toxicity, which we have applied to discover novel replacements and mechanisms for
reprogramming factor replacement. By discovering a constitutively-active GNAS in a screen to
replace OCT4, we have elucidated the adenylyl cyclase/cAMP signaling pathway as a target to
further study in the reprogramming context. We additionally found that the small molecule
agonist, forskolin, was also able to replace OCT4 in reprogramming, which was also elucidated
in a previous report’.

A first indication of reprogramming mechanism was when we found that the addition of
the MEK inhibitor, PD 0325901, alone with cAMP activation increased the reprogramming
efficiency to 0.98%, due to the inhibition of the MAPK pathway. Forskolin activates PKA,
which has been shown to activate the MAPK pathway for neuronal differentiation®*?°; in
contrast PKA has been shown to be inhibitory to the MAPK pathway in fibroblasts”’ . As
forskolin is added in combination with other reprogramming factors (SOX2, KLF4, and C-MYC),
the signaling state within the reprogramming MEFs is different than that in wild-type fibroblasts.
Therefore, in our system, PD 0325901 inhibiting MAPK signaling may be preventing PKA-
mediated differentiation during reprogramming resulting in an increase in the number of OCT4
positive colonies and reprogramming efficiency. Additionally, we found switching the media
from serum to serum-free at five days post-infection had similar reprogramming efficiencies with
or without 2i inhibition, which indicated that serum-free conditions enhance reprogramming
efficiency. This difference may be due to differences in the concentration of growth factors
between the Knockout Serum Replacement (Invitrogen) and fetal bovine serum, which
ultimately activate the MAPK pathway. Mechanistically, the inhibition or reduction of the
MAPK signaling pathway leading to improved reprogramming is the first indication that cAMP
signaling pathway may be working via activating the EPAC pathway rather than the PKA
pathway.

Subsequently, we further studied the role of cAMP’s effectors, EPAC and PKA. When
we inhibited PKA during forskolin, SOX2, KLF4, and C-MYC (FSKM) reprogramming, the
reprogramming efficiency increased 1.9-fold, indicating that PKA is not necessary for cAMP-
mediated OCT4 replacement. Conversely, if the downstream effector of the EPAC pathway,
RAP1, was inhibited with the inhibitor, GGTI-298, OSKM reprogramming was hindered up to
158-fold at 5 uM concentrations.  Additionally, if GGTI-298 was added to FSKM
reprogramming, the number of OCT4 colonies returned to SKM baseline levels. Unsurprisingly,
RAPI inhibition has also been found to be detrimental to human embryonic stem cells®®. Our
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results indicate that RAP1, and possibly EPAC, is essential and necessary for OSKM and FKSM
reprogramming.

To determine if EPAC signaling alone is sufficient for SKM reprogramming, the EPAC-
specific cCAMP analog, 8-pCPT-2’-O-Me-cAMP'®, was added during SKM reprogramming. 8-
pCPT-2’-O-Me-cAMP was able to generate 2.5-fold more colonies than SKM baseline,
indicating that EPAC is able to generate OCT4 colonies, although less robustly than forskolin.
Thus, activating the EPAC signaling pathway is sufficient but does not fully recapitulate the
effects of forskolin. However, it would be interesting to see if the potent, cell-permeable analog,
8-pCPT-2’-O-Me-cAMP-AM"' | would fully replace cAMP signaling in the absence of OCT4.

To study the downstream effects of cAMP signaling during reprogramming with SKM,
we used quantitative RT-PCR to measure various genes. We studied the expression of
reprogramming genes: Oct4, Nanog, and KIf4. At seven days post-infection, the cAMP agonist,
forskolin, increased endogenous Oct4 expression, but not as much as OSKM reprogramming,
which is unsurprising as exogenous OCT4 can modulate Oct4 expression® *>. Surprisingly,
forskolin resulted in a decrease in KI/f4 expression, which was contrary to previous studies that
had shown KIf4 is a downstream of forskolin®* **| indicating forskolin is acting in a KIf4-
independent manner. Additionally, Nanog expression slightly increased with forskolin but
drastically increased with OSKM reprogramming. As OCT4 and SOX2 are exogenously
expressed in OSKM reprogramming and bind to the promoter region of Nanog’> ***, it is
unsurprising that Nanog expression is higher in conditions with OCT4 (and SOX2).

As cAMP signaling had an early effect on the reprogramming cultures’ morphology, we
also studied mesenchymal and epithelial genes at various time points; the mesenchymal to
epithelial transition is an important morphological transition during early reprogramming™*'. In
particular, cAMP activation caused a 2.0-fold decrease in the expression of the mesenchymal
gene, Cdh2 (compared to an increase in OSKM reprogramming) at seven days post-infection.
Similarly, Slug expression decreased post-cAMP activation (compared to a 1.6 fold-increase for
OSKM). The decrease in the expression of mesenchymal genes, Cdh2 and Slug, compared to the
increase in expression with OSKM reprogramming indicates that the cAMP signaling pathway
may act differently than OCT4 by diminishing mesenchymal gene expression, a barrier to
reprogramming.

Conversely, cAMP activation increased the expression of the epithelial marker, Epcam
100-fold (compared to 55-fold in OSKM reprogramming). Epcam has been shown to be
important to mouse embryonic stem cell renewal’’ and a pluripotency marker for human
embryonic stem cells’, and may be aiding in reprogramming in the absence of OCTA4.
Additionally, cAMP signaling also increased Cdhl expression 19-fold similar to OSKM (17-
fold). CDHI (also known as E-cadherin) has been previously shown to be able to replace Oct4
in reprogramming™. RAPI has been shown to interact with CDH1 in human embryonic stem
cells to maintain self-renewal®’, which suggests cAMP could be activating RAP1 and CDH1 to
replace OCT4.

Additionally, we wanted to determine if cAMP activation was inducing cell cycle
changes, as previous studies have indicated cell division to be a barrier to reprogramming and
necessary for embryonic stem cell maintenance' ™. ¢cAMP activation increased the number of
cells undergoing cell division 24-72 hours after addition. Thus, cAMP may be aiding
reprogramming by increasing the cell division rate.

In order to verify the OCT4 positive colonies were pluripotent, we isolated cell lines and
characterized the pluripotent protein expression. While the resulting cells expressed the three
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pluripotent markers, SSEA1, OCT4, and NANOG, the SSEA1 expression appeared to be the
most variable. Interestingly, when human embryonic stem cells are cultured to a naive, mouse
embryonic stem cell-like state with LIF, CHIR99021, PD 0325901, and forskolin, the cells
maintain expression of the hESC marker, SSEA4, and do not express SSEA1%. Therefore, the
addition of forskolin with the 2i inhibitors may lead to abnormal SSEA1 expression, even though
the cell lines robustly express OCT4 and NANOG and are able to differentiate into the three
germ layers in vitro. It would be interesting to determine in the future if there is a fluctuation in
SSEA1 expression in the population throughout long-term culture and to determine if the SSEA 1
positive or negative population is more susceptible to differentiation.

While cAMP signaling and the underlying mechanism for replacement hold promise for
reprogramming technologies, we were unsuccessful in isolating iPS cell lines from adult mouse
ear fibroblasts reprogrammed with FSKM. However, we were able to increase the number of
OCT4 positive cells by the addition of small molecules (Fig. F11), which indicates conditions
may exist to generate iPS cell lines in other conditions. In our studies, we used 129 mouse
embryonic fibroblasts, a strain more permissive to reprogramming®. Future studies can
determine how universal forskolin is in the replacement of Oct4 for differing cell types.
Additionally, we wanted to determine if we could reprogram using only small molecules
(combinations shown in Table FII) that have been used to replace other reprogramming factors®
4042 None of these conditions resulted in reprogrammed colonies. Due to the nature of the
crosstalk and feedback within the pluripotency network, it may be necessary to have strong
expression of at least one pluripotent gene’>>°, which may prove to be difficult with small
molecules. Therefore, initial studies for small molecule reprogramming may best be suited in
cell types that already express one or more of the reprogramming factors.

To date, few studies have been done regarding cAMP signaling in embryonic stem cells
and reprogramming. For examples, a study has reported the cAMP-analog, 8-Br-cAMP, can
increase human fibroblast reprogramming 2-fold”. Additionally, forskolin in combination with
the 2i inhibitors, CHIR99021 and PD 0325901° and LIF is sufficient to transform human
embryonic stem cells to a naive, mouse embryonic-like state”>. Ultimately, this work furthers the
understanding of the cAMP signaling pathway in reprogramming and in the replacement of
OCT4. Furthermore, the screening methodology presented here may be useful to study the
importance of signaling pathways in mammalian cell biology.
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APPENDIX A. GENE INFORMATION

Table AI. Plasmid information, retroviral library

No. Gene Original Name of Plasmid Final Plasmid

P1 CA ACVRI pCMV5 ALK-2 Q207D CLGPIT ALK2 Q207D
P2 CA MAP2K3 pRC/RSV Flag MKK3(glu) CLGPIT Flag MKK3(glu)
P3 CA MAP2K6 pCDNA3-Flag MKK6(glu) CLGPIT Flag MKK6(glu)
P4 DN RHOA CLGPIT myc DN RhoA TI9N CLGPIT myc DN RhoA T19N
P5 CA RHOA CLGPIT myc CA RhoA Q63L CLGPIT myc CA RhoA Q63L
P6 CA RACI CLGPIT CA Racl(Q61L) CLGPIT CA Racl(Q61L)
P7 DN RACI CLGPIT DN Racl(T17N) CLGPIT DN RacI(T17N)
P8 CA CDC42 CLGPIT CA Cdc42(Q61L) CLGPIT CA Cdc42(Q61L)
P9 DN CDC42 CLGPIT DN Cdc42(T17N) CLGPIT DN Cdc42(T17N)
P10 WT  Akt] CLGPIT Aktl CLGPIT Aktl

P11 DN  Akt] CLGPIT Akt AAA CLGPIT Akt AAA

P12 CA  Aktl CLGPIT Akt DD CLGPIT Akt DD

P14 CA Camk2a CLGPIT CaMKII T286D CLGPIT CaMKII T286D
P15 WT Camk2n2 CLGPIT CaMKIIN CLGPIT CaMKIIN

P16 WT  Camk4 CLGPIT CaMKIV CLGPIT CaMKIV

P17 CA HRAS CLGPIT HRas G12V CLGPIT HRas G12V

P18 DN HRAS CLGPIT HRas S17N CLGPIT HRas S17N

P19 CA C(CTNNBI CLPIT CTNNB1 S33Y CLGPIT CTNNBI1 S33Y 2xFLAG
P20 WT RELA pEN RelA CLGPIT RelA

P21 CA NFKBIA pEN IkBa CLGPIT IkBa S32A S36A
P22 CA Tgfbrl PRKSF FLAG TbRI T202D CLGPIT FLAG TbRI T202D

(or RK5 R4TD202 FLAG)
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P23 CA Hifla pCDNA3.1+ HIF AODD CLGPIT HIF AODD
P24 WT MAPK3 pCEP4 ERK 1 CLGPIT ERK1 HA TAG
P25 DN MAPK3 pCEP4 ERK1 K71R CLGPIT ERK1 K71R HA TAG
P26 WT Mapkl 3XFLAG-CMV7 ERK2 CLGPIT ERK2

P27 DN  Mapkl 3XFLAG-CMV7 ERK2 K52R CLGPIT ERK2 K52R

P28 CA GNAII pCDNA3.1+ Ga il Q204L CLGPIT Gail Q204L

P29 CA GNAI2 pCDNA3.1+ Ga 12 Q231L CLGPIT Gal2 Q231L

P30 CA GNAQ pCDNA3.1+ Ga q Q209L CLGPIT Gaq Q209L

P31 CA GNAS pCDNA3.1+ Ga s Q227L CLGPIT Gas Q227L

P32 CA  Notchl CLPIT mNICD CLGPIT mNICD

P33 CA  Smo pBS SK SP Smo CLGPIT Smo W539L

P34 CA STAT3 MIG STAT3 CLGPIT STAT3 A662C, N664C
P35 DN STAT3 MIG DN STAT3 CLGPIT DN STAT3

P36 KD,DN  Gsk3b CLPIT GSK3b K85R CLGPIT Gsk3b K85R

P37 DN  Gsk3b CLPIT GSK3b R96A CLGPIT Gsk3b R96A

P38 CA  Gsk3b CLPIT GSK3b S9A CLGPIT Gsk3b S9A

P39 DN TGFBR2 CLPC DNRI CLGPIT DN TGFBRII
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Table AIL. Database and cloning information

Sequence Deviations and

No. Accession Full Title (NCBI: www.ncbi.nlm.nih.gov) Cloning Information
Pl NP 001096 act1y1n A type I receptor precursor [Homo Q207D
- sapiens]
mitogen-activated protein kinase kinase 3 isoform  S189E, T193E, FLAG N-term
P2 NP_002747 A [Homo sapiens] (E312K mutation, +)
P3NP 002749 mltggen—actlvated protein kinase kinase 6 [Homo S207E, T211E, FLAG N-term
- sapiens]
P4 NP 001655 ras homolog gene family, member A [Homo T19N, myc N-term
- sapiens]
P5 NP 001655 ras homolog gene family, member A [Homo Q63L, myc N-term
- sapiens]
P6 NP 008839 ras-related C3 bo_tuhnum toxin substrate 1 isoform Q6IL
- Rac1 [Homo sapiens]
P7 NP 008839 ras-related C3 bo_tuhnum toxin substrate 1 isoform T17N
- Rac1 [Homo sapiens]
P8 NP _001782 cell division cycle 42 isoform 1 [Homo sapiens] Q61L
P9 NP 001782 cell division cycle 42 isoform 1 [Homo sapiens] T17N
P10 NP 033782 Akt] thymoma viral proto-oncogene 1 [ Mus
- musculus ]
PIl NP 033782 Aktl thymoma viral proto-oncogene 1 [ Mus T308A, S473A, K179A
- musculus ]
P12 NP 033782 Akt] thymoma viral proto-oncogene 1 [ Mus T308D, S473D
- musculus ]
P14 NP 037052 Cvamea calcmm/calmoduhn-dgpendent protein T286D
- kinase II alpha [ Rattus norvegicus |
Camk?2n2 calcium/calmodulin-dependent protein
P15 NP_067710 kinase II inhibitor 2 [ Rattus norvegicus |
P16 NP 036859 Cvamk4 calcmm/calmodul}n—dependent protein
- kinase IV [ Rattus norvegicus |
v-Ha-ras Harvey rat sarcoma viral oncogene
P17 NP _005334 . . G12vV
- homolog isoform 1 [Homo sapiens]
P18  NP_005334 v-Ha-ras Harvey rat sarcoma viral oncogene S17N, recloned backbone
- homolog isoform 1 [Homo sapiens]
catenin (cadherin-associated protein), beta 1, OC to §33Y, QC to remove
P19 NP_001895 88kDa [Homo sapiens] S§374G, 2xFLAG C-term
P20 NP 068810 v-rel ret1culoendothehqs1s viral oncogene P180S, S is correct
- homolog A [Homo sapiens]
nuclear factor of kappa light polypeptide gene
P21 NP_065390 enhancer in B-cells inhibitor, alpha [Homo S§324, §36A4
sapiens]
P22 P80204 TGF-beta receptor type-1 GSM after N148, 202D,

FLAG N-term, PCR out
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M1-L400, Q614-STOP(837)

P23 Q61221 Hypoxia-inducible factor 1 alpha (oxygen detecting domain
removed), QC in STOP codon
P24 NP 002737 mltogen—ac'tlvated protein kinase 3 isoform 1 HA tag N-term
- [Homo sapiens]
P25 NP 002737 mltogen—ac'tlvated protein kinase 3 isoform 1 K71R, HA tag N-term
- [Homo sapiens]
mitogen activated protein kinase 1 [Rattus 5 alanines instead of six from
P26 NP_446294 norvegicus] A2-A7, ok from lab
mitogen activated protein kinase 1 [Rattus 5 alanines instead of six from
P27 NP_446294 norvegicus] A2-A7, ok from lab, KS2R
guanine nucleotide binding protein (G protein),
P28 NP_002060 alpha inhibiting activity polypeptide 1 [Homo Q204L
sapiens]
P29 NP 031379 guanine nucleotide blndlng protein (G protein) Q231L. PCR into CaMKIV
- alpha 12 [Homo sapiens]
P30 NP 002063 guanine pucleotlde blnd'mg protein (G protein), q Q209L. PCR into CaMKIV
- polypeptide [Homo sapiens]
P31 NP_000507 GNAS complex locus isoform a [Homo sapiens] Q227L
P32  EDL08321 Notch gene homolog 1 (Drosophila) [Mus V1744-’82184, 6 C-terminus
musculus] myc epitopes
OC in W539L, removed extra
P33 NP_036939 smoothened homolog [Rattus norvegicus] start codon by recloning into
pBS KS PS
PCR STAT3 into CLGPIT, QC
P34 NP 003141 signal transducer and activator of transcription 3 in A662C, N664C, (used Notl
- isoform 2 [Homo sapiens] instead of Pmel destroyed in
cloning)
signal transducer and activator of transcription 3 M1-K685, PCR DN STAT3 into
P35 NP_644805 isoform 1 [Homo sapiens] CLGPIT
glycogen synthase kinase 3 beta [Rattus K85R, OC to remove
P36 NP_114469 norvegicus]| R144STOP
P37 NP 114469 glycoggn synthase kinase 3 beta [Rattus R96A
- norvegicus]
P38 NP 114469 glycogen synthase kinase 3 beta [Rattus S9A, OC to remove N370S
- norvegicus]|
. M1-1219 (of 567) with S1221
P39 NP 003233 transforming growth factor, beta receptor II point mutation (note P37173 in

isoform B precursor [Homo sapiens]

UniProt)
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Table AIIl. Gene size and homology

No Protein Gene Size Homology (of wildtype gene) to mouse
* Size (AA) (kilobases) (Homologene: www.ncbi.nlm.nih.gov/homologene)
Pl 509 153 Score = 1038 bits (2683), Expect = 0.0, Identities = 501/509 (98%)),
’ Positives = 506/509 (99%), Gaps = 0/509 (0%)
P 318 0.96 Score = 681 bits (1756), Expect = 0.0, Identities = 335/347 (96%),
’ Positives = 343/347 (98%), Gaps = 0/347 (0%)
P3 343 1.03 Score = 663 bits (1710), Expect = 0.0, Identities = 327/334 (97%),
’ Positives = 331/334 (99%), Gaps = 0/334 (0%)
P4 193 0.58 Score = 395 bits (1015), Expect = 1e-108, Identities = 192/193 (99%),
’ Positives = 193/193 (100%), Gaps = 0/193 (0%)
P5 193 0.58 Score = 395 bits (1015), Expect = 1e-108, Identities = 192/193 (99%),
’ Positives = 193/193 (100%), Gaps = 0/193 (0%)
P6 192 0.58 Score = 384 bits (987), Expect = 3e-105, Identities = 192/211 (90%),
’ Positives = 192/211 (90%), Gaps = 19/211 (9%)
P7 192 0.58 Score = 384 bits (987), Expect = 3e-105, Identities = 192/211 (90%),
’ Positives = 192/211 (90%), Gaps = 19/211 (9%)
P8 191 0.58 Score = 390 bits (1001), Expect = 6e-107, Identities = 191/191 (100%),
’ Positives = 191/191 (100%), Gaps = 0/191 (0%)
P9 191 0.58 Score = 390 bits (1001), Expect = 6e-107, Identities = 191/191 (100%),
’ Positives = 191/191 (100%), Gaps = 0/191 (0%)
P10 480 1.44 NA
P11 480 1.44 NA
P12 480 1.44 NA
Pl4 478 | 44 Score = 981 bits (2536), Expect = 0.0, Identities = 478/478 (100%),
’ Positives = 478/478 (100%), Gaps = 0/478 (0%)
P15 79 0.24 Score = 164 bits (414), Expect = 3e-39, Identities = 79/79 (100%),
’ Positives = 79/79 (100%), Gaps = 0/79 (0%)
P16 474 143 Score = 830 bits (2145), Expect = 0.0, Identities = 425/478 (88%),
’ Positives = 436/478 (91%), Gaps = 13/478 (2%)
P17 189 0.57 Score = 381 bits (978), Expect =2e-104, Identities = 188/189 (99%),
’ Positives = 188/189 (99%), Gaps = 0/189 (0%)
PIg 189 0.57 Score = 381 bits (978), Expect =2e-104, Identities = 188/189 (99%),
’ Positives = 188/189 (99%), Gaps = 0/189 (0%)
P19 781 235 Score = 1548 bits (4008), Expect = 0.0, Identities = 780/781 (99%),
’ Positives = 780/781 (99%), Gaps = 0/781 (0%)
P20 551 1.66 Score = 979 bits (2531), Expect = 0.0, Identities = 487/553 (88%)),
’ Positives = 509/553 (92%), Gaps = 6/553 (1%)
P21 317 0.95 Score = 585 bits (1508), Expect = 3e-165, Identities = 288/317 (90%),
’ Positives = 297/317 (93%), Gaps = 3/317 (0%)
_ . _ e o
P22 501 151 Score = 994 bits (2569), Expect = 0.0, Identities = 493/503 (98%),

Positives = 494/503 (98%), Gaps = 6/503 (1%)
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P23 623 1.87 NA

P24 379 114 Score = 743 bits (1919), Expect = 0.0, Identities = 367/378 (97%),
’ Positives = 368/378 (97%), Gaps = 0/378 (0%)

P25 379 114 Score = 743 bits (1919), Expect = 0.0, Identities = 367/378 (97%),
’ Positives = 368/378 (97%), Gaps = 0/378 (0%)

P26 357 107 Score = 736 bits (1899), Expect = 0.0, Identities = 358/358 (100%)),
’ Positives = 358/358 (100%), Gaps = 0/358 (0%)

P27 357 107 Score = 736 bits (1899), Expect = 0.0, Identities = 358/358 (100%)),
’ Positives = 358/358 (100%), Gaps = 0/358 (0%)

P28 354 107 Score = 712 bits (1837), Expect = 0.0, Identities = 354/354 (100%)),
’ Positives = 354/354 (100%), Gaps = 0/354 (0%)

P29 381 115 Score = 733 bits (1891), Expect = 0.0, Identities = 374/381 (98%),
’ Positives = 379/381 (99%), Gaps = 2/381 (0%)

P30 359 1.08 Score = 718 bits (1854), Expect = 0.0, Identities = 358/359 (99%),
’ Positives = 359/359 (100%), Gaps = 0/359 (0%)

P31 394 119 Score = 800 bits (2065), Expect = 0.0, Identities = 393/394 (99%)),
’ Positives = 394/394 (100%), Gaps = 0/394 (0%)

P32 441 1.33 NA

P33 793 )38 Score = 1619 bits (4193), Expect = 0.0, Identities = 781/793 (98%),
’ Positives = 786/793 (99%), Gaps = 0/793 (0%)

P34 769 731 Score = 1552 bits (4018), Expect = 0.0, Identities = 768/769 (99%),
’ Positives = 769/769 (100%), Gaps = 0/769 (0%)

P35 685 206 Score = 1552 bits (4018), Expect = 0.0, Identities = 768/769 (99%),
’ Positives = 769/769 (100%), Gaps = 0/769 (0%)

P36 420 126 Score = 850 bits (2195), Expect = 0.0, Identities = 420/420 (100%)),
’ Positives = 420/420 (100%), Gaps = 0/420 (0%)

P37 420 126 Score = 850 bits (2195), Expect = 0.0, Identities = 420/420 (100%)),
’ Positives = 420/420 (100%), Gaps = 0/420 (0%)

P38 420 126 Score = 850 bits (2195), Expect = 0.0, Identities = 420/420 (100%)),
’ Positives = 420/420 (100%), Gaps = 0/420 (0%)

P39 261 0.79 Score = 1139 bits (2947), Expect = 0.0, Identities = 541/592 (91%)),

Positives = 568/592 (95%), Gaps = 0/592 (0%)
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APPENDIX B. CLONING PRIMER INFORMATION

Table BI. Quikchange and cloning primers

Primer Name Primer Sequence Reason
Smo QC Forward é _CG(SA‘C(?CTCC"}AE}C_}SACCTTGGTCTGGACCAAG W539L
Smo QC Reverse é :FCCI:C}%%EC_}SCCTTGGTCCAGACCAAGGTG W539L
IkBa QC Forward i -GCAGCCC(}?:gg_A;CGCTGGCCTGGACGCCATGAA S32A. S36A
IkBa QC Reverse 5'-CCTCGTCTTTCATGGCGTCCAGGCCAGCG S32A. S36A

TCGTGGCG-3'

STAT3 QC Forward

5'-GATCATGGATTGTACCTGTATCCTGGTGT
CTCCACTGGTC-3'

A662C, N664C

STAT3 QC Reverse

5'-GACCAGTGGAGACACCAGGATACAGGTA
CAATCCATGATC-3'

A662C, N664C

Gq QC Forward

5'-GCTGACTCGAGATGACTCTGGAGTCCAT
CAT-3'

Create Restriction Site

Gq QC Reverse

5'-GCCATCGTTTAAACTTAGACCAGATTGTA
CTCCTTCAGG-3'

Create Restriction Site

G12 QC Forward

5'-GCTGACTCGAGATGTCCGGGGTGGTGCG
GAC-3'

Create Restriction Site

G12 QC Reverse

5'-GCCATCGTTTAAACTCACTGCAGCATGA
TGTCCTTCAGG-3'

Create Restriction Site

GSK3b K85R QC
Forward

5'-TACAGAGTCGCCAGACACTATA-3'

Remove Mutation

GSK3b K85R QC
Reverse

5-TATAGTGTCTGGCGACTCTGTA-3'

Remove Mutation

GSK3b S9A QC
Forward

5'-CTGTCAAGTAACCCACCTCTGG-3'

Remove Mutation

GSK3b S9A QC Reverse

5'-CCAGAGGTGGGTTACTTGACAG-3'

Remove Mutation

CTNNBI1 S33Y QC
Forward

5'-TCTTACCTGGACTATGGAATCCATTCT-3'

S33Y

CTNNBI1 S33Y QC
Reverse

5'-AGAATGGATTCCATAGTCCAGGTAAGA-3'

S33Y

CTNNB1 MSMut QC
Forward

5'-CACCTGACAGATCCAAGTCAACGTCTT
GTTC-3'

Remove Mutation

CTNNB1 MSMut QC
Reverse

5'-GAACAAGACGTTGACTTGGATCTGTCAG
GTG-3'

Remove Mutation

DN STAT3 PCR

5'-CCCCGTTTAAACCTACTTTCCAAATGCCT

Reverse CCT-3' PCR out
STATI PCR Forward _ 3-00CGGOCCGCCTOGGCCARATGOCTCAG — pp gy
STAT3 PCR Reverse é-CC[S gfg{{ Fg,T AAACTCACATGGGGGAGGTA PCR out
CAToRIForward 5 GAGAGOGGCCACCTGGGCCAARTGGAGE  pop oy
CAToRIReveme  S:COCATACCCGTTTARACTTACATITIGATG ey
HIFdelODD Forward ,SI;GA?CT gggé;{géAGTTAACTAACTCGAGTT Add Stop codon
HIFdelODD Reverse 5'-ACCGCGTTTAAACTCGAGTTAGTTAACTT Add Stop codon

GATCCAAAGC-3'

STAT3 A662C N664C

5'-CATCATGGGCTATAAGATCATGGATTGCA

A662C, N664C
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Forward

CCTGCATCCTGGTGTCTCCACTTGTCTAC-3'

STAT3 A662C N664C 5'-GTAGACAAGTGGAGACACCAGGATGCAG

Reverse

GTGCAATCCATGATCTTATAGCCCATGATG-3' A662C, N664C

TbRI PCR Reverse

5'-CCCCCCCGTTTAAACCCCTCACTTGTCGTC

GTCGTCCTTGTAG-3' PCR out

TbRI PCR Forward

5'-GAAAAAGGCCACCTAGGCCATGGAGGCAG

CATCGGCT-3' PCR out

Table BII. Sequencing primers

Primer Name

Primer Sequence

CLPIT VSVG 5’ Seq

5'-AGACGCCATCCAACGCTGTTT-3'

CLPIT VSVG 3’ Seq

5'-AGAGCCTGGACCACTGATATCCTGTCT-3'

delSTAT3 3’ Fwd Seq01 AF 5'-ATCCTGGTGTCTCCACTTGT-3'
delSTAT3 5° Rev Seq01 AF 5'-TGGGGAAGCTGTCGCTGTAC-3'
delSTAT3 3’ Fwd Seq02 AF 5'-TCATGGATGCGACCAACATC-3'
delSTAT3 5° Rev Seq02 AF 5-ATGTGACTCTTTGCTGGCTG-3'

mNICD Midl Seq AF

5'-TGTCTTCCAGATCCTGCTCC-3'

Smo Midl Seq

5'-GTGAGGACAGACAACCCCAA-3

Smo Mid2 Seq

5'-CCCAATTGGCCTGGTGCTTA-3'

CTNNBI Mid Seql

5'-TACGACAGACTGCCTTCAAA-3'

CTNNBI1 Mid Seq2

5'-GTGGTGGTTAATAAGGCTGC-3'

CaMKII Mid Seq

5'-GGGAGCAGCAGGCATGGTTT-3'

MIG Seq Fwd

5'-CTGGAGTCAGCGCAGGCCGG-3'

MIG Seq Rev

5'-TCAAGAAGACAGGGCCAGGT-3'

STAT3 Midl Seq

5'-AATGGAAACAACCAGTCTGT-3'

STAT3 Mid2 Seq

5'-ATGTTGCTGCCCTCAGAGGGTCTC-3'

HifdODD Mid Seq

5'-AGTTGATGGGTTATGAGCCG-3'

Table BIII. Clonin

oligos used in pHIV IG loxP cloning

lox66 forward

5'-CTAGATAACTTCGTATAGCATACATTATACGAACGGTAGAGGGCCGCCT
GGGCCCCTCGAGTT-3'

lox66 reverse

5'-CTAGAACTCGAGGGGCCCAGGCGGCCCTCTACCGTTCGTATAATGTATG
CTATACGAAGTTAT-3'

MCS forward

5'-GATCCAACCGAATTCAACCATTTAAATAACCGGCGCGCCAACCGTTTAAA
CG-3'

MCS reverse

5'-GATCCGTTTAAACGGTTGGCGCGCCGGTTATTTAAATGGTTGAATTCGGT
TG-3'

lox71 forward

5'-CGATCTATTTGTCATCATCGTCCTTATAGTCCATGGTGGCTTAATTTATT
GAAGCATATTACATACGATATGCTTGCCATAT-3'

lox71 reverse

5'-CGATATGGCAAGCATATCGTATGTAATATGCTTCAATAAATTAAGCCACC
ATGGACTATAAGGACGATGATGACAAATAGAT-3
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APPENDIX C. COLONY COUNTING CODE
Colony Counting Setup

Written with Paula Gedraitis, Molecular Devices
MetaXpress Software MX3, MX5 compatible

This particular code is named “ColonyCounting24well AF _setup”
This should be used for a particular imaging pattern in 24 well plates. Otherwise, the “Montage
set up” section should be modified.

Alkaline Phosphatase is imaged in the DAPI channel with the Alkaline Phosphatase Cube
(Chapter 2). HCS NuclearMask Red is with the Cy5 cube/channel.

(1) indicates interactive sections of the code (user prompts)

Image settings: this is originally designed for alkaline phosphatase staining, however any
marker can be used in place of the “AP image”

(D 1: Select Image(*“Select nuclear image (do NOT select HTS image)”)

NuclearImage = Image.Name

(D) 2: Select Image(“Select AP image (do NOT select HTS image)”)

APImage = Image.Name

3: Show Message and Wait(“Please set the...”, NO TIMEOUT)

Threshold settings — nuclear image: this will interactively allow the user to select the minimum
and maximum thresholds for including colonies
4: Select Image(“%Nuclear Image%")
IF Image.ThreshState=0 THEN
Image.ThreshMin = 300
Image.ThreshState = 1
ELSE
END IF
Image.ThreshMax = 4095
(D)5: Threshold Image(“%Nuclearlmage%, 100, 4095, Inclusive)
NuclearThresholdMin = Image. ThreshMin
NuclearThresholdMax = Image.ThreshMax

Threshold settings — AP image: this will interactively allow the user to select the minimum and
maximum thresholds for including colonies
6: Select Image(“%APImage%")
IF Image.ThreshState=0, THEN
Image.ThreshMin = 300
Image.ThreshState = 1
ELSE
END IF
Image.ThreshMax = 4095
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(D5: Threshold Image(“%APImage%”, 100, 4095, Inclusive)
APThresholdMin = Image.ThreshMin
APThresholdMax = Image. ThreshMax

Get IMA settings from user: this is the setting for the minimum colony area, each analysis the
IMA file is resaved, only the minimum colony area should be modified in the IMA.
ColonyCounting AP must be present in the folder with the journal. This is the initial IMA that is
modified.
8: Integrated Morphometry — Load State(“ColonyCounting_ AP”)
9: Show Message and Wait(“In the next dialo...”, NO TIMEOUT)
(D10: Integrated Morphometry — Measure(“%APImage%”)
Define IMA Name
APSettings = Prompt User(String)
APSettingsFile = “C:\assay\ColonyCounting24wellAF\” + APSettings + “.IMA”
Ashley — 4000 is from previous analysis, this will update to the newest APSettingsFile
11: Integrated Morphometry — Save State(““Ashley —40007)
State File = APSettingsFile

Binning set up: images can be binned during image acquisition or before image analysis.
Binning images decreases the amount of memory and speeds up processing time,; however, if the
binning is modified before analysis, the blank site size must be adjusted
ImageWidth = Image. Width
ImageHeight =Image.Height
12: Select Image(“APStack”)
ImageXCal = Image.XCalibration
ImageY Cal = Image.Y Calibration
Binning = VAL(MID(Image.Annotation, INSTR(Image.Annotation, “Binning”)+LEN(“Binning:
“N)
IF Binning = 1 THEN

Binlmages = Prompt User(YesNo)

IF Binlmages="Y” THEN

ImageXCal = ImageXCal*2
ImageYCal = ImageY Cal*2

ELSE

END IF
ELSE

Binlmage = “N”
END IF

Montage set up: this inserts blank images where the edges of the well were not imaged. A
montage should be used to ensure no colonies are counted multiple times (e.g. when a colony
spans multiple images). A montage image is similar to stitching. This will give an image of the
entire well.

MontageRows = 8

MontageColumns = 6

TotalSiteNumber = 36
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MontageZoom = 100

If ImageExists(“BlankSite”’) THEN
13: Close(“BlankSite”

ELSE

END IF

IF Binlmages = “Y” THEN
14: BlankSite = New(16, 0)
Width = ImageWidth/2
Height = ImageHeight/2

ELSE
15: BlankSite = New(16,0)
Width = ImageWidth
Height = ImageHeight

END IF

16: Minimized Image Window(“BlankSite’’)

Image saving set up: the user has the option of saving the montages (nuclear stain, alkaline
phosphatase, and mask). Additionally, the summary log (Excel file) contains the thresholds and
the name of the IMA file used for minimum colony area.
SaveMontages = Prompt User(YesNo)
IF SaveMontages = “Y” THEN
FileDirectory = Prompt User(String)
IF RIGHT(FileDirectory,1) <> “\” THEN
FileDirectory = FileDirectory + “\”
ELSE
END IF
FileBaseName =MID(Image.Annotation, LEN(“Experiment base name:”)+1,
(INSTR(Image.Annotation,”Experiment set:”’)-LEN(“Experiment base name:”’)-3))
ELSE
END IF
17: Open Summary Log(OPENDDE and OVERWRITEMODE, )
18: Open Object Log(OPENDDE and OVERWRITEMODE, )
19: Annotate Log File(SUMMARY, “Threshold Settings™)
20: Annotate Log File(SUMMARY, “Nuclear Minimum Threshold, Nuclear Maximum
Threshold, AP Minimum Threshold, AP Maximum Threshold, AP Settings Filename)
22: Log Variable(NuclearThresholdMin, NEWLINE, NO HEADER)
23: Log Variable(NuclearThresholdMax, NONEWLINE, NO HEADER)
24: Log Variable(APThresholdMin, NONEWLINE, NO HEADER)
25: Log Variable(APThresholdMax, NONEWLINE, NO HEADER)
26: Log Variable(APSettings, NONEWLINE, NO HEADER)
27: Log Variable(FileBaseName, NEWLINE, NO HEADER)
28: Annotate Log File(SUMMARY, “Minimum colony size(um2) based on IMA (manual

entry)”)
29: Show Message and Wait(“Analysis setup is...”, NO TIMEOUT)
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Colony Counting Journal
This particular code is named “ColonyCounting24well AF”

Determine current well, site: for automation through plate

1: Select Image(“%APImage%"’)

CurrentWell = LEFT(Image.StageLabel, 3)

CurrentSiteValue = VAL(RIGHT(Image.StageLabel, LEN(Image.StageLabel) —
INSTR(Image.StageLabel, “Site”)-4))

Trace (CurrentSiteValue)

Add in extra blanks as needed: must be modified for non-24 well plates or different imaging
patterns
IF (CurrentSiteValue = 1) THEN
PreSiteBlanks = 2
ELSE
IF (CurrentSiteValue = 3) OR (CurrentSiteValue = 35) THEN
PreSiteBlanks = 3
ELSE
IF (CurrentSiteValue = 7) OR (CurrentSiteValue = 31) THEN
PreSiteBlanks = 1
ELSE
PreSiteBlanks = 0
END IF
END IF
END IF

IF PreSiteBlanks > 0 THEN
FOR NumberOfBlanks = 1 TO PreSiteBlanks STEP 1
2: Add Plane(“BlankSite”, “APStack”, NOCLOSESOURCE)
3: Add Plane(“BlankSite”, “NuclearStack”, NOCLOSESOURCE)
NEXT
ELSE
END IF

Add actual site images (binning first as needed)
IF Binlmages="Y” THEN
4: Set Image Zoom(“%APImage%”, 50)
5: Image/Plane with Zoom(“%APImage%)
BinnedAPImage = “Zoomed Copy of “ + APImage
6: Add Plane(“%BinnedAPImage%”, “APStack”, NOCLOSESOURCE)
7: Close(“%BinnedAPImage%”’
8: Set Image Zoom (“%Nuclearlmage%”, 50)
9: Image/Plane with Zoom(“%Nuclearlmage%")
BinnedNuclearImage = “Zoomed Copy of ““ + NuclearImage
10: Add Plane(“%BinnedNuclearlmage%”, “NuclearStack”, NOCLOSESOURCE)
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11: Close(“%BinnedNuclearImage%’)
ELSE

12: Add Plane(“%APImage%, “APStack”, NOCLOSESOURCE)

13: Add Plane(“%Nuclearlmage%’, “NuclearStack”, NOCLOSESOURCE)
END IF

If this is the final site

IF CurrentSiteValue = TotalSiteNumber THEN

Write out well position: on summary log

14: Log Variable(CurrentWell, NEWLINE, NO HEADER)
15: Log Variable(CurrentWell, NEWLINE, NO HEADER)

Add final blank sites
FOR NumberOfBlanks =1 TO 2 STEP 1

16: Add Plane(“BlankSite”, “APStack”, NOCLOSESOURCE)

17: Add Plane(“BlankSite”, “NuclearStack”, NOCLOSESOURCE)
NEXT

Create AP montage image and close stack
18: Overwrite “APMontage” = Montage(“APStack”, HORIZONTAL, 100)
Rows = MontageRows
Columns = MontageColumns
19: Close(“APStack”
20: Select Image(“APMontage™)
Image.ScaleAutoScale = 1
IF ImageXCal = 1.6125 THEN
21: Calibrate Distances(SPECIFICIMAGE, “APMontage”, 1.6125, 1.6125, “um”
ELSE
IF ImageXCal = 3.225 THEN
22: Calibrate Distances(SPECIFICIMAGE, “APMontage”, 3.225, 3.225, “um”
ELSE
END IF
END IF

Create nuclear montage image and close stack
18: Overwrite “NuclearMontage” = Montage(‘“NuclearStack”, HORIZONTAL, 100)
Rows = MontageRows
Columns = MontageColumns
19: Close(“NuclearStack”
20: Select Image(“NuclearMontage”™)
Image.ScaleAutoScale = 1
IF ImageXCal = 1.6125 THEN
21: Calibrate Distances(SPECIFICIMAGE, “NuclearMontage”, 1.6125, 1.6125, “um”
ELSE
IF ImageXCal = 3.225 THEN
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22: Calibrate Distances(SPECIFICIMAGE, “NuclearMontage”, 3.225, 3.225,
“um”
ELSE
END IF
END IF

Begin analysis on montage images. dilates the AP image to 5 um to help segment colony
29: Overwrite “APDilated” = Morphological Open-Close(“APMontage”, Circle, Diameter=5,
Use Reconstruction = False, Use Sequential Filtering = False)

Use threshold to define colonies

31: Select Image(“APDilated”)
Image.ThreshState = 1
Image.ThreshMin = APThresholdMin
Image. ThreshMax = APThresholdMax

Load colony state to filter based on minimum colony size: determined in setup. Apply
morphometry to alkaline phosphatase (dilated) montage
32: Integrated Morphometry — Load State(““Ashley — 4000”)
State File = APSettingsFile
33: Integrated Morphometry — Measure(“APDilated)

Create mask based on alkaline phosphatase and apply to nuclear montage
IF ImageExists(“IMA Objects Mask”) THEN
34: Close(“IMA Objects Mask”™)
ELSE
END IF
35: Integrated Morphometry — Create Objects Mask()
36: Close(“APDilated”)
37: Overwrite “NuclearMeasured” = “NuclearMontage” AND “IMA Objects Mask”

Threshold resulting nuclear image

38: Select Image([37: Arithmetic])
Image.ThreshState = 1

Image.ThreshMin = NuclearThresholdMin
Image.ThreshMax = NuclearThresholdMax

Load colony state for nuclear detection

39: Integrated Morphometry — Load State(““Ashley — 4000”)
State File = APSettingsFile

41: Integrated Morphometry — Measure (“NuclearMeasured”)

Create mask to be used on AP montage: without dilation
IF ImageExists (“IMA Objects Mask) THEN

42: Close(“IMA Objects Mask”™)
ELSE
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END IF
43: Integrated Morphometry — Create Objects Mask()
44: Close ([37: Arithmetic])

Save and close nuclear montage

45: Select Image(“NuclearMontage”™)

IF SaveMontages = “Y” THEN
Image.FilePath = FileDirectory + FileBaseName + “ 4+ CurrentWell + “ 7 +
NuclearImage + “.tif”
46: Save([Last Result])

ELSE

END IF

47: Close([Last Result])

Apply mask to AP and record measurements on summary log
48: Overwrite “Measured” = “APMontage” AND “IMA Objects Mask”
49: Threshold Image(“Measured”, 5, 4095, Inclusive)
51: Integrated Morphometry — Load State(““Ashley — 4000”)
State File = APSettingsFile
52: Integrated Morphometry — Measure(“Measured”)
53: Integrated Morphometry — Log Data(“Measured”’, SUMMARY, CURRENTDATA, 1, 2)
54: Integrated Morphometry — Log Data(“Measured”, OBJECTS, CURRENTDATA, 1, 2)

Create final mask
IF ImageExists(“IMA Objects Mask™) THEN
56: Close(“IMA Objects Mask™)
ELSE
END IF
57: Integrated Morphometry — Create Objects Mask ()
58: Close(“Measured”)

Save and close AP montage

59: Select Image(‘“APMontage”)

IF SaveMontages = “Y” THEN
Image.FilePath = FileDirectory + FileBaseName + “ 4+ CurrentWell + “ ” + APImage
+ “.tif”
60: Save([Last Result])

ELSE

END IF

61: Close([Last Result])

Save and close mask

62: Select Image(“IMA Objects Mask™)

IF SaveMontages = “Y” THEN
Image.FilePath = FileDirectory + FileBaseName + “ ” + CurrentWell + “ Mask” + “.tif”
63: Save([Last Result])
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ELSE

END IF

64: Close([Last Result])
ELSE

END IF
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APPENDIX D: SUPPLEMENTAL FIGURES FOR CHAPTER 2
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Figure D1. Lentiviral titers from the cassette virus, STEMCCA loxP, which expresses Oct4, Sox2, Kif4,
and c-Myc. MEF or HEK293T cells were infected with varying amounts of lentivirus. 72 hours post
infection, cells were assayed for OCT4 expression by immunocytochemistry. High-throughput imaging
and analysis were used to determine viral titer (Infectious Units/mL). The same batch of virus was used,
but the cell types were analyzed at differing time points. Error bars represent 95% confidence interval.
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Figure D2. Number of alkaline phosphatase positive colonies 9 days post-infection with cDNA encoding

XXH

*

The minimum colony size measured was (a) 8,000 umz or (b) 25,000 umz.

Statistical significance was measured using ANOVA with a post-hoc Dunnett test relative to the infection

control, pHIV CTRL. Error bars represent standard deviation.
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a signal transduction factor, as well as Oct4, Sox2, KIf4, and c-Myc, as determined by high-throughput

imaging and analysis.
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Figure D3. Total area of alkaline phosphatase positive colonies 9 days post-infection with cDNA
encoding a signal transduction factor, as well as Oct4, Sox2, Kif4, and c-Myc, as determined by high-

throughput imaging and analysis. The minimum colony size measured was (a) 8,000 um” or (b) 25,000
um’. Statistical significance was measured using ANOVA with a post-hoc Dunnett test relative to the

infection control, pHIV CTRL. Error bars represent standard deviation.
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Nuclear Mask Alkaline Phosphatase

Merge Colony Mask

Figure D4. Constitutively-active ACVRI condition. In addition to serving as a marker for
reprogramming, alkaline phosphatase is also expressed by an osteogenic cell lineage. The minimum
colony size measured in the colony mask was 15,000 um”. Scale bars are 400 mm.
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Well 1 Well 2 Well 3

Merge Alkaline Phosphatase Nuclear Mask

Colony Mask

Figure D5. Constitutively-active HRAS conditions. The minimum colony size measured in the colony
mask was 15,000 pm®. Scale bars are 3 mm.
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APPENDIX E: SUPPLEMENTAL INFORMATION FOR

CHAPTER 3
Supplemental Figures
F2A E2A loxP
OSKM FLF4 STIRES ¥ SOx2 S CMYC S WPRE T LTR o
E2A loxP
SKM LTR o EFlalpha g KLF4 § CMYC 2 WPRE o LTR
E2A loxP

O/IE [TR EFlalpha g OCT4 3 SOX2 Zl CMYC 2 WPRE J LTR g

loxP

F2A
OKM LTR g EFlalpha g OCT4 oM KLF4 o o CMYC 2 WPRE s LTR =2

Figure E1. STEMCCA loxP viral vectors. STEMCCA-SKM loxP (SKM), STEMCCA-OSM loxP
(OSM), and STEMCCA-OKM loxP (OKM) were modified from the STEMCCA loxP vector (OSKM).

Nuclear Mask  Alkaline Phosphatase Merge Colony Mask

OSM
CA HRAS

SKM
CA HRAS

Figure E2. Activated HRAS induces alkaline phosphatase positive colonies in the absence of KLF4 but
not OCT4. Colonies were infected with OSM or SKM, respectively, and constitutively-active HRAS. 10
or 13 days post-infection, respectively, cells were fixed and stained for alkaline phosphatase expression.
Cells were analyzed by high-content imaging and analysis. Minimum colony size measured was 31,200
um’. Scale bars are 3 mm.
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DAPI NANOG Merge Colony Mask
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Figure E3. Constitutively-active HRAS induces morphologically different NANOG positive colonies
without the K/f4 or Oct4 transgene, respectively. (a) Passage 3 MEFs were reprogrammed with OSM and
constitutively-HRAS and stained for NANOG expression 8 days post-infection. Three different colonies
are shown. (b) Passage 3 MEFs were also reprogrammed with SKM and constitively-active HRAS with
the 2i inhibitors (CHIR99021 and PD 0325901) added in serum-free conditions 5 days post-infection.
Cells were analyzed for NANOG expression 14 days post-infection. Three different colonies are shown.
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Cells were analyzed by high-content imaging and analysis. Minimum colony size measured was 15,000
um’. The images were post-processed differently as SKM CA HRAS 2i and OSM CA HRAS had
dissimilar colony morphology and expression. Scale bars are 300 um.
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Figure E4. HRAS-mediated OCT4 replacement may be improved through the addition of CHIR99021
only or 2i addition earlier in reprogramming. Passage 3 MEFs were reprogrammed with SKM and
constitutively-active HRAS as previously described. (a) 5 days post-infection CHIR99021 and/or PD
0325901 was added in serum-free medium. (b) 3, 5, 7, or 9 days post-infection, the 2i inhibitors were
added to the media. Media and small molecules were changed every other day. Cells were analyzed for
NANOG expression 11 days post-infection. Cells were analyzed by high-content imaging and analysis.
(N=1) Minimum colony size measured was 15,000 pm”.
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Figure ES. Growth factors may increase the number of NANOG positive colonies in SC1 SKM induced
reprogramming. Passage 3 MEFs were reprogrammed with SKM and SC1 was added 3 days post-
infection. 5 days post-infection CHIR99021 was added in serum-free media. Medium and small
molecules were changed every other day. Cells were analyzed for NANOG expression 9 days post-
infection. Cells were analyzed by high-content imaging and analysis. (N=1) Minimum colony size
measured was 15,000 p,mz.

79



- -
o N

o
o)

©
~

Fold Change in NANOG+
Colonies
[=) o
N »

SKM Notch1 +2i

Figure E6. 2i inhibitors hinder constitutively-active Notchl-mediated OCT4 replacement. Passage 3
MEFs were reprogrammed with SKM and constitutively-active Notchl as previously described. 5 days
post-infection CHIR99021 and/or PD 0325901 was added in serum-free medium. Medium and small
molecules were changed every day. Cells were analyzed for NANOG expression 12 days post-infection.
Cells were analyzed by high-content imaging and analysis. (N=1) Minimum colony size measured was
15,000 pm’.

Supplemental Tables
Table EI. Genes affecting reprogramming

Group 1 (5) Group 2 (12)

CA CDC42 CA MAP2K3

CA NFKBIA DN RHOA

CA GNAS DN Aktl

CA Notchl CA Camk2a

CA Smo WT Camk4
CA CTTNBI
CA Hifla
DN MAPK3
DN MAPK1
CA GNAII
KD,DN Gsk3b
DN Gsk3b

Table EII. Different combinations to replace OSKM

CHIR99021

Group 1 Group 2 CA HRAS FGF PD 0325901

MOI 6

MOI 3 MOI 3

MOI 3 MOI 3 MOI 1

MOI 6 MOI 1

MOI 3 MOI 3 5 ng/uL 3 uM/1 uM

MOI 3 MOI 3 MOI 1 5 ng/uL 3 uM/1 uM
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Supplemental Methods
OSKM Replacement Reprogramming

The Group 1 and Group 2 viruses were produced as described in the Methods section.
The supernatant was combined, aliquoted, frozen, and titered. 5,000 passage 3 MEFs were
plated per condition and after attachment, infected at the MOIs listed in Table EIl. The MEF
media was changed the following day. The subsequent day, the cells were changed to mouse
embryonic stem cell medium. 4 days post-infection the cells were transferred to gelatin-coated
plates and passed upon confluency. CHIR99021 and PD 0325901 have been previously

described. FGF was used at 5 ng/uL (Peprotech, 100-18B).
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APPENDIX F: SUPPLEMENTAL INFORMATION FOR
CHAPTER 4

Supplemental Figures

DAPI OCT4 Merge Colony Mask

Figure F1. Negative controls have little OCT4 expression. The infection control, pHIV CTRL, and the
DMSO only control have no colonies as determined via high-throughput analysis. The minimum colony

size measured was 15,000 um®. Scale bars are 3 mm.

SKM pHIV CTRL

SKM DMSO
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Figure F2. The number of infected cells plated in each condition can be used in determining the
efficiency of reprogramming. During the reprogramming efficiency experiment, passage 3 mouse

Number of Infected Cells

OSKM CA GNAS pHIV CTRL
Infection Condition
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embryonic fibroblasts were infected with SKM, OSKM, SKM and constitutively-active GNAS, or SKM
and pHIV CTRL virus. Forty-eight hours post-infection, cells were split onto mitomycin-c treated feeder
layers in mESC-FBS media with 022% DMSO. Three wells per condition were plated and fixed eight
hours post-passage. The cells were stained for SOX2 expression or SOX2 and GFP, respectively. 80%
of the 24 well was imaged by high-content imaging, and the number of infected cells was determined by
high-throughput analysis. Statistical significance was measured between SKM-OSKM and
constitutively-active GNAS-pHIV CTRL using a Student’s t-Test (two-tailed, homoscedastic) with ** p <
0.00s5.
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Figure F3. Serum-free conditions and PD 0325901 improve the reprogramming efficiency for OCT4
replacement. All conditions were cultured in KSR-containing medium. The number of OCT4 positive
colonies was measured from high-throughput analysis. Statistical significance was measured using a
Student’s t-Test (two-tailed, homoscedastic) with * p < 0.05. Negative controls are p < 0.005. The
minimum colony size was 15,000 pm®.
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Figure F4. Measuring larger OCT4 colonies results in similar trends in reprogramming efficiency. (a)
The number of OCT4 positive colonies measured from high-throughput analysis for constitutively-active
GNAS and the infection control, pHIV CTRL, and forskolin with SKM. Conditions with and without 2i
small molecule inhibitors in serum-free media are shown. (b) The number of OCT4 positive colonies
with forskolin, DMSO, and Oct4 conditions. Statistical significance was measured using a Student’s t-
Test (two-tailed, homoscedastic) with * p < 0.05 and ** p < 0.005. Negative controls are p < 0.005 unless
otherwise noted. The minimum colony size was 30,000 pm®.
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Figure F5. NANOG staining revels similar trends for forskolin conditions, but fewer colonies compared
to OCT4 staining. (a) The number of NANOG positive colonies measured from high-throughput analysis
for constitutively-active GNAS and the infection control, pHIV CTRL and forskolin and SKM only.
Conditions with and without 2i small molecule inhibitors in serum-free media are shown. (b) The number
of NANOG positive colonies with forskolin, DMSO, and Oct4 conditions. Statistical significance was
measured using a Student’s t-Test (two-tailed, homoscedastic) with * p < 0.05 and ** p < 0.005.
Negative controls are p < 0.005 unless otherwise noted. The minimum colony size was 15,000 um>.
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DAPI Marker Merge
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OCT4
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Figure F6. SKM FK 2i-01 cell line expresses pluripotency markers, SSEA1, OCT4, and NANOG. The
cell line was imaged seven passages after isolation and four passages in serum containing media without
2i and forskolin. Scale bars are 50 um.
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Figure F7. SKM FK 2i-06 cell line expresses pluripotency markers, SSEA1, OCT4, and NANOG in

feeder and feeder-free conditions.

SKM FK 2i-06 was transitioned to serum without small molecules at

two passages post-isolation. (a) SKM FK 2i-06 five passages post-isolation on feeder layers. (b) SKM
FK 2i-06 eight passages post-isolation and two passages in feeder free conditions. Scale bars are 50 pm.
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Figure F8. SKM FK 2i-06 maintains embryonic stem cell colony morphology 19 passages after isolation.
SKM FK 2i-06 was transferred to feeder free conditions six passages post-isolation. Scale bar is 100 um.
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Figure F9. SKM FK 2i-02 produces three germ layers in vifro. Images are of different regions
expressing smooth-muscle actin, BIII-tubulin, or HNF3p, respectively, in embryoid body outgrowth.
Scale bars are 25 um.
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Figure F10. GGTI-298 is toxic to mouse embryonic fibroblasts at higher concentrations. GGTI-298 or
8-pCPT-2’-O-Me-cAMP was added to passage 3 mouse embryonic fibroblasts daily for three days. After
72 hours, the cells were fixed and DAPI was added to visualize the nucleus. High-throughput imaging
and analysis was used to count the number of cells in each condition. The number of cells was
normalized to the initial number of cells plated.
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Figure F11. Small molecules increase the number of OCT4 positive cells in adult mouse ear fibroblasts
with SKM and forskolin. Each condition is normalized to the control (without forskolin). (N=1) For
example, the SKM, forskolin, and BIX-01294 condition is normalized to SKM and BIX-01294 condition.
The cells were fixed and stained for OCT4 expression. High-throughput imaging and analysis determined
the quantity of OCT4 positive cells. The addition of BIX-01294 and CHIR99021 had the largest increase
in the number of OCT4 positive cells.
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Supplemental Tables

Table FI. Primers used for gPCR

Gene
Name

Primer Sequences

Amplicon
Size (bp)

Melting
T (C)

Efficiency
(%)

Water
Ct

Internal control

Hprtl

GCTGGTGAAAAGGACCTCT
CACAGGACTAGAACACCTGC

249

84.5

91.5,
104.0

0.996
0.995

>

37.5

Transgene control

SKM

CTTTCAGTGCCAGAAGTGTGAC
CCCTCACATTGCCAAAAGAC

189

87.5

81.5

0.999

ND

Epithelial genes

Cdhli

AACAACTGCATGAAGGCGGGAATC
CCTGTGCAGCTGGCTCAAATCAAA

246

88.5

74.0

0.996

36.8

Epcam !

GCTGGCAACAAGTTGCTCTCTGAA
CGTTGCACTGCTTGGCTTTGAAGA

236

89.0

88.0

0.998

ND

Mesenchymal genes

Cdh2*

AATCCCCCCAAGTCCAACATTTC
CCGCCGTTTCATCCATACCACAA

189

88.5

88.7

0.999

ND

Slug’

CTCCACTCCACTCTCCTTTAC
GCTCACATATTCCTTGTCACA

323

93.8

93.8

0.998

41.5

Pluripotency genes

Oct4’

CCAACGAGAAGAGTATGAGGC
GTGCTTTTAATCCCTCCTCAG

308

90.5

99.1

0.991

40.8

Kif#

GGCGAGAAACCTTACCACTGT
TACTGAACTCTCTCTCCTGGCA

226

90.5

88.9

0.995

41.8

Nanog’

CCTCCAGCAGATGCAAGAA
GCTTGCACTTCATCCTTTGG

92

83.0

74.8

0.997

ND

ND = Non-detectable

Table FII. Combinations of small molecules for complete factor replacement

Condition

Small Molecule

Concentration

6

8

o

10 | 11

12

+ Bay K 8644
2-PCPA

PD 0325901
CHIR99021
BIX01294
VPA

616452
Kenpaullone
SC1

FK

2 uM
5 uM
1 uM
3uM
1 uM
1 mM
1 uM
5 uM
300 nM
10 uM

MK K=

ol
Sl

oI ol

o

4
X
X

oI

X

I

I R

X
X
X

o T
ol
ol ST

Sl

Sl

ST e

Sl

Supplemental Methods
Toxicity Measurements
4,750 passage 3 mouse embryonic fibroblasts were plated in 48 well plates in mouse
embryonic stem cell media with GGTI-298 (Santa Cruz Biotech, sc-221673) or 8-pCPT-2’-O-
Me-cAMP (Sigma Aldrich, C8988) at various concentrations. The small molecules and media

were changed 24 and 48 hours later.

72 hours later, the cells were fixed with 4%

paraformaldehyde. The nuclei were stained with DAPI (Invitrogen, 1:2000 dilution). The cells

8

9




were imaged with the Molecular Devices ImageXpress Micro and the cell numbers were
quantified with MetaXpress software. Cell counts were normalized to the number of initially
plated cells.

Mouse Ear Fibroblast Reprogramming

Early passage adult ear fibroblasts were a kind gift of Tim Downing (University of
California, Berkeley). The cells were plated into a 24 well plate and a 6 well plate to count the
cells after attachment. The following day, the cells were infected with STEMCCA-SKM loxP
virus at a calculated MOI of 0.38. Two days post-infection, the cells were plated on mitomycin-
c treated feeder layers (GlobalStem, GSC-6101M) with mouse embryonic stem cell medium.
Forskolin (10 uM, Enzo Life Sciences, BML-CN100-0010), BIX-01294 (1 uM, Cayman
Chemical, 13124), VPA (1 mM, Cayman Chemical, 13033), and CHIR99021 (3 uM, Cayman
Chemical, 13122) were added to the respective condition. Media and small molecules were
replaced daily. 10 days post-infection, cells were fixed with 4% paraformaldehyde. An anti-
Oct4 antibody (Santa Cruz Biotechnology, sc-5279, 1:100 dilution) and a secondary antibody
(Invitrogen, A-21235, 1:250 dilution) were used to visualize OCT4 expression. The cells were
imaged with the Molecular Devices ImageXpress Micro and the cell numbers were quantified
with MetaXpress software. Counts were normalized to their respective negative control.

Complete Factor Replacement with Small Molecules

90,000 passage 3 mouse embryonic fibroblasts were plated in 6 well plates. Two days
later, small molecules were added to the serum-containing mouse embryonic stem cell media. =+
Bay K 8644 (2 uM, Calbiochem, 196878), 2-PCPA (5 uM, Cayman Chemical, 10010494), BIX-
01294 (1 uM, Cayman Chemical, 13124), VPA (1 mM, Cayman Chemical, 13033), 616452 (1
uM, Calbiochem, 616452), kenpaullone (5 mM, Cayman Chemical, 13124), SC1 (300 nM,
Cayman Chemical, 10009557), and forskolin (10 uM, Enzo Life Sciences, BML-CN100-0010),
were added to the respective conditions. 72 hours later, the media was replaced with serum-free
embryonic stem medium and CHIR99021 (3 uM, Cayman Chemical, 13122) and PD 0325901 (1
uM, Cayman Chemical, 13034) were added to the respective conditions. Media was changed
daily.
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APPENDIX G: SUPPLEMENTAL PROTOCOLS

General Protocol for Reprogramming

Materials

e Glasgow Minimum Essential Medium, With sodium bicarbonate, without L-glutamine,

liquid, sterile-filtered, Sigma Aldrich, G5154-500ML

e Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose), Invitrogen,
11960-051
GlutaMAX™-] Supplement, Invitrogen, 35050-061
MEM Sodium Pyruvate Solution 100 mM (100X), Invitrogen, 11360-070
MEM Non-Essential Amino Acids Solution 10 mM (100X), Invitrogen, 11140-050
Penicillin-Streptomycin, liquid (100 U, 100 pg/mL), Invitrogen, 15140-148
2-Mercaptoethanol (55 mM), liquid, Invitrogen, 21985-023
ESGRO® (LIF), 107 units, Millipore, ESG1107
Thermo Scientific HyClone* ES Cell Screened Fetal Bovine Serum (FBS), Fisher,
SH3007003E
EmbryoMax® 0.1% Gelatin Solution, Millipore, ES-006-B
CF-1 MEF 7M Mito-C, GlobalStem, GSC-6101M
Phosphate-Buffered Saline, 1X, Cellgro, 21-040-CV
Trypsin EDTA 1X, 0.25% Trypsin/2.21 mM EDTA in HBSS without sodium
bicarbonate, calcium and magnesium, Cellgro, 25-053-CI

Solutions and Media

MEF medium (250 mL, DMEM, high glucose + 10% FBS + 1% P/S + 1% GlutaMAX)

In tissue culture hood, add DMEM, high glucose to a 0.22 bottle-top filter on orange cap bottle
(no vacuum) to cover membrane. Add 2.5 mL of GlutaMAX and Pen/Strep. Add 25 mL FBS.
Add remaining DMEM to 250 mL. Vacuum filter, and store at 4°C (good for one month with
FBS).

mESC-DMEM based for feeder layers (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S +
1% GlutaMAX + 1% Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000
U/mL LIF)

In tissue culture hood, add 30 mL DMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 pL 2-mercaptoethanol. Add 24 mL FBS. Add remaining
DMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).
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mESC-GMEM based for feeder-free (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S +
1% GlutaMAX + 1% Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000
U/mL LIF)

In tissue culture hood, add 30 mL GMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 puL 2-mercaptoethanol. Add 24 mL FBS. Add remaining
GMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).

Reprogramming
Day -1
Plate P3 129 MEFs in TCPS plate (aim for 7,000-10,000+ cells/cm?)

Day 0
Infect cells with concentrated virus (~MOI of 0.1-0.4)

Day 1
Change media with MEF media (do not tilt plate)
If passing to MEF feeder layers

1. Coat wells with 0.1% gelatin for approximately 20 minutes (just enough to cover surface)

2. Retrieve vial of feeder layers from liquid nitrogen. Loosen cap to remove any liquid
nitrogen that has seeped into the vial.

3. Thaw cells by incubating (and agitating) vial in 37°C water bath. Be careful to not
submerge cap of the vial under water. Once a small crystal remains, spray the vial down
with 70% ethanol, and bring into hood.

4. Gently pipette up and down with a P1000 and add the 1 mL cell suspension to a 50 mL
conical vial.

5. Add 10 mL of MEF media slowly and gently down the side of the conical vial. Tap the
vial while adding the media to mix the cell suspension/media. This should take
approximately 2 minutes.

Pipette the cell suspension into a 15 mL conical vial.

Spin down cells at 1200 RPM for 2.5 minutes

8. One vial of MEFs is good for 5-10 cm plates or 6-24 well plates. Resuspend the cell
pellet in 6 mL (for 24 wells). Add 1 mL cell suspension to 11 mL MEF mediaina 15
mL conical vial.

9. Remove the gelatin from the well plate

10. Add 500 puL diluted cell suspension to each well (for 24 well plate)

11. Rock the plate forward/backward — side to side to distribute cells evenly

12. Incubate at 37°C with 5% CO,

N

Day 2
1. If not passing to feeder layers, coat wells with 0.1% gelatin for at least 20 minutes at room
temperature

2. Pass cells into well plate
1. Wash the cells with PBS
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6.
7.

Day 4

Add trypsin to cover well

Incubate for 5-10 minutes at 37°C

Add mESC media to stop trypsin

Pipette up and down with P200. Aliquot into microcentrifuge tube. This can be split into
three wells if testing in triplicate

Mix and pipette 200 pL into well plate with feeder layers or remove gelatin and pipette
onto well plate if not using feeder layers

Rock plate back and forth, side to side, and place in incubator

Change media with respective mESC media (do not tilt plate).

Day 6, 8, 10, etc...
Change media with respective mESC media. Media can be changed every day instead of every
other day.
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Mouse iPSC Colony Selection

Materials

e Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose), Invitrogen,
11960-051
GlutaMAX™-] Supplement, Invitrogen, 35050-061
MEM Sodium Pyruvate Solution 100 mM (100X), Invitrogen, 11360-070
MEM Non-Essential Amino Acids Solution 10 mM (100X), Invitrogen, 11140-050
Penicillin-Streptomycin, liquid (100 U, 100 pg/mL), Invitrogen, 15140-148
2-Mercaptoethanol (55 mM), liquid, Invitrogen, 21985-023
ESGRO® (LIF), 107 units, Millipore, ESG1107
Thermo Scientific HyClone* ES Cell Screened Fetal Bovine Serum (FBS), Fisher,
SH3007003E

e KnockOut™ Serum Replacement, Invitrogen, 10828-028

e EmbryoMax® 0.1% Gelatin Solution, Millipore, ES-006-B

e CF-1 MEF 7M Mito-C, GlobalStem, GSC-6101M

e Phosphate-Buffered Saline, 1X, Cellgro, 21-040-CV

e Trypsin EDTA 1X, 0.25% Trypsin/2.21 mM EDTA in HBSS without sodium
bicarbonate, calcium and magnesium, Cellgro, 25-053-CI

e BD Falcon™ Multiwell Plates. Tissue-culture treated polystyrene, flat bottom, with low-
evaporation lid, BD Biosciences

e EVOS xl core microscope, AMG

e 21 Gx11/2 in. BD PrecisionGlide™ Needles, BD Biosciences, 305167

e 3 mL BD Luer-Lok Tip Syringes Without Needles, BD Biosciences, 309585

e P20, P200 pipettes

e P200 pipette tips

e Disposable, sterile 15 and 50 mL conical vials

e Disposable, sterile microcentrifuge tubes

Media

mESC (FBS) medium (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S + 1% GlutaMAX
+ 1% Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000 U/mL LIF)

In tissue culture hood, add 30 mL DMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 puL 2-mercaptoethanol. Add 24 mL FBS. Add remaining
DMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).

mESC (KSR) medium (160 mL, DMEM, high glucose + 15% KSR + 0.5% P/S + 1% GlutaMAX
+ 1% Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000 U/mL LIF)

In tissue culture hood, add 30 mL DMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 uL 2-mercaptoethanol. Add 24 mL KSR. Add remaining
DMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
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with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).

MEF medium (250 mL, DMEM, high glucose + 10% FBS + 1% P/S + 1% GlutaMAX)

In tissue culture hood, add DMEM, high glucose to a 0.22 bottle-top filter on orange cap bottle
(no vacuum) to cover membrane. Add 2.5 mL of GlutaMAX and Pen/Strep. Add 25 mL FBS.
Add remaining DMEM to 250 mL. Vacuum filter, and store at 4°C (good for one month with

FBS).

Protocol
Preparing MEF feeder layers

1.

2.

3.

Coat a 48 well plate with 0.1% gelatin for approximately 20 minutes (a few drops — just
enough to cover surface).

Retrieve vial of feeder layers from liquid nitrogen. Loosen cap to remove any liquid
nitrogen that has seeped into the vial.

Thaw cells by incubating (and agitating) vial in 37°C water bath. Be careful to not
submerge cap of the vial under water. Once a small crystal remains, spray the vial down
with 70% ethanol, and bring into hood.

Gently pipette up and down with a P1000 and add the 1 mL cell suspension to a 50 mL
conical vial.

Add 10 mL of MEF media slowly and gently down the side of the conical vial. Tap the
vial while adding the media to mix the cell suspension/media. This should take
approximately 2 minutes.

Pipette the cell suspension into a 15 mL conical vial.

Spin down cells at 1200 RPM for 2.5 minutes

One vial of MEFs is good for 5-10 cm plates or 6-48 well plates. Resuspend the cell
pellet in 6 mL (for 48 wells). Add 1 mL cell suspension to 11 mL MEF media in a 15
mL conical vial.

9. Aspirate 24 wells on the 48 well plate.

10.

11.
12.
13.

Add 250 uL/well, doing only 4 wells at a time, and mixing thoroughly between each
batch.

Repeat Steps 8-9 for the remaining 24 wells.

Shake the plate forward/backward — side to side to distribute cells evenly.

Incubate at 37°C with 5% CO, for at least 24 hours or up to 10 days.

Picking colonies (in the stem cell center — contact Mary West at mwest@berkeley.edu)

1.
2.
3.

4.

Spray down the microscope with 70% ethanol. Wipe down the surface with kimwipes.
With the video screen down, UV the microscope for 20 minutes.

Once the microscope is sterilized, turn on the blower and light for the hood. Wait a few
minutes for the airflow to stabilize.

Aspirate MEF media off MEF feeder layers from Step 12 and add 200 uL mESC media
(FBS or KSR depending on cell type). Incubate at 37°C with 5% CO, until the feeder
layers are needed.

Set up microcentrifuge tubes with trypsin. Add 25 pL trypsin to 10 microcentrifuge
tubes. Label the tubes with clone # (1, 2, 3...)

Aspirate the media from the mESC/miPS cells.
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10.

11.

12.

13.

14.

15.

16.
17.
18.

19.
20.

21.
22.
23.

Wash the cells with PBS.

Aspirate the PBS and fresh PBS to the cells.

Pick as many colonies as you can within 10-15 minutes. To start, find a good colony that
is isolated and not close to other colonies. The larger the colony, the easier it is to select.
Try for 5 different colonies.

Place a 21-gauge needle on a 3 mL syringe barrel. Use the needle to score the area
around the colony — this will cut the colony off the MEF feeder layer. Discard the
needle, but the syringe barrel can be used with other colonies.

Use a P200 pipette to nudge the colony off the plate if it has not detached already.

With a P20 pipette set at 20 UL, align the pipette tip to collect the colony. I recommend
stabilizing the pipette with the left hand.

Check to see if the colony is in the pipette. If it is, pipette the colony into the first
microcentrifuge tube with trypsin to break apart the colony. Check to make sure the
colony goes into the trypsin and is not attached to the pipette tip. Start a timer.

Discard the pipette tip. With a new 21-gauge needle repeat Steps 10-13. Select as many
colonies as possible until the timer reaches 10 minutes.

Pipette the first colony up and down with a P20 pipette to achieve a single cell
suspension.

Add 100 uL. mESC media to dilute the trypsin.

Retrieve the 48 well plate with the MEF feeder layers.

Using a P200 pipette set at 200, pipette up and down and add the cell suspension to a well
of the 48 well plate. Mark the well with the date and name of the clone.

Repeat Steps 15-16, 18 for the remaining colonies.

Incubate the clones 37°C with 5% CO, changing media daily until colonies are confluent
and ready to pass to a new plate.

Aspirate the PBS off the plate from which colonies were selected.

Add fresh mESC media to plate and incubate at 37°C with 5% COs,.

Allow the plate to recover for 15-30 minutes before selecting more colonies.
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Mouse iPS Cell Culturing Protocol

Materials
e Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose), Invitrogen,
11960-051
e  GlutaMAX™-] Supplement, Invitrogen, 35050-061
e MEM Sodium Pyruvate Solution 100 mM (100X), Invitrogen, 11360-070
e MEM Non-Essential Amino Acids Solution 10 mM (100X), Invitrogen, 11140-050
e Penicillin-Streptomycin, liquid (100 U, 100 pug/mL), Invitrogen, 15140-148
e 2-Mercaptoethanol (55 mM), liquid, Invitrogen, 21985-023
e ESGRO® (LIF), 10" units, Millipore, ESG1107
e Thermo Scientific HyClone* ES Cell Screened Fetal Bovine Serum (FBS), Fisher,

SH3007003E

EmbryoMax® 0.1% Gelatin Solution, Millipore, ES-006-B

CF-1 MEF 7M Mito-C, GlobalStem, GSC-6101M

Phosphate-Buffered Saline, 1X, Cellgro, 21-040-CV

Trypsin EDTA 1X, 0.25% Trypsin/2.21 mM EDTA in HBSS without sodium

bicarbonate, calcium and magnesium, Cellgro, 25-053-CI

e BD Falcon™ Multiwell Plates. Tissue-culture treated polystyrene, flat bottom, with low-
evaporation lid, BD Biosciences

e P1000 pipette
P100 pipette tips

e Disposable, sterile 15 mL conical vial

Media

mESC medium (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S + 1% GlutaMAX + 1%
Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000 U/mL LIF)

In tissue culture hood, add 30 mL DMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 pL 2-mercaptoethanol. Add 24 mL FBS. Add remaining
DMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).

MEF medium (250 mL, DMEM, high glucose + 10% FBS + 1% P/S + 1% GlutaMAX)

In tissue culture hood, add DMEM, high glucose to a 0.22 bottle-top filter on orange cap bottle
(no vacuum) to cover membrane. Add 2.5 mL of GlutaMAX and Pen/Strep. Add 25 mL FBS.
Add remaining DMEM to 250 mL. Vacuum filter, and store at 4°C (good for one month with
FBS).

mESC Freezing Media (40% ES (FBS) Media, 50% FBS, 10% DMSO) — based on Millipore’s
ESC freezing conditions

In tissue culture hood, add 4 mL mESC media, 5 mL FBS, and 1 mL DMSO. Mix and store at
4°C until thoroughly chilled. (good for one day).
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Protocol
Preparing MEF feeder layers

1.

8.

9.

Coat 13-6 cm or 5-10 cm tissue culture dishes with 0.1% gelatin for approximately 20
minutes (just enough to cover surface). The following protocol will be for maintaining
iPSCs on 6 cm dishes. Scale appropriately for 10 cm or tissue culture plates.

Retrieve vial of feeder layers from liquid nitrogen. Loosen cap to remove any liquid
nitrogen that has seeped into the vial.

Thaw cells by incubating (and agitating) vial in 37°C water bath. Be careful to not
submerge cap of the vial under water. Once a small crystal remains, spray the vial down
with 70% ethanol, and bring into hood.

Gently pipette up and down with a P1000, and add the 1 mL cell suspension to a 50 mL
conical vial.

Add 10 mL of MEF media slowly and gently down the side of the conical vial. Tap the
vial while adding the media to mix the cell suspension/media and dilute out the DMSO.
This should take approximately 2 minutes.

Pipette the cell suspension into a 15 mL conical vial.

Spin down cells at 1200 RPM for 2.5 minutes

Remove the gelatin from the 6 cm dishes. Add 3 mL MEF media gently down the side of
the dish.

One vial of MEFs is good for 13-6 cm plates. Resuspend the cell pellet in 13 mL. Add 1
mL cell suspension per 6 cm dish.

10. Rock the plate forward/backward — side to side to distribute cells evenly.
11. Incubate at 37°C with 5% CO, for at least 8 hours or up to 10 days.

Passing miPSCs in 6¢cms

1.
2.

Wash miPSCs with 2 mL PBS.

Aspirate the PBS, and add 385 pL trypsin-EDTA. Accutase can be substituted for
trypsin, but the cells must be pelleted after the incubation. Accutase is a different
enzyme used on sensitive cell types for passage. Using Accutase may decrease the
occurrence of genomic mutations due to the enzymatic passage with trypsin.

Incubate the cells in trypsin-EDTA for 2-5 minutes at 37°C until gentle shaking of the
plate releases the cells from the plate surface.

Pipette up and down with a P1000 (set on 385 UL) to achieve a single cell suspension.
Add I mL mESC medium. Pipette up and down with a P1000 pipette and collect in a 15
mL tube.

Spin down cells at 1200 RPM for 2.5 minutes. This will help remove dying MEF feeder
layers.

Remove the MEF media from the MEF feeder layers while the cells are being pelleted in
the centrifuge. Aspirate off the media and add 4 mL mESC media gently down the side.
Label the plate with name, date, cell line, and passage number.

miPSCs should be passed every 2-3 days at a passage ratio of 1:10-1:15. I usually
resuspend the cells in 3 mL of mESC media and add 200 pL cell suspension to the 6 cm
dish (1:15). To be more accurate, cell counts can be done. Plate 9000-1.8x10* cells/cm®
or 1.9-3.8x10° cells/6 cm. Once the cells are confluent, which is approximately every 2-3
days, pass the cells.
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9.

Incubate at 37°C with 5% CO, for 2-3 days until confluent. Confluency is when colonies
take up 50-60% of the plate and are not touching each other. If the cells are over
confluent, cells can be passed at really high passage ratios as mouse ES cells grow best
when they are plated as single cells. For the best recovery, count cells as specified in
Step 8.

Freezing miPSCs from 6cms

1.

10.
11.

12.

13

14.

Prepare freezing vials by writing cell type, passage number (passage number when
thawed, i.e. add one to current passage number), date, and size and number dishes to thaw
into (if other than 1) on the vials.

Prepare freezing medium. Add 1 mL DMSO to 4 mL of ES (FBS) medium and 5 mL of
FBS. This should be cold before being added to the cells. DMSO will incur a heat of
mixing, so give at least 20 minutes to cool down at 4°C.

Wash miPSCs with 2 mL PBS.

Aspirate the PBS, and add 385 pL trypsin-EDTA. Accutase can be substituted for
trypsin, but the cells must be pelleted after the incubation. Accutase is a different
enzyme used on sensitive cell types for passage. Using Accutase may decrease the
occurrence of genomic mutations due to the enzymatic passage with trypsin.

Incubate the cells in trypsin-EDTA for 2-5 minutes at 37°C until gentle shaking of the
plate releases the cells from the plate surface.

Pipette up and down with a P1000 (set on 385 UL) to achieve a single cell suspension.
Add I mL mESC medium. Pipette up and down with a P1000 pipette and collect in a 15
mL tube.

Spin down cells at 1200 RPM for 2.5 minutes. This will help remove dying MEF feeder
layers.

Resuspend the cells in mESC media. Use a cell count to determine the total number of
cells. For each vial, freeze down twice as many cells as you would during normal
passage. e.g. freeze 1.8-3.6x10* cells/cm” or 3.8-7.6x10° cells/6 cm.

Spin down cells at 1200 RPM for 2.5 minutes.

Resuspend the cells in cold freezing media (0.5-1 mL/vial to give the cell counts found in
Step 9).

Aliquot 0.5-1 mL of cell suspension into one freezing vial.

. Tighten cap and move to -80°C ASAP — use a freezing container that allows for -1°C/min

or Styrofoam container.
After 24 hours, move to liquid nitrogen ASAP (move within two weeks).
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Immunocytochemistry Protocol (Pluripotency and Differentiation Markers)

Solutions

Internal Marker Blocking Buffer: PBS with 5% serum (from secondary host), 2% BSA, 0.2%
Triton X-100. 2% Triton X-100 stock: add 400 pL Triton X-100 to 19.6 mL PBS, mix by
pipetting. Weigh out 0.4g BSA. Add 2 mL of 10X Triton X-100, 1 mL appropriate serum
(usually goat or donkey), and add PBS to 20 mL. Mix by pipetting. Store blocking buffer at 4°C.
Buy serum in 10 mL bottles, thaw, and make 1 mL aliquots in amber tubes. Store aliquoted
serum at -20°C.

External Marker Blocking Buffer: PBS with 5% serum, 2% BSA. Weigh out 0.4g BSA. Add 1
mL appropriate serum (usually goat or donkey) and PBS to 20 mL. Mix by pipette. Store
blocking buffer at 4°C. Buy serum in 10 mL bottles, thaw, and make 1 mL aliquots in amber
tubes. Store aliquoted serum at -20°C.

PBST (0.2%): PBS with 0.2% Triton X-100. Add 2 mL of 10X Triton X-100 to 18 mL PBS.
Store at 4°C.

PBST (0.1%): PBS with 0.2% Triton X-100. Add 1 mL of 20X Triton X-100 to 19 mL PBS.
Store at 4°C.

Secondary Antibody Buffer: PBS with BSA. Weigh out 0.4g BSA and add PBS to 20 mL. Mix by
pipette. Store buffer at 4°C.

Antibodies

Primary and Secondary Antibodies (appropriate dilutions)

Primary antibodies are usually stored at 4°C but can be aliquoted and stored at -20°C. Check
manufacturer’s suggestions for both storage conditions and dilutions. Secondary antibodies are
usually aliquoted and stored at -20°C but can be aliquoted and stored at -80°C. Alexa Fluor
antibodies tend to be stable at 4°C for >2 years. Check manufacturer’s suggestions for both
storage conditions and dilutions.

e Mouse monoclonal IgG2b anti-Oct4, Oct-3/4 (C-10), Santa Cruz Biotechnology, sc-5279,
200 pg/ml, 1 mL, dilute 1:200

e Alexa Fluor® 546 Goat Anti-Mouse IgG (H+L), Invitrogen, A-11003, 2 mg/mL, 0.5 mL,
dilute 1:500-1:1000 (1:1000 for new antibodies)

e Rabbit polyclonal IgG anti-Nanog, Abcam, ab70482, 1 mg/mL, 100 uL, dilute 1:250
Alexa Fluor® 594 Goat Anti-Rabbit IgG (H+L), Invitrogen, A-11012, 2 mg/mL, 0.5 mL,
dilute 1:500-1:1000 (1:1000 for new antibodies)

e Mouse monoclonal IgM anti-Stage-Specific Embryonic Antigen-1, clone MC-480, Millipore,
MAB4301, 1 mg/mL, 100 uL, dilute 1:200 external marker

e Alexa Fluor® 546 goat anti-mouse IgM (u chain), Invitrogen, A-21045, 2 mg/mL, 0.5 mL,
dilute 1:500-1:1000 (1:1000 for new antibodies)

e Mouse monoclonal IgG2a Anti-a-Smooth Muscle Actin, clone 1A4, ascites fluid, Sigma
Aldrich, A2547, 200 pL, dilute 1:500
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Alexa Fluor® 546 Goat Anti-Mouse IgG (H+L), Invitrogen, A-11003, 2 mg/mL, 0.5 mL,
dilute 1:500-1:1000 (1:1000 for new antibodies)

Rabbit polyclonal IgG Anti-HNF3B/FOXA2, Millipore, 07-633, 1 mg/mL, 100 pL, dilute
1:500

Rabbit monoclonal IgG1 Anti-Neuronal Class III B-Tubulin (TUJ1), Covance, MRB-435P, 1
mg/mL, 100 pL, dilute 1:500

Alexa Fluor® 594 Goat Anti-Rabbit IgG (H+L), Invitrogen, A-11012, 2 mg/mL, 0.5 mL,
dilute 1:500-1:1000 (1:1000 for new antibodies)

Protocol
For 24 Well Plates

1.
2.

3.

>

10.
11.

12.

13.
14.
15.
16.

17.

Wash the cells with PBS.

Fixation. Add 500 uL 4% PFA, and incubate at RT for 15 minutes. If the protein is light
sensitive (e.g. GFP), cover plate with foil during all incubation steps.

Aspirate liquid off well. Add 500 uL fresh PBS. Rock plate to mix. Repeat two more times.
If storing overnight to one week, aspirate all liquid off the plate and add 500 uL PBS to cover.
Store at 4°C.

Blocking. Remove all liquid. Add Appropriate Blocking Buffer. Incubate for 20 minutes on
a belly-button rocker at low speed.

Preparing primary. Pipette primary antibody gently to mix. Do not remove the few
microliters in the bottom of the tube. Dilute primary antibody in Appropriate Blocking
Buffer.

Primary antibody. Remove all liquid. Add 200 uL of appropriate primary antibody diluted
for 1 hour on belly-button rocker at low speed at RT.

Store plates at 4C overnight (not on rocker) or proceed with Step 8.

Remove primary antibody. Add 500 uL PBST (0.2%) or PBS (for external markers).
Remove all liquid. Add 500 uL. PBST (0.1%) or PBS (for external markers). Incubate plate
for 5 minutes on belly button rocker at RT.

Remove all liquid. Repeat Step 9 two times.

Preparing secondary. Spin down secondary antibody briefly. Do not remove the few
microliters in the bottom of the tube. Dilute secondary antibody in Secondary Antibody
Buffer.

Secondary antibody. Remove all liquid. Add 200 uL of diluted secondary for 2 hours on
belly-button rocker at low speed at RT. Cover plate with foil during all incubations after
addition of secondary antibody (light sensitive).

Preparing DAPI. Dilute DAPI in PBS at 1:1000. Vortex to mix completely.

Remove all liquid. Add 500 pL fresh PBS. Incubate plate for 5 minutes on belly button
rocker at RT.

DAPI. Remove all liquid. Add 200 uL diluted DAPI. Incubate at RT for 5 minutes on
belly-button rocker at low speed. Permeabilization is not necessary for external markers.
Remove all liquid. Add 500 pL fresh PBS. Incubate plate for 5 minutes on belly button
rocker at RT.

Repeat Step 16 two more times. Store plates at 4C and image within one week.
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Mouse Embryoid Body Differentiation — Hanging Drop Protocol

Note: to increase neuronal differentiation, 5 UM retinoic acid can be added to the media. Add 5
UM retinoic acid on Day 2. On Day 4, change the media (50% media change) with retinoic acid.
On Day 6, pipette individual embryoid bodies well dishes as in the protocol. Use a 5 mM
(1000X) retinoic acid stock.

Materials
e Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose), Invitrogen,

11960-051

GlutaMAX™-] Supplement, Invitrogen, 35050-061

MEM Sodium Pyruvate Solution 100 mM (100X), Invitrogen, 11360-070

MEM Non-Essential Amino Acids Solution 10 mM (100X), Invitrogen, 11140-050

Penicillin-Streptomycin, liquid (100 U, 100 pg/mL), Invitrogen, 15140-148

2-Mercaptoethanol (55 mM), liquid, Invitrogen, 21985-023

ESGRO® (LIF), 107 units, Millipore, ESG1107

Thermo Scientific HyClone* ES Cell Screened Fetal Bovine Serum (FBS), Fisher,

SH3007003E

EmbryoMax® 0.1% Gelatin Solution, Millipore, ES-006-B

Phosphate-Buffered Saline, 1X, Cellgro, 21-040-CV

e Trypsin EDTA 1X, 0.25% Trypsin/2.21 mM EDTA in HBSS without sodium
bicarbonate, calcium and magnesium, Cellgro, 25-053-CI

e BD Falcon™ 100 mm x 15 mm standard style dish, BD Biosciences, 351029 (not TC-
treated, used for bacterial culture)

e BD Falcon™ 48-well Multiwell Plate. Tissue-culture treated polystyrene, flat bottom,

with low-evaporation lid, BD Biosciences, 353078

Corning Tissue Culture Dishes, Polystyrene, Sterile, Corning, 430196/430293

EVOS xI core microscope, AMG (optional)

P50 or P200 multichannel pipette

25 mL or smaller reservoirs for multichannel pipette

Disposable, sterile 15 and 50 mL conical vials

Hemacytometer

Retinoic Acid, All Trans, Enzo Life Sciences, BML-GR100-0500

Media

mESC medium (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S + 1% GlutaMAX + 1%
Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol + 1000 U/mL LIF)

In tissue culture hood, add 30 mL DMEM, high glucose to a 0.22 bottle-top filter on orange cap
bottle (no vacuum). Add 1.6 mL each of GlutaMAX, sodium pyruvate, and MEM NEAA. Add
0.8 mL of Pen/Strep. Add 290 pL 2-mercaptoethanol. Add 24 mL FBS. Add remaining
DMEM (100 mL). Vacuum filter, aliquot media (40mL), and store at 4°C (good for one month
with FBS). Add LIF to media in conical vial before adding the media to cells (good for one
week with LIF).
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EB medium (160 mL, DMEM, high glucose + 15% FBS + 0.5% P/S + 1% GlutaMAX + 1%
Sodium Pyruvate + 1% MEM NEAA + 0.18% 2-mercaptoethanol)
Use the mESC aliquots without LIF.

Protocol

10.

11

14.

15.

16.

17.

18.

19.

. Day 0. Coat 10cm dish with 0.1% gelatin for approximately 20 minutes.

Wash mESCs/miPSCs with PBS.

Dissociate confluent mESCs/miPSCs by incubating the cells in trypsin-EDTA for 2-5
minutes at 37°C.

Pipette up and down with a P1000 to achieve a single cell suspension.

Add 1 mL EB medium. Pipette up and down and collect in a 15 mL tube.

Spin down cells at 1200 RPM for 2.5 minutes

Resuspend the cell pellet in 10 mL of EB media.

Incubate the cells on the gelatin-coated dish for 1 hour to remove the remainder MEF
feeder layer. Place the cells on a low movement shelf in the 37°C with 5% CO,
incubator.

Gently collect the mESCs that have not attached to the plate. Spin down and resuspend
in 5 mL EB media. Count cells.

Make a 2.25x10* cells/mL cell suspension (5 mL for 2-15 cms). This is about 2% of a
confluent 6 cm. The cell count and adjustment of cell concentration can be done before
Step 7; however, excess cells should be plated initially due to attachment of MEFs
(recommend 3x10* cells/mL).

. Add the cell suspension to a reservoir.
12.
13.

Add 10 mL PBS into a 15 cm plate.

Carefully flip lid of 15 cm over and set down on the hood surface such that nothing will
pass over the lid or the open dish.

With the multichannel pipette set on 20 uL. Attach 6 pipettes and pipette 20 UL drops
over the top of the lid. You should be able to get 6-8 rows of 12 drops and 12 drops at
the top and bottom of the lid. Carefully turn the lid over slowly. Place on top of the
bottom of the dish filled with PBS.

Incubate at 37°C with 5% CO; for 2 days with no movement (leave a note on the shelf in
the incubator).

Day 2. Using a P200 pipette and a 15 mL conical vial collect the EBs. With the pipette
set at 200 uL, pull up approximately 25-50 uL, add a little of the media to a drop, pipette
up and down once and pull up as much of the drop as possible. Continue with as many
drops as you can before you reach the maximum volume in the tip. Aliquot the tip into
the 15 mL conical vial.

Repeat Step 16 using changing out tips every time fresh media is needed. Collect all the
drops on 2-15 cms.

Add 5-6 mL fresh media to the collected embryoid bodies with the Pipet-Aid set on slow.
The total media should be approximately 10 mL.

Add the embryoid body suspension into a bacterial-grade sterile 10 cm dish. The
embryoid bodies will not attach to the plate and will be able to continue to proliferate and
differentiate in suspension. At this stage, it will be difficult to see the embryoid bodies
without the use of a microscope.
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20.

21.
22.

23.

24.
25.
26.
27.

28.
29.
30.

Incubate at 37°C with 5% CO, for 3 days. The embryoid bodies can be cultured longer
in suspension if desired.

Day 5. Coat a 24 or 48 well plate with 0.1% gelatin for approximately 20 minutes.

The embryoid bodies should be apparent without the use of a microscope. However, if
the embryoid bodies are too difficult to see, a microscope can be used to aid in the
section. Refer to the "Mouse iPSC Colony Selection" protocol for more information on
using the microscope.

Remove the gelatin from the 24 or 48 well plate, and add 250 or 100 uL EB medium per
well, respectively. With a P20 pipette set at 20 uL, pipette individual embryoid bodies
into the 24 or 48 well plate. To do this, hold the lid in the left hand and carefully place
the tip of the pipette near an embryoid body. Try to capture the embryoid body in the
pipette tip. If no embryoid body or multiple embryoid bodies are in the tip, pipette out
the liquid and try again.

Repeat Step 22 until embryoid bodies have been collected.

Swirl the plate such that most of the embryoid bodies are in the center of the well.
Incubate at 37°C with 5% CO; for 1 day.

Day 6. Change the medium by aspirating with the plate flat. Add media gently down the
side of the well with the Pipet-Aid set on slow. Use 0.3 mL/24 well and 0.1 mL/48 well.
Repeat media changes every other day. Check the plates for differentiation.

Day 12. Check the wells for cardiomyocyte differentiation.

Fix the EBs when all three germ layers are present. Stain with antibodies against
endodermal, ectodermal, and mesodermal markers.
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