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MicroRNAs Promote Induced Pluripotency Through the Regulation of

Cooperative Gene Networks

Robert L Judson

MicroRNAs (miRNAs) are a class of endogenous non-coding RNAs that post-
transcriptionally co-regulate networks of genes. The evolutionary history of miRNAs
suggests they may play major roles in cell state transitions during the development
of complex organisms. Here we characterized the functional role of miRNAs in the
generation of induced pluripotent stem cells (iPSCs) from fibroblasts. We found that
miRNAs specifically and endogenously expressed in embryonic stem cells (ESCs),
including miR-294 and miR-302, greatly enhance the frequency, rate and specificity
of fibroblast de-differentiation into iPSCs. Further, the Let-7 miRNAs, a family
endogenously expressed in fibroblasts, are potent inhibitors of this same transition.
Unexpectedly, a genome-wide screen revealed that the miR-181 family, normally
activated in differentiating ESCs, also enhances de-differentiation. To determine the
mechanisms by which these miRNA families enhance de-differentiation we
developed unbiased high-throughput techniques for identifying and functionally
characterizing candidate miRNA targets during this transition. We identified
twenty-six miR-294 and miR-181 target genes that act as barriers to de-

differentiation, many with cooperative relationships. We further found that both
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miR-294 and miR-181 co-regulate Wnt and TGF-Beta signaling, with miR-294
additionally regulating Akt signaling. TGF-Beta inhibition cooperated with Akt or
Wnt activation to enhance iPSC generation. We also identified miR-294 as a strong
inhibitor of the epithelial-to-mesenchymal transition, a known barrier to de-
differentiation. These data establish miRNAs as potent regulators of somatic cell
reprogramming, demonstrate that single miRNAs act through co-inhibition of many
genes, generate the most comprehensive functionally determined miRNA-mRNA
networks to date, and elucidate interactive relationships among genes that normally

suppress de-differentiation.
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Chapter 1: Introduction

PartIl: Overview

Embryonic development is the story of a single cell with a single genome
undergoing continuous division and differentiation to unfold into the hundreds of
highly specific and functional cell types that comprise an adult organism.
Understanding the mechanisms by which each cell identity, or cell state, is
established, and further, how to manipulate these states, is the technological key for
fulfilling the promise of regenerative medicine. Ultimately, it is the differential
expression of large networks of co-regulated genes that underlies differentiation of
cellular state and function. However, functional identification and verification of
gene networks that regulate cell state transitions remains technically challenging.
Increasing numbers of studies have demonstrated complex cross talk between
major signaling pathways, blurring the boundaries between gene networks
traditionally believed to be distinct!-5. Gene networks regulated by transcription
factor binding vary greatly depending on the co-factors present and the local
epigenetic landscape®8. Diverse and significant forms of post-transcriptional
regulation result in very little correlation between transcript levels and protein
levels®. As a result, the interplay between of all of these networks can be highly cell

state dependent, making established interactions difficult to generalize.

Recent advances in the techniques of systems biology have been

instrumental in generating comprehensive snapshots of gene or protein expression



in specific cellular contexts. Less extensive are the methods to then concurrently
manipulate networks of genes in appropriate cell types for functional studies. In this
study, we establish a class of genetic elements, called microRNAs (miRNAs), as
highly efficient tools for both identifying and functionally verifying novel gene
networks (Figure 1). We first demonstrate that miRNAs are potent regulators of a
defined cell state transition called directed de-differentiation or reprogramming. We
then present an experimental and bioinformatic workflow for using miRNAs to
identify novel networks of genes and signaling pathways that cooperate to influence
this cell state transition. These data establish a methodology to complement the
current repertoire of systems approaches by which miRNAs can be used as
molecular probes, highlighting which genes across known pathways, transcriptional
networks and ontology groups should be experimentally tested for functional

cooperation.
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PartII: Cell State Transitions
Cell State Transitions

The terms "cell identity" or "cell state" refer to the collection of
morphological, physiological, and functional characteristics, as well as the molecular

and epigenetic profiles, of a single cell within a developing or mature multi-cellular



organism. Within an organism, cell states differ, not in their genome, which is
identical in nearly all cells, but rather in the complex network of genes and genetic
elements expressed from that genome. A "cell state transition" is the sequence of
alterations to the characteristics and profiles of a specific cell identity causing it to
adopt another functionally distinct cell identity. Within mammalian development
exist thousands of cell states - some transient, some persisting to the adult organism

- each connected through thousands of cell state transitions.

One property that defines cell state is the potential to undergo further cell
state transitions. The first cell produced by a fertilized egg, called a zygote, is
totipotent, and can give rise to any embryonic or extra-embryonic cell state in the
developing organism. During development, cells that retain the ability to transition
into any embryonic cell state are considered pluripotent stem cells. Further cell
states that can transition into some, but not all, cell states exist in developing and
adult tissue and are called multipotent progenitor stem cells. Finally, a cell that no

longer undergoes cell state transitions is considered a somatic or differentiated cell.

Due to the potential clinical applications, significant resources have been
devoted to developing a deeper understanding of the mechanisms that stimulate
and supervise cell state transitions and stabilize cell identities. For example, such
studies provide insight into a wide range of developmental diseases, such as
congenital cardiac defects!0. Further, tumorigenesis is an example of an aberrant
cell state transition, often marked by the inappropriate re-acquisition of
pluripotency!!. Finally, directed cell state manipulation holds the potential for

personalized regenerative medicine, whereby specific cells or even entire organs



could be synthesized using a small biopsy of a patient's own tissue.

The success of studies in these areas has greatly deepened our
understanding of cell identity and cell state transitions. Two technological
advancements in particular have greatly influenced the field: i) the advent of
directed cell state manipulation and ii) the increased resolution and depth of

molecular profiling.

Pluripotency is Plastic: Directed Cell State Manipulation

In the classic model of the cell state transitions that drive development, the
differentiation of a lineage down more specific and more functionally distinct cell
types is linked to a progressive loss of potentiality. A "terminally differentiated" cell,
for example, was considered to be incapable of further cell state transitions, barring
alterations and mutations to the sequence of the genome itself. This dogma,
however, has recently been over-turned. Studies in somatic cell nuclear transfer and
cell fusion demonstrated that a terminally differentiated nucleus could be fully
reprogrammed into pluripotency when combined with the cytoplasm of a totipotent
or pluripotent cell’?. This was also true of cancer cells, indicating that the mutated
and aberrant genome of a cell that had undergone a tumorigenic transition, could
stil, in a developmental sense, be "normal"13. The successful use of defined
combinations of exogenously introduced transcription factors to directly de-
differentiate somatic cells conclusively proved that, given the correct conditions,
terminally differentiated cells could undergo a transition back into a pluripotent

state and thereby, indirectly, into any cell in the embryol4. Most recently, variations



on this technology have been used to induce not only de-differentiation, but also
trans-differentiation, both in vitro and in vivo!>-17. These data blur definitions such
as "pluripotent” or "terminally differentiated”, and establish potentiality as a
context-specific trait where differentiated cells are still capable of undergoing

further cell state transitions.

Increased Resolution and Depth of Profiling

A series of technological advancements in the field of systems biology is also
redefining conventional ideas of cell identity and cell state transitions. Systems
biology uses a holistic perspective when studying the complex networks of
interacting molecules within a biological system, as opposed to studying each
interaction within that system individually and in isolation. Systems approaches
generally take snapshots of the molecular profiles or molecular interactions within a
specific cell type in a specific condition, allowing for global quantification of, for
example, protein expression, RNA expression, epigenetic landscapes, protein
modifications, protein-protein interactions or protein-nucleic acid interactions.
Recent advances in systems technology have vastly increased the resolution of these
assays, providing not only much more detailed profiles, but also the ability to profile
individual cells, as opposed to populations of cells'8. Studies using these
technologies have demonstrated fluctuation of gene expression between individual
cells within what was previously considered a homogenous population?®. Of similar
nature are the discoveries of small but consistent epigenetic differences between
populations of cells of functional equivalence?’. In other words, these technologies

are able to identify molecular differences between cells that are functionally



identical. Such findings generate ambiguity around the definitions of cell identity
and cell state transitions and demand a more thorough understanding of what

measurable properties of a cell are functionally important for that identity.

Molecular Profiles Versus Functional Networks

Current technologies allow for direct manipulation of cell state transitions,
and, further, allow for global molecular profiling of individual cells with
unprecedented resolution. Despite these advances, fundamental questions
surrounding the relationship between the molecular signatures and the
functionality of cell states remain. Are two cells the same if they are functionally
equivalent but have different molecular profiles or vice versa? To what degree must
a molecular profile be identical to cause two cells to be functionally identical? To
what degree of dissimilarity must a profile be altered to constitute a transition into

another cell state?

These are controversial and unanswered questions that remain difficult to
address. Systems biology is, by its nature, an observational and descriptive field,
often unable to manipulate the networks defined by it to address the functional
consequences. Experimental systems for defining which networks within a given
profile are of functional importance are in need. The focus of the current study was
to take advantage of several evolutionary traits of miRNAs to first manipulate cell
states and then identify networks of cooperating genes responsible for that change

in functionality.



Part III: MicroRNAs Regulate Cell State
MicroRNAs: Evolution and Function

MiRNAs are an example of an evolved mechanism of establishing novel
networks of gene expression. These 20nt RNAs are encoded by the genome and
function by guiding the RNA induced silencing complex (RISC) to specific gene
transcripts, resulting in transcript degradation, translation inhibition and overall
reduction in protein production?!22. MiRNAs recognize target transcripts through a
7-8nt partially complimentary seed sequence primarily located in the 3’
untranslated region (UTR) of the mRNA. By targeting the UTRs, miRNAs provide
strong evolutionary pressure for genes to form co-regulated networks of protein

expression, without altering protein sequence?3.

Evidence suggests that miRNAs likely play pivotal roles in either defining or
stabilizing cell states. With the growing number of fully sequenced eukaryote
genomes, analysis of gene conservation and duplication has revealed an unexpected
and fascinating conclusion - that the diversity and complexity of these species does
not correlate with the diversity and complexity of the proteins encoded by their
genomes?4. The number of protein-coding genes within a genome appears unrelated
to various measures of organism complexity such as morphological complexity,
neuronal number, and diversity of cell types. Additionally, most classes of
transcription factors and signaling molecules existed prior to the Cambrian
Explosion - an era of unparalleled species diversification - with little gene

duplication during this period?2>. In contrast, miRNA number and diversity correlate



extremely well with both the diversification of species during the Cambrian
Explosion as well as measurements of organism complexity?6-28, With each
divergence of species, new miRNAs have been identified, whereas previously
established miRNAs are rarely lost. The ancient and highly conserved miRNA
families are also highly conserved in their tissue type of expression across complex
species??. These data strongly support a potential role for miRNAs in the

establishment, maintenance and/or diversification of specific cell identities.

MicroRNAs in Development and Cancer

As a class of molecules, miRNAs are required for post-implantation mouse
development. Embryos genetically lacking DGCR8, which encodes an enzyme
required for all canonical miRNA maturation, are embryonic lethal3?. However,
DGCR8 knockout embryos do develop into E5.5 pre-implantation blastocysts3!.
These blastocysts are morphologically identical to their wildtype counterparts, with
intact inner cell mass (ICM) and trophectoderm, showing no change in cell number
or expression patterns of major transcription factors. Even more striking is the
degree of similarity between the transcript profiles, which undergo virtually no
change with the removal of all miRNAs. These data suggest that despite the high
expression of specific miRNA families in the blastocyst, miRNAs play no role in gene

regulation or early development, but become critical shortly after implantation.

Consistent with these in vivo studies, self-renewing and morphologically
healthy DGCR8 knockout embryonic stem cells (ESCs) can be maintained in culture,

but possess a differentiation defect30. ESCs are stable cell lines derived from the cells



of the ICM and display similar characteristics32. For example, cells within the ICM
are pluripotent and give rise to all tissue in the embryo proper. ESCs are also
pluripotent and when injected back into a blastocyst, they integrate and contribute
to all tissues in the developing organism. Further, ESCs can be induced to
differentiate into a multitude of cell types in vitro. However, when miRNA-null ESCs
are induced to differentiate, they temporarily turn on markers of differentiation, but

are unstable, and ultimately re-activate markers of undifferentiated ESCs30.

Interestingly, differentiation can be induced in DGCR8 knockout ESCs
through exogenous introduction of miRNAs endogenously expressed in somatic
cells33. Conversely, the re-introduction of miRNAs endogenously expressed in
wildtype ICM and ESCs prevents this induced differentiation. These studies support
a role for miRNAs as stabilizers of cell identities, buffering against transitions into
related but distinct cell states. Consistent with this model is the bioinformatic
observation that the predicted mRNA targets of a miRNA are most frequently
expressed not in the miRNA-expressing cell, but rather in cell types temporally or
spatially similar to the miRNA-expressing cell during development?3. Indeed, many
miRNAs have been shown to be pivotal regulators of stratifying similar cell states in
the development of many tissues, such as the nervous and cardiovascular
systems3435, Interestingly, tumorigenesis in several tissue types has been found to
be associated with globally reduced miRNAs36. Together, these data indicate that

miRNAs play pivotal roles in stabilizing or de-stabilizing specific cell states.

10



MicroRNAs as tools to identify functional gene networks

In this study, we hypothesized that through unbiased identification of the
mRNA targets of a miRNA that stabilizes a cell state, we could identify both novel
genes and novel gene networks that regulate that state. Given that miRNAs have
evolved to co-regulate hundreds of genes, we aimed to use them as biological
highlighters, marking networks of cooperating genes expressed during cell state
transitions that could then be experimentally tested for functional relevance. To test
this hypothesis, we chose to use the directed de-differentiation of mouse embryonic
fibroblasts (MEF) as a system for addressing our hypothesis. We chose this system
for several reasons. First, directed de-differentiation is a defined transition between
cell states with distinct morphology, function and molecular markers!#437. Second,
the miRNA profiles of both the initial and terminal cell populations were previously
well-defined38. Third, this transition holds significant clinical potential in the field of
regenerative medicine, by providing an unlimited source of patient-specific stem
cells. At the onset of this study, barriers to the realization of this potential included
the low efficiency of the assay and the use of tumorigenic integrating retroviruses to
complete the assay. Finally, although the start and end points of the assay were well-
defined, that transition itself was completely undefined, leaving ample room to

investigate mechanism.

11



Part IV: Transcription Factor Mediated Reprogramming
The Reprogramming Assay

During directed de-differentiation, a set of defined transcription factors is
introduced into somatic cells. Over the course of days to weeks, various cell state
transitions occur, eventually resulting in a small fraction of the original population
of cells adopting the morphology and molecular profile of ESCs (Figure 2).
Importantly, these cells functionally re-establish both self-renewal and
pluripotency, and are thus called induced pluripotent stem cells (iPSCs). As the
epigenetic landscape of the original cells is fully reprogrammed during this
transition, the term "reprogramming” has become synonymous with "directed de-

differentiation”, and the terms will be used interchangeably in this report.

Initiation Maturation ilization
tiatio - aturatio Stabilizatio > Y
— -
'

Mouse Embryonic Mesenchymal Markers . induced Pluripotent
Fibroblast H Stem Cell

ﬁ g J Epithelial Markers
ﬁm Somatic Program Markers

A 4

Pluripotent Program Markers

Dependancy on Exogenous Reprogramming Factors X Reactivation

Figure 2: Schematic depicting the phases and markers in Oct4, Sox2, KIf4 & cMyc (OSKM)-directed
reprogramming. Infected Mouse Embryonic Fibroblasts (MEFS) first undergo an Initiation Phase, comple-
tion of which is marked by down-regulation of mesenchymal markers and up-regulation of both epithe-
lial and pluripotency markers. During the Maturation Phase, the transcription continues to shift away
from the somatic program towards the pluripotent program. The Stabilization Phase is defined by the
pluripotency program achieving independence from the exogenous reprogramming factors. Repro-
gramming continues during Stabilization with late markers including silencing of reprogramming factors
and X reactivation.

The starting population of cells, the exogenous transcription factors, the



method of factor expression and the media conditions of the assay vary from study
to study. The most commonly used starting cell populations in mouse have been
MEFs derived from E13.5 embryos containing an Oct4-GFP transgene, which is
activated in iPSCs3°. However, the assay has been successfully conducted using a
myriad of starting cell populations including T-cells, hair-follicle keratinocytes, liver
cells, and stomach cells#%-42, The most commonly used set of transcription factors
are the "Yamanaka Factors" used by Shinya Yamanaka and colleagues in their
original description of direct de-differentiation, and include Oct4 (Pou5f1), Sox2,
Kif4, and cMyc'% In most studies, these factors are introduced either through
infection with retrovirus or lentivirus or using a system of "secondary MEFs". In this
latter system, dox-inducible lentiviruses are used to generate iPSCs which are, in
turn, used to generate chimeric mice*3. Secondary MEFs containing the integrated
lentivirus are derived from the chimeric embryos, resulting in somatic cells that will
express the exogenous transcription factors in the presence of doxycycline.
Generally, MEFs expressing the transcription factors are then cultured in standard
ESC-supporting medium - DMEM with 10-15% FBS supplemented with Lif.
Alternatively, the use of defined serum-replacement supplement (KnockOut)
instead of FBS, also supports directed de-differentiation, and enhances the efficiency
of colony formation3°. Using these conditions, some of the mechanisms that govern
reprogramming have been elucidated since the onset of the present study. These

mechanisms are discussed below with a focus on the reprogramming of mouse cells.

The Reprogramming Factors

Of the original four reprogramming factors, Oct4 (Pou5f1) has proven to be

13



the most irreplaceable for direct de-differentiation. A member of the POU
transcription factor family, Oct4 is a well-established master regulator of the
pluripotency network. It is expressed in and required for proper development of the
ICM, down-regulated upon differentiation, and required for pluripotency in
ESCs*+4>, However, Oct4 is not sufficient to establish or maintain the pluripotency
network, but rather co-occupies promoters with other transcription factors, such as
Sox2 and Nanog*6-49. Thus far, in standard MEF reprogramming conditions, Oct4 has
only been replaced by two orphan nuclear receptors, Nr5al or Nr5a2, which are

thought to act through directly binding and activating the Oct4 locus>°.

Sox2 is a transcription factor that directly binds to DNA through an HMG
domain, and is stabilized when bound to other co-activators, including Oct448. Sox2
is expressed in the ICM and other developing tissue and is required for
development®l. In standard conditions, Sox2 has been replaced through

supplementation of an inhibitor of Tgfbr152.53,

Kif4 (Kruppel like factor 4) is expressed in both ESCs and, at lower levels,
MEFs. Klf4 belongs to a larger family of transcription factors including Klf2 and
KIf5, which, though redundant with each other, have been well established as
regulators of proliferation and stemness>% KlIf4 alone can reprogram primed
epiblast stem cells into the naive ESC state>>. KIf4 is also known to co-occupy many
promoters with Oct4 and Sox25%. Interestingly, Klf4 has been easier to replace than
Oct4 or Sox2, either with other transcription factors (Esrrb), signaling molecules

(BMPs) or compounds (Kenpaullone and Valproic Acid)>7-69.
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The fourth Yamanaka factor, cMyc, is a well-characterized oncogene which
can greatly promote cell proliferation®!. Not surprisingly, animals grown from iPSCs
generated using cMyc retrovirus are significantly more likely to generate
spontaneous tumors due to reactivation of the cMyc transgenes®?. cMyc has other
deleterious effects on reprogramming as well, including the generation of highly
proliferative non-iPSC transformed cells and, at higher levels, induction of cell death.
Fortunately, cMyc was the first Yamanaka factor found to be completely dispensable

for reprogramming, acting only as a potent enhancer of the process®3.
The Reprogramming Process

Many other factors have since been discovered that can replace or
supplement these four transcription factors. These include other key transcription
factors in the pluripotency network such as Nanog and Sall4, inhibitors of
epigenomic modification such as BIX, 5’-azaC and VPA, inhibition of regulators of
either apoptosis/senescence, such as p53 and Cdkn1la, or regulators of metabolism,
such as Ampk?®4-6869, Together with systems approaches to profile global transcript
changes in reprogramming cells, the following model describing the mechanisms of

directed de-differentiation is emerging (Figure 2&3).
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Figure 3: Schematic depicting the required cellular changes that must occur during the reprogramming
of MEFs into iPSCs (arrows facing right) and the known barriers to these changes (arrows facing left).

A somatic cell, such as a MEF, upon expression of the reprogramming factors
must first undergo an initiation step. Although unclear, molecularly, all that
underlies initiation, this stage is marked by the completion of a mesenchymal to
epithelial transition (MET) 7071, Barriers to successful initiation include induction of
cellular senescence and apoptosis although prevention of these events is not
sufficient to induce initiation in all cells’2. Upon successful initiation, a cell must
then enter into maturation, which is defined by the activation of several known
markers of pluripotency including Nanog and Dnmt3170. Barriers to maturation
include reversion to a mesenchymal state (EMT), activation of other somatic cell
programs, and, again senescence and apoptosis377073, In successfully
reprogramming cells, markers of pluripotency progressively activate, eventually
resulting in a self-renewing iPSC, which is no longer dependant on exogenous
expression of the reprogramming factors, and is thus considered to have entered the
stabilization phase, marked both X re-activation and silencing of the retroviral
transgenes3”.70. Throughout this process, on an epigenetic level, MEF-specific DNA
methylation and histone modifications must be erased and replaced with the ESC

program. Active inhibitors of chromatin modifying enzymes and enhancement of
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proliferation both aid this process and thus aid reprogramming®674, Profiling of the
epigenetic landscape has revealed that iPSCs continue to reprogram during the
stabilization phase, often through many passages, even though, functionally, they
are indistinguishable from ESC lines”>. Physiologically, a metabolic switch must
occur from mitochondrial oxidative phosphorylation in MEFs to anaerobic glycolysis
in iPSCs, and the cell cycle must shorten and lose the G1-S checkpoint®87276, Indeed,
factors that promote these two switches appear to function independently to
enhance de-differentiation. Likewise, all of the other morphological, functional, and
molecular differences between a MEF and a ESC must occur, though other switches

that act as significant barriers have yet to be defined.

In summary, to reprogram a MEF into an iPSC requires more than just
expression of the master transcription factor regulators of the ESC identity, but also
requires that the MEF identity must be erased, and that other somatic programs
remain silent. All this must happen without activating the myriad of apoptosis or
senescence-inducing checkpoints in place to prevent such transitions from
occurring. Although the networks of transcription factors that drive these processes
are relatively well understood, the networks of upstream and downstream effectors

and signaling pathways involved in driving this transition are not.

Signaling Pathways in Reprogramming

One pathway implicated in direct de-differentiation is the Wnt/Beta-catenin

pathway. Activated Beta-catenin-expressing retrovirus was one of the original
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twenty-four factors screened by Yamanaka and colleagues for its ability to induce
pluripotency!4. Interestingly, removal of this virus from either their twenty-four- or
ten- factor cocktails did cause a reduction in reprogramming efficiency, albeit minor
compared to Oct4, Sox2, KIf4 or cMyc removal, which warranted its exclusion from
their finalized and published four-factor cocktail. In other studies, Oct4/Sox2 /KIf4
(OSK)-reprogramming conducted in Wnt3a conditioned media demonstrated a two-
fold enhancement in iPSC-colony forming efficiency’’. However, the concentration
of Wnt3a, the required duration of exposure, and the phase of reprogramming
affected were undefined. Further, the control-conditioned media enhanced iPSC-
colony formation over non-conditioned media to nearly the same degree, leaving
open the possibility of secondary secreted factors playing a role. There is significant
evidence for a critical role of Wnt/Beta-catenin signaling in maintaining
pluripotency, suggesting that this pathway may enhance reprogramming through
stabilizing cells that have already reached pluripotency’8-81. In cell fusion
reprogramming experiments, Wnt3a enhances reprogramming, but in a very
concentration dependant manner - with both high and low doses having no or
negative effects82. In short, preliminary studies suggest that Wnt/Beta-catenin
signaling likely enhances direct reprogramming, but the mechanism and timing of

action remain unaddressed.

TGF-Beta/Activin/Nodal signaling has a more established, though still
conflicting, role in direct de-differentiation. Inhibition of TGF-Beta signaling using
an Alk5 inhibitor was found to be a potent enhancer of OSKM reprogramming>253. In

addition, it could replace Sox2 entirely, earning the molecule the nickname, RepSox.
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The mechanism for RepSox-mediated reprogramming enhancement was attributed
to transcriptional activation of the pluripotency gene, Nanog. Interesting, reports
from other pluripotent systems found that TGF-Beta signaling activated, not
silenced, Nanog transcription®384. The mechanism is further confounded by
conflicting reports as to whether RepSox acted in the initiation or the stabilization
phases of de-differentiation>253. Other ligands similar to TGF-b act in two different
stages of induced pluripotency. They include BMP4, which aids in maintaining ESCs
in culture, and BMP7, which potently enhances OSKM-reprogramming specifically in
the initiation phase of reprogramming?085, Clearly, further characterizations of the

timing and the mechanism of TGF-Beta signaling are required.

Akt signaling is suspected to play a role in direct de-differentiation, but has
yet to be characterized in context. Activation of Akt signaling allows for ESC
culturing the absence of Lif and is required to maintain pluripotency?86-88. However,
in the transition from a somatic cell to a pluripotent stem cell, the role of this
pathway is controversial. Akt activation helps fusion-based de-differentiation,
inhibits SCNT-based de-differentiation, and remains unstudied in direct de-

differentiations®.

The roles of other pathways, such as MAPK and Lif signaling during de-
differentiation are less ambiguous. Lif signaling is required for maintenance of ESCs
in culture and is thus included in virtually all medias during reprogramming?%°1. Its
mechanism of action is thought to be through activation of Stat3 signaling, which is
required for ESC maintenance, and has been further verified as limiting for de-

differentiation into fully pluripotent stem cells®2.93%4. Inhibition of MAPK / MEK
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signaling also promotes the maintenance of pluripotent ESCs and, in some

conditions, has been shown to enhance de-differentiation8%.95.

Despite pioneering studies implicating many of these pathways in direct de-
differentiation, they remain poorly characterized in both their timing and
mechanism of action. Further, whether there is cooperating or inhibiting cross-talk

between these pathways is completely unknown.

MicroRNAs in Reprogramming

Given their evolutionary history and role in the cell state transitions of early
development, we hypothesized that miRNAs would be pivotal players in direct de-
differentiation. Indeed, one of the most characterized functions of the RNA-binding
protein Lin28, among the first discovered reprogramming factors, is to inhibit a
family of miRNAs expressed in somatic cells®. This manuscript describes our
observations and conclusions on this topic, including the discovery of three families
of miRNAs that are potent regulators of reprogramming. Our first report, described
again here in Chapter 2, identified members of the miR-290 cluster and miR-302
cluster as enhancers of de-differentiation. Since that time many groups in addition
to our own have contributed to our understanding of miRNA regulation of de-
differentiation. Significant contributions include i) the identification of novel miRNA
enhancers of reprogramming, both related to miR-290/302 (miR-106b, miR-93,
miR-130, miR-372) and independent (miR-200, miR-181) ii) the identification of
miRNA inhibitors of de-differentiation (Let-7, miR-21, miR-29a, miR-34), iii) the

finding of miRNA cocktails that can induce de-differentiation in the absence
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exogenous transcription factors (miR-302/miR-367, miR-302/miR-200/miR-369),
and iv) and the discovery of miRNA cocktails that can induce trans-differentiation of
fibroblasts into neurons or cardiomyocytes®>7097-106. Together these data
conclusively demonstrate miRNAs as potent regulators of cell identity, capable of

inducing transitions through a variety of mechanisms.

In the chapters that follow, we will describe our contributions to the field,
including the identification of the miR-290/302 and miR-181 families as an
enhancers of direct de-differentiation, the Let7 family as stabilizers of the MEF
identity, the discovery of novel networks of miRNA regulated genes that cooperate
to inhibit direct de-differentiation from a MEF to an iPSCs, and the implication of
novel cellular processes as barriers to differentiation. We further demonstrate co-
regulation of the TGF-B, Wnt and Akt signaling pathways by these miRNA, pinpoint
one mechanism of TGF-B inhibition during reprogramming as EMT inhibition, and
show cooperation between these pathways during the initiation stage of
reprogramming. Together, these data provide a much more in depth understanding
of the genes and pathways that regulation reprogramming initiation, functionally
define the two most comprehensive experimentally validated miRNA-mRNA
networks to date, and present a workflow that can be used in other systems to
efficiently identify networks of genes of functional importance in cell state

transitions.
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Chapter 2: MicroRNAs are Regulators of

Pluripotency

Part I: ESC MicroRNAs Promote the Pluripotent Cell State

We first hypothesized that miRNAs endogenously expressed in mouse ESCs
were enriched for species that stabilized the ESC state, and would thus enhance
direct de-differentiation of MEFs into iPSCs. The miR-290 cluster constitutes over
70% of the entire miRNA population in mouse ESCs38 (Figure 4). Its expression is
rapidly down-regulated upon ESC differentiation, and is silenced in MEFs3897.107, A
subset of the miR-290 cluster, called the embryonic stem cell cycle (ESCC)
regulating miRNAs, enhances the unique ESC cell cycle!%8. This subset includes miR-
291-3p, miR-294, and miR-295. To test whether ESCC miRNAs could promote the
induction of pluripotency, we introduced these miRNAs along with retroviruses
expressing Oct4, Sox2, and Klf4 (OSK) into MEFs'4. The MEFs carried two reporters:
an Oct4-GFP reporter that activates GFP with the induction of pluripotency and

ubiquitous expression of a 3-galactosidase/neo fusion from the Rosa26 locus3°.
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Figure 4: Diagram of direct de-differentiation method

and microRNA expression profiles. MEFs were infected with
Oct4, Sox2 and KIf4 expressing retrovirus, then transfected with
microRNA mimics 24 hours later. Lif was added to the media 48
hours after infection and KnockOut Serum Replacement was
substituted for FBS on day 6. A second transfection was
performed on day 7. Pie charts indicate the portion of total
microRNA reads from each indicated family (adapted from
Marson et al, 2008).

MiRNAs were introduced on days 0 and 6 post-infection by transfection of
synthesized double-stranded RNAs that mimic their mature endogenous
counterparts (Figure 4). This method transiently recapitulates ES-like levels of the
miR-290 cluster miRNAs (Figure 5). We used our previously reported media
conditions containing defined KnockOut serum replacement instead of FBS3°

(Figure 4).
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Figure 5: Duration of transfected miR-290 cluster mimic expression.

MicroRNA mimic (16nM) was transfected into MEFs, and RNA was collected on days
1,2, 3 and 6. Relative miRNA levels were compared via RT-qPCR to control (v6.5)
ESCs (black horizontal bar). Mimic levels were found to be well above ESC expres-
sion levels one day after transfection, but close to physiological levels between
days 2 and 3 before dropping off steeply.

OSK plus miR-291-3p, miR-294, or miR-295 consistently increased the
number of Oct4-GFP+ colonies as compared to controls transduced with OSK plus
transfection reagent (Figure 6a). The miR-294 mimic showed the greatest effects,
increasing efficiency from 0.01-0.05% to 0.1-0.3% of transduced MEFs.
Introduction of a chemically synthesized miR-294 pre-miRNA similarly enhanced
reprogramming (Figure 6b). Two other members of the miR-290 cluster that are
not ESCC miRNAs, miR-292-3p and miR-293, did not increase colony number

(Figure 6a). The ESCC miRNAs share a conserved seed sequence, which largely
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specifies target mRNAs (Figure 6c). MiR-302d, a member of another miRNA cluster
that has the same seed sequence also enhanced reprogramming (Figure 6d).
Mutation of the seed sequence in miR-294 blocked the increase in colony number
(Figure 6¢&d). In summary, together with Oct4, Sox2, and Klf4, the ESCC miRNAs
and related miRNAs with a common seed sequence promote the de-differentiation

of fibroblasts into Oct4-GFP+ ES cell-like colonies.
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Figure 6: Embryonic stem cell specific microRNAs enhance OSK-iPSC colony formation.
a) Results from screen for miR-290 cluster miRNA that enhance de-differentiation. Fold
increase of day 10 Oct-GFP+ colonies with retroviruses expressing Oct4, Sox2, and Klf4 (OSK)
together with 16nM miRNA mimic relative to transfection reagent only (Mock). N=3 b) Gen-
eration of GFP+ colonies with OSK-retrovirus together with either duplex miR-294 (16nM),
hairpin miR-294 mimic (16nM and 160nM) or transfection reagent only (mock). N=3. c)
Sequence of miR-290 cluster, miR-302d, and miR-294 seed sequence mutant. Bold indicates
seed sequence. Capitals indicate point mutations. Grey box highlights ESCC seed-sequence.
d) Fold increase in day 10 Oct4-GFP+ colonies with addition of mimic to OSK in the presence
(light grey) or absence (dark grey) of cMyc retrovirus. Bars represent the number of GFP+
colonies after mimic transfection divided by the number of GFP+ colonies after mock trans-
fection. N=6, 26, 2, 5, & 3 left to right. Error bars indicate standard deviation. Asterisk indi-
cates p-value < 0.0001.
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Consistent with previous observations that ESCC miRNAs act redundantly,
mixes of the different ESCC miRNAs did not further enhance reprogramming
efficiency8 (Figure 7a). Therefore, further studies focused on miR-294. Increasing
doses of miR-294 further enhanced Oct4-GFP+ colony formation and the Oct4-GFP+
cellular fraction (Figure 7b&c). At the highest doses, miR-294 increased the
number of colonies to approximately 75 percent of that achieved with OSK and cMyc
(OSKM) (0.4-0.7% of starting MEFs) (Figure 7b&c). Addition of miR-294 mimic
increased the kinetics of OSK reprogramming to rates comparable to OSKM
reprogramming (Figure 8a). Transfection of miR-294 did not further enhance the
reprogramming efficiency of any other three-factor combination or OSKM (Figure
8b). Therefore, miR-294 substituted for, but did not further enhance, cMyc’s

contribution to reprogramming efficiency.
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Figure 7: ESCCs enhancement of de-differentiation is redundant and dose-dependant
a) Effect of combining ESCC miRNAs on reprogramming. Generation of GFP+ colonies with
OSK-retrovirus together with either miR-294 (16m or 48nM) or a mixture of miR-291-3p,
miR-294 and miR-295 (5.4nM each or 16nM each) or transfection reagent only (mock). b)
Percent day 10 Oct4+ colonies for OSK plus 1.6, 16 and 160nM transfected miR-294 mimic or
160nM miR-1 relative to OSKM. N=3 c) FACS analysis of day 12 GFP+ cells from MEFs infected
with OSK-retrovirus and transfected with miRNA mimics. Wedge indicates increasing concen-
trations (1.6, 6, and 160nM) of mimic. N=3. Error bars indicate standard deviation.
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Figure 8: Kinetics of reprogramming and effects of miR-294 on other combi-
nations of reprogramming factors
a) Generation of GFP+ colonies with OSK-retrovirus alone (OSK), with cMyc
(OSKM), or with transfection of 16nM miR-294 mimic (OSK+miR-294) over time.
GFP+ colonies were counted on days 5-10. First GFP+ microcolonies were visible
in OSKM and OSK+miR-294 by day 7 and in OSK by day 8. Error bars represent
standard deviation for N=3. b) Generation of GFP+ colonies with combinations of
retroviruses expressing Oct4, Sox2, KIf4 or cMyc with and without transfection of
miR-294 (16nM).

ESC-like Oct4-GFP+ colonies induced by OSK and miR-294 (miR-294-iPS)
were expanded and verified as iPSCs. MiR-294-iPS lines expressed endogenous
Oct4, Sox2, and Klf4, while retrovirus expression was silenced (Figure 9a&b).
Colonies showed an ESC-like morphology and stained positively for the ES cell
markers, Nanog and SSEA-1 (Figure 9c). The cell lines had normal karyotypes and
efficiently induced teratoma formation with differentiation down all three germ
layers (Figure 9d&e). Injection of miR-294-iPS cells into blastocysts resulted in
high-grade chimeras, with contribution of donor iPS cells to all three germ layers,

and to germ line, confirming the occurrence of a complete cell state transition
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(Figure 9 f-h).
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Figure 9: Verification of miR-294 derived iPSC pluripotency

a) RT-gPCR for endogenous pluripotency markers in control (V6.5) ESCs, MEFs, and miR-294-iPSC lines.
N=3,3,&5. RPL7 was used as input control. Data was normalized to ESC expression. b) RT-qPCR for exog-
enous Oct4, Sox2, and KIf4 in MEFs 6 days after viral infection, control ESCs, and MEFs (each N=3) and 5
individual miR-294-iPSC lines. Horizontal black bars indicate Ct>40. RPL7 was used as input control. Data
was normalized to MEF expression 6 days after viral infection. c) Brightfield and immunofluorscent
images of miR-294-iPSC colonies. Images are representative of six iindependent iPSC lines. Staining
controls include ESCs, cMyc-iPSC colonies, miR-294-iPSC colonies with secondary antibody only, and
MEFs. d) Representative karyotype of iPSCs induced with OSK and miR-294 mimic. e) H&E staining of
miR-294-iPSC derived teratomas. Images depict, left to right, bone, neural tissue, keratinizing squamous
epithelial tissue, and glandular tissue. f) An E15 chimera derived from blastocyst injection of miR-294-
iPSCs carrying a ubiquitously expressed B-galactosidase reporter. g) X-gal staining demonstrating miR-
294-iPSC chimeric contribution to ectoderm (neural tissue, N), endoderm (lung, L), and mesoderm
(cartilage, C) h) GFP expression in the genital ridges of E12.5 chimera demonstrates Oct4-GFP miR-294-
iPSC contribution to germline. All error bars indicate standard deviation.

The mechanism for how ESCC miRNAs substitute for cMyc in reprogramming
is not entirely clear. However, bioinformatic analysis of ES ChIP-seq datal%® showed
that both c-Myc and n-Myc bind to the promoter region of the miR-290 cluster
(Figure 10a). Oct4, Sox2 and Nanog have also been reported to bind the promoter

of the miR-290 cluster38.
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Figure 10: Regulation of miR-290 cluster by Myc
a) cMyc and nMyc bind the miR-290 cluster promoter.
ChlIP-seq data reads were aligned to the mm9 assem-
bly of the genome and peaks were generated with
Findpeaks. b) RT-qPCR for total mature miR-294
expression in ESCs, MEFs, and O, S, K, or M-infected
MEFs. N=3. Horizontal black bars indicate Ct>40.
Sno202 was used as input control. Data was normal-
ized to ESCs. ¢) H3K4me3 and H3K27me3 surround-
ing the miR-290 clusters in MEFs. ChIP-seq data were
analyzed as described in a). d) RT-qPCR for total
mature miR-294 expression in ESCs (E), MEFs (M),
OSK-, OSK, or OSK+miR-294- infected MEFs, and iPSC
lines derived from these conditions. N=3. Data
normalized and visualized as in b).

Transduction of cMyc, Oct4, Sox2, or Klf4 expressing retrovirus individually failed to

induce expression of the miR-290 cluster in fibroblasts (Figure 10b). Analysis of

ChIP-seq data for different histone modifications showed that the miR-290

promoter is H3K27 methylated in MEFs, a modification associated with

transcriptional silencing!1? (Figure 10c). In contrast, the promoter is H3K4

methylated in ES cells, a modification associated with transcriptional activity.

Therefore, these transcription factors likely can only induce the expression of the
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miR-290 cluster as cells replace promoter-associated H3K27 with H3K4
methylation during the reprogramming process. Indeed, with OSKM transduction,
miR-294 was robustly activated late in the reprogramming process, similar to the
reported timing for expression of endogenous Oct4, and other critical members of
the core ES machinery (Figure 10d)37.111. These data suggest that miR-294 is
downstream of cMyc, but requires epigenetic remodeling for expression.
Interestingly, the downstream effects of the ESCC miRNAs versus cMyc on
the reprogramming process were not identical. Unlike cMyc, miR-294 did not
promote proliferation of MEFs early in the reprogramming process (Figure 11a).
Furthermore, as previously reported, approximately 80% of the OSKM colonies
failed to express GFP and lacked ESC-like morphology®? (Figure 11b&c). In
contrast, OSK+miR-294 produced a predominantly uniform population of ESC-like
GFP+ colonies (Figure 11c). The Oct4-GFP- colonies were induced by cMyc, not
inhibited by miR-294, as the introduction of both produced a similar number of
GFP-, non-ESC-like colonies as cMyc alone (Figure 11c). Finally, when cells were
injected into immunodeficient mice to produce teratomas, more than a third of the
teratomas resulting from cMyc-iPS cells invaded into the underlying body wall,
while none of teratomas resulting from miR-294-iPS cells did so (Figure 11d&e).
These findings show that while miR-294 can substitute for cMyc to enhance
reprogramming, its effects on the cell population are not identical, as it induces a

more uniform population of ESC-like self-renewing cells.
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Figure 11: Effect of miR-294 on proliferation and transformation

a) Total cell number during reprogramming. Cells were counted on day 7 after infection
with OSKM or OSK +/- miRNA mimic. Concentrations of miR-294 mimic: 1.6, 16, and 160nM.
Concentration of miR-1 mimic: 160nM. b) GFP negative colonies in presence of cMyc.
Oct4-GFP+, ESC-like colonies (black arrow) and GFP-negative, non-ESC-like colonies (white
arrow). ¢) Quantification of number of day 10 GFP-negative colonies after infection with
OSKM or OSK +/- miR-294 mimic. All error bars indicate standard deviation of N=3. d)
Representative images of non-invasive (v6.5 and miR-294-iPSC) and invasive (Myc iPSC)
teratomas. All images to scale. e) Number of invasive and non-invasive tumors with differ-
ent cell lines injected. Columns display from left to right, independent cell lines, number of
mice injected, number of total teratomas isolated, number of total teratomas found to be
invasive, and the number of days after injection teratomas were harvested. Percent tera-
toma refers to the percentage of cell lines that formed teratomas. Percent invasive refers to
the percentage of teratomas found to migrate through the underlying body wall.
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Part II: Fibroblast MicroRNAs Inhibit the Pluripotent Cell

State

Having demonstrated that physiologically relevant miRNAs, normally
expressed in pluripotent stem cells, can enhance the transition of somatic cells into
their cell type of origin, we next hypothesized that if the general function of miRNAs
were to stabilize a cell state, than the inverse should also be true. MEF specific
miRNAs should stabilize the fibroblast cell state, and thereby inhibit the transition
into iPSCs. Profiling studies identified the let-7 family as highly expressed in MEFs,
but silenced in ESCs38 (Figure 4). Indeed, upon induction of differentiation in
culture, ESCs up-regulate let-7, while simultaneously silencing the miR-290
clusterl2. Further, exogenous introduction of let-7 into Dgcr8 knockout ESCs is
sufficient to induce differentiation!12, Co-introduction with miR-294, however, block
this effect, demonstrating antagonistic functions of these miRNAs.

We hypothesized that inhibition of the let-7 family would enhance
reprogramming of somatic cells to iPSCs. To test the effect of the let-7 family on
reprogramming, we used a let-7 antisense inhibitor. This inhibitor was able to
suppress several let-7 family members simultaneously (Figure 12a). Again, we
used Oct4-GFP transgenic MEFs to quantify changes in reprogramming efficiencies.
MEFs were transduced with retroviral vectors expressing Oct4, Sox2, KIf4, with or
without c-Myc on day 0, as well as being transfected with let-7 or a control inhibitor
on days 0 and 6. When OSK-retrovirus was used, let-7 inhibition increased the

number of GFP-positive colonies on day 10 by 4.3-fold compared to mock whereas a
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control inhibitor had no significant effect (Figure 12b). In the presence of all four

transcription factors, let-7 inhibition resulted in a 1.75-fold increase (Figure 12c).
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Figure 12: Fibroblast-dominant microRNAs inhibit iPSC colony formation.

a) RT-gPCR for let-7 family member (let-7a-i, miR-98) miRNA expression after treatment with miRNA
inhibitors. b) Fold increase of day 10 Oct-GFP+ colonies with retroviruses expressing Oct4, Sox2, and
KIf4 (3TF) together with 16nM let-7 miRNA inhibitor relative to control inhibitor or transfection reagent
alone (Mock). N=3 c) Fold increase of day 10 Oct-GFP+ colonies with retroviruses expressing OSK and
cMyc (4TF) together with 16nM let-7 miRNA inhibitor relative to control inhibitor or transfection
reagent along (Mock). N=3 ¢) MTT assay as a measure of cell proliferation in MEFs transfected with
miRNA inhibitors.

The effect of the let-7 inhibitor is not due to enhanced proliferation of the MEFs as

there was actually a subtle decrease in proliferation after transfection of either the
let-7 or control inhibitor (Figure 12d). Immunofluorescence confirmed expression
of Nanog in reprogrammed cells (Figure 13a). Furthermore, the resulting iPS cells

expressed endogenous pluripotency markers at levels similar to wild-type ESCs and
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did not express the exogenously introduced factors (Figure 13b&c), as expected for
fully reprogrammed cells. These findings show that inhibition of the let-7 family of

miRNAs enhances the reprogramming of somatic cells.
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Part III: Conclusions

These data characterize a potent role for miRNAs in regulating somatic cell
reprogramming. Over-expression of miRNAs normally expressed in ESCs increases
the efficiency of MEF de-differentiation, whereas miRNAs endogenous to MEFs
inhibit it. Further, the use of miRNA mimics appears to have advantages over virus-
based transcription factor delivery, generating cleaner reprogramming assays, with

less non-iPSC colonies and less tumorigenic potential.
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Chapter 3: MiR-294 Enhances Reprogramming

through Networks of Cooperating Genes

Part I: Identification of High-Confidence miR-294 Targets

In the next set of experiments, we sought to identify which miR-294 targets
were responsible for its role in enhancing de-differentiation. We hypothesized that
through unbiased identification and functional characterization of miR-294 targets,
we could identify a network of genes that cooperate in the inhibition of this cell
state transition. We first sought to generate a database of high confidence gene
targets of miR-294. Traditionally, miRNA targets are identified by first predicting
likely targets using computational algorithms, followed by experimental verification
of individual candidates. This technique is notoriously inefficient, as the most
accurate algorithms retain false positive and false negative rates of approximately
50%, and most cannot take into account cell type specific effects or variations in
splicing and UTR length!13114, Recently, these approaches have been complimented
by the development of several systems approaches for globally identifying candidate
miRNA targets in the appropriate cellular context, including mimic-induced mRNA
destabilization (MIMD), Ago2-CLIP, SILAC, ribosomal pull-down and biotin-tagged
mimic pull-down®7.113-117_ Each of these approaches quantifies different molecular
consequences of a miRNA-mRNA interaction and, interestingly, when directly

compared, candidate targets sets derived from these various techniques overlap
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poorly15. Thus, it remains unclear which technique most accurately identifies bona

fide miRNA targets, defined as direct miRNA-mediated reduction in protein levels.

To generate a high confidence target list for miR-294, we first consolidated
the available experimental and computational data on candidate miR-294 targets.
MiR-294 is expressed in ESCs as part of a mouse-specific locus known as the miR-
290 cluster!%7. This cluster expresses eleven distinct miRNAs, three of which (miR-
291a-3p, miR-294 and miR-295) are highly conserved in total sequence, each
containing the identical AAGUGCU seed sequence (Figure 6c). As many of the above
candidate target identification techniques cannot differentiate between targets of
miRNAs with the same seed sequence expressed in the same cell type, we conducted
our analysis for grouped miR-291a-3p/294 /295, using three independent means of
target identification. 1) Previously, MIMD-microarray was used to identify targets of
miR-294 in the context of ESCs?’. Synthesized mature miR-294 mimetics were
transfected into ESCs genetically lacking DGCR8, a gene essential for miRNA
biogenesis, and changes in mRNA levels were detected via microarray (Figure 14a).
As DGCR8-/- ESCs lack all canonical miRNAs, the effects of individually introduced
miRNA mimics are likely exaggerated and more easily detectable. From this dataset,
1079 genes were identified as being down-regulated with the addition of miR-294
and containing at least one miR-294 binding site in the 3' UTR or open reading
frame (Figure 14a&b). 2) Another dataset of potential miR-294 targets has been
generated through Ago2-CLIP-seq in mESCs18. Anti-Ago2 antibody was used to
precipitate RISC-associated RNA and associated genes were identified via deep

sequencing. After bioinformatic filters were applied, 200 candidate targets were

36



identified. 3) Finally, we chose the TargetScan algorithm to computationally predict
miR-294 targets, as this technique has been experimentally verified as the most

accurate bioinformatic approach for predicting targets, and generated a list of 417

candidates113.114,
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Figure 14: Generation of high-confidence miR-294 target list.

a) Schematic of experimental and bioinformatic strategy for mimic-induced mRNA destabilization (MIMD) identifi-
cation of miR-294 targets. b) Venn diagram depicting overlap of targets predicted from MIMD (Melton 2010), profil-
ing of Ago2-pull-down in ESCs (Leung, 2011), and TargetScan prediction. Dots indicate previously verified miR-294
targets. Dotted circle indicates top 5% of MIMD predicted targets. c) RT-qPCR measuring levels of twenty-three top
5% MIMD predicted targets during OSK-reprogramming. Bars depict fold-change in levels of indicated in the pres-
ence of miR-294 mimic as compared to control mimic. Error bars indicate SD of three experiments. *=p-value<0.05,
**=p-value< 0.005.

Consistent with previous observations, we observed only partial overlap of
the candidate lists generated by these three techniques (Figure 14b). To determine
which subset of these gene sets were most enriched for bona fide targets, we
compiled a list of genes previously verified to be translationally inhibited by miR-
miR-291a-3p/294 /295 via luciferase reporter assays. In this assay, the effect of
exogenous miRNA on translation can be directly quantified by fusing the UTR of the

candidate gene to a luciferase ORF108119 Qnly the MIMD-derived gene set contained

37



all five verified miR-291a-3p/294/295 targets (Cdknla, Lats2, Rbl2, Ei24, Casp2)
(Figure 14b). We next sought methods by which to refine this list, while retaining
the known true positives. As previous systems approaches to identifying miRNA
targets have consistently concluded that the degree of miRNA-induced translational
inhibition is well correlated with the degree of miRNA-induced mRNA
destabilization, we filtered the MIMD candidate set based upon degree of miR-294
mediated mRNA knockdown!13114116 By choosing the top 5% of genes most
reduced by miR-294, we significantly reduced the size of the candidate list (55

genes), without excluding any of the five known targets (Figure 14b).

To verify that our refined gene set was enriched for miR-294 targets in the
context of somatic cell de-differentiation, we transfected MEFs with either miR-294
or control mimic 24 hours after infection with Oct4, Sox2 and Klf4-expression
retrovirus (OSK). Total RNA was collected 72 hours after transfection and RT-qPCR
was conducted using primers against 22 of the genes. Of these, 17 genes were
significantly down-regulated on a RNA level in the presence of miR-294 (Figure
14c). These data indicate strong enrichment in our gene list for endogenous targets
of miR-294 during de-differentiation. We also added to our list Pten, a gene
previously shown to be a target of the miR-294 orthologue, miR-302, in human

cells120, resulting in a list of 56 high confidence miR-294 targets (Table 1).
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Table 1: High Confidence miR-294Target List
GeneID Gene Name GeneID Gene Name
213673 9530068E07Rik 15944 Irgm1l
237615 Ankrd52 16784 Lamp?2
55951 Brp44l| 50523 Lats2
12366 Casp2 13590 Leftyl
216001 Cbaral 269181 Mgat4a
235505 Cd109 69188 MII5
78334 Cdk19 547253 Parp14
12575 Cdknla 23986 Peci
83815 Cenpg 18645 Pfn2
74107 Cep55 241915 Phc3
12632 Cfl2 11757 Prdx3
12753 Clock 105787 Prkaal
225995 D030056L22Rik 270906 Prril
23994 Dazap2 19211 Pten
67665 Dctn4 19334 Rab22a
114874 Ddhd1 19651 RbI2
12934 DpysI2 20706 Serpinb9b
13663 Ei24 67043 Syapl
236511 Eif2cl 407786 Taf9b
80898 Erapl 245638 Tbc1d8b
59079 Erbb2ip 21822 Tgtpl
209416 Gpkow 71929 Tmem123
231086 Hadhb 72477 Tmem87b
319594 Hiflan 22223 Uchl1
15259 Hipk3 30940 Usp25
15273 Hivep2 226470 Zbtb41
15441 Hp1bp3 22661 Zfp148
238673 Zfp367
98999 Znfx1

Part II: miR-294 Targets are Enriched for Inhibitors of
Reprogramming

We next characterized which high confidence miR-294 targets functionally
inhibited somatic cell de-differentiation using a siRNA approach to knock-down
each target individually. Pools of siRNA with four different sequences against single
genes were synthesized to minimize off target effects (On-Target Plus - Dharmacon).
MEFs containing an Oct4-GFP transgene were infected with retrovirus expressing

OSK then transfected with siRNAs after 24 hours (Figure 15a). The number of Oct4-
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GFP positive colonies was tallied on day 16 post-transfection to measure de-
differentiation efficiency. Transfection of miR-294 mimic and four different non-
targeting siRNA sequences were used as positive and negative controls,
respectively, and the experiment was performed in triplicate using independently
generated MEFs and OSK virus. The number of day 16 Oct4-GFP+ colonies in each
mimic-containing well was compared to negative controls using strictly
standardized mean difference (SSMD)!21. siRNA against 10 of the 56 miR-294
targets demonstrated fold increases in iPSC formation that achieved our cut-offs for
statistical significance (p-value <0.01 and SSMD >2) (Figure 15b&c). One of these
genes, Cdkn1la, was previously identified as a potent inhibitor of de-differentiation’2.
To determine if the effects on de-differentiation were due to targeting the expected
gene, and not an off-target effect, pools of four siRNA with independent sequence
(siGenome - Dharmacon) were synthesized. Both sets of siRNA were introduced into
the de-differentiation assay. Of the 10 miR-294 target siRNA screen hits, 8 siRNAs
(against Cdknla, Zfp148, Hivep2, Ddhd1, Dpysl2, Pten, Cfl2 and 9530068E07Rik)
enhanced de-differentiation with both pools of siRNA, indicating that the enhanced
efficiency is due to inhibition of the target gene (Figure 15d). As both pools of
siRNA against Brp441 and Hipk3 were not effective, these genes were removed from

further analysis.
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Figure 15: siRNA against predicted miR-294 targets enhance iPSC induction
a) Schematic of reprogramming screen. b) Full well represented images of Oct4-GFP expression day 16
after OSK-infection. Wells were transfected with either non-targeting control siRNA (siRCon), miR-294 or
siRNA pools against indicated genes. ¢) Quantification of de-differentiation efficiency in siRNA screens.
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indicate strongly significant hits (SSMD>2, p-value<0.01). n=3. d) Follow-up of hits from c) using two
independent pools of siRNA transfected on day 1 of OSK-reprogramming and measuring number of
day 16 Oct4-GFP+ colonies. Dark grey bars = OnTarget-Plus, Light grey bars = siGenome. *=p-value <
0.05 compared to non-targeting siRNA control (siRCon1) as determined by Student T-test, n=4.

To verify siRNA targeting of these genes, the assay was repeated and total

RNA was collected 72 hours post-transfection for RT-qPCR analysis. Each siRNA
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pool significantly reduced expression of the expected target genes (Figure 16a).
Our previous MIMD-RTqPCR indicated that each of the 8 gene hits, other then
Dpysl2 and Pten, demonstrated significant mRNA reduction in the presence of miR-
294 (Figure 14c). To determine whether miR-294 inhibited Pten and Dpysl2
protein levels, total protein was collected from OSK-infected MEFs with and without
miR-294 transfection and analyzed via Western. Total Pten and Dpysl2 protein were
down-regulated by miR-294 (Figure 16b). To determine whether translation of
these genes was directly suppressed by miR-294, regions of the Pten and Dpysl2
3'UTRs containing predicted miR-294 binding sites were cloned and fused to a
luciferase open reading frame (Figure 16c¢). Luciferase reporters were co-
transfected with miR-294 into Dgcr8 KO ESCs, and luciferase activity was measured
after 24 hours. Luciferase activity was significantly reduced in the Dpysl2 construct
in the presence of the microRNA and this repression required the miR-294 binding
site, verifying Dpysl2 as a direct miR-294 target (Figure 16d). Interestingly, miR-
294 had no effect on the Pten construct, suggesting that either Pten is indirectly
down-regulated by miR-294, or that the other binding sites in the Pten 3'UTR are
required for miR-294 repression (Figure 16c). These data verify that miR-294
enhances iPSC colony formation through inhibition of at least eight genes, seven of

which are novel inhibitors of de-differentiation.
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miR-294 or control miRNA transfection. Error bars = SD of n=4. **=p-value<0.005.
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Part III: High-content Imaging of Reprogramming Reveals

Distinct Mechanisms of miR-294 Function

Reprogramming efficiency can be enhanced either through increasing the
percentage of founder cells susceptible to de-differentiation (frequency), or through
increasing the kinetics of reprogramming (rate). MiR-294, in addition to increasing
Oct4-GFP+ colony number, also induced Oct4-GFP activity earlier during de-
differentiation (Fig 17a). Colony area is an independent measure of accelerated
rate, as earlier forming colonies are larger at any fixed time point chosen for
measurement. Accordingly, miR-294 significantly increased average colony area
(Fig 17b). These data demonstrate that miR-294 enhances both the frequency and

the rate of reprogramming.

To determine whether siRNAs against targets of miR-294 also enhance both
the frequency and rate of reprogramming events, full-well images were captured for
each condition, and both colony number and average colony size were measured.
Based on these parameters, siRNAs could be separated into three groups: Group 1
(increasing number, but having insignificant effects on area), Group II (increasing
area with little effect on number), or Group III (increasing both)(Fig 17c). Similar to
the miRNA itself, most miR-294 targets altered colony area, indicating miR-294
accelerates the rate of reprogramming through many targets. Interestingly, some
siRNAs (Cfl2) only increased colony frequency, whereas six others (Pfn2, Erapl,

Ankrd52, Prkaal, Lats2, Zbtb41) only increased colony size, and were accordingly
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missed by the initial screen. These data indicate that these two parameters of
reprogramming efficiency, rate and frequency, can be independently manipulated,
and likely represent different physiological processes. Further, they support a model
whereby miR-294 enhances both processes at least partially through distinct

targets.
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Part IV: miR-294 Targeted Genes Define Functional

Networks of Cooperating Genes

As miR-294 inhibits the expression of multiple genes, which, in turn, regulate

different measurable parameters of de-differentiation efficiency, we hypothesized
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that the different targets of miR-294 may be regulating distinct cellular processes
that converge to enhance de-differentiation. To address this question, we performed
a pair-wise screen for cooperative functionality to unbiasedly determine which
siRNA against miR-294 targets can work-together to enhance reprogramming. We
chose siRNA against the 14 targets of miR-294 that enhanced either colony number
or area, and introduced them into the de-differentiation assay in every combination
of two. We then compared the number and area of day 16 Oct4-GFP colonies in
assays transfected with each set of two siRNAs to assays transfected with each
individual siRNA combined with a control siRNA (Fig 18a). Among the 14 miR-294
targets, 20 combinations of siRNAs showed an increase in colony number and/or
area with an SSMD score of 2 or higher (Fig 18b). Interestingly, most of these
cooperative relationships occurred between genes that influenced different
parameters of reprogramming, consistent with distinct cellular pathways between
groups (Fig 18c). These data suggest that these three sets represent parallel

pathways by which miR-294 enhances de-differentiation.
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Figure 18: Screen for functional cooperation among siRNA against miR-294 targets

a) Schematic of measurement for functional cooperation of siRNA against miR-294 targets. Matrices of all
siRNA were performed in OSK-reprogramming. For any combination of two siRNA (green), day 16 Oct4-GFP
colony number or area in wells containing both siRNA, were compared to wells containing only the single
siRNAs (pink), or each individual siRNA in combination with control siRNA (siRCon) (purple). b) Heatmaps
depicting effects of combining siRNA against targets of miR-294. Colors indicate SSMD comparing combina-
tions of siRNA to each siRNA individually or in combination with siRCon. Top right depicts changes in colony
number. Bottom left indicates changes in colony area. c) Depiction of cooperative relationships between
miR-294 targets (top). Lines indicate cooperation (SSMD>2) of either area or colony number. Orange lines
indicate cooperation occurring across groups. Table depicting percentages of intra-group synergy (bottom).

We next looked for overlap between the miR-294 target sets and genes
involved in previously established barriers to de-differentiation, such as induction
of apoptosis or senescence, activation of somatic programs, inhibition of
proliferation, or remodeling of cell cycle and metabolic pathways. Although the
functional targets of miR-294 were involved in every one of these processes, the
three sets of genes defined with our epistatic analysis were not over-represented in
any single association set, suggesting that these networks are comprised of
previously un-associated genes. Together, our results demonstrate that miR-294
enhances de-differentiation through at least three novel functions gene networks,
comprised of at least 14 target genes, defining the most comprehensive known

miRNA regulated network of functional consequence.
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Part V: Summary

Through unbiased and systematic identification of miR-294 targets, followed
by functional characterization of knockdown of each target, we have identified
fourteen inhibitors of somatic cell de-differentiation. Through multiplex
manipulation of these genes and high content analysis of full-well images, we have
found that these targets regulate distinct properties of the de-differentiation
process, with several subsets working together cooperatively. The genes represent a
myriad of functions, establishing novel networks from previously unassociated
genes. These data establish a methodology to complement the current repertoire of
systems approaches by which miRNAs can be used as a molecular probe,
highlighting which genes across known pathways, transcriptional networks and

ontology groups should be experimentally tested for functional cooperation.
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Chapter 4: The Neural Lineage microRNA-181
Enhances De-differentiation Through Distinct

Networks of Genes but Common Pathways

Part I: miR-181 Enhances Reprogramming Through Novel

Gene Networks

Given the success of using the de-differentiation enhancing miRNA, miR-294,
to discover novel networks of cooperating genes that regulate reprogramming, we
wanted to ask if this workflow could be used as a stream-lined methodology for
identifying functionally-relevant gene networks in cells state transitions. To address
this question, we repeated our methods using different miRNAs that enhance de-

differentiation.

To identify individual miRNAs that enhance the production of iPSCs, 570
chemically synthesized mature mouse miRNAs (mimics) were screened for their
ability to enhance OSK induced de-differentiation of mouse embryonic fibroblasts
(MEFs) to iPSCs. Individual wells of OSK-infected MEFs possessing an Oct4-GFP
transgene were transfected with mimic on days 1 and 7 post-infection (Fig 19a).
The number of day 16 Oct4-GFP+ colonies in each mimic-containing well was
compared to sixteen mock-transfected wells per plate using SSMD. When performed

in duplicate, 16 miRNA mimics enhanced the frequency of Oct4-GFP+ colony
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formation in both screens (Fig 19b). OSK-mimic induced colonies were
morphologically similar to mESCs and expressed comparable levels of endogenous
Oct4, Sox2, KIf4, Rex1, SSEA1 and NANOG (Fig 20a-b). Oct4-GFP+ colonies also
efficiently silenced the exogenous retroviruses, indicating an advanced stage of

reprogramming into iPSCs (Fig 20c).
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Figure 19: A genome wide screen identifies the miR-294/302 and miR-181 families as enhancers of
reprogramming.

a) Schematic of 96 well-based mimic screen for miRNA enhancers of de-differentiation. b) SSMD of two
genome-wide screens for miRNA that enhance OSK-driven de-differentiation. Data points represent SSMD
between the number of Oct4-GFP+ colonies on day 16 in the presence of an exogenous miRNA mimic
compared to 16 mock transfections per plate (shown as orange dots). Significance defined as strong
(SSMD>2), moderate (SSMD>1), or weak (SSMD <1). Large dots represent SSMD >2 in at least one experi-
ment with purple being strong in both and green being strong in one and moderate in second experiment
(miRNAs corresponding to purple and green dots are shown in inlay). ¢) miRNA families represented by
multiple hits in the screen. d-e) Verification of two families. MicroRNA mimics transfected at days 1 and 7.
Data represents number of Oct4-GFP+ colonies from OSK-reprogramming supplemented with indicated
microRNA, normalized to OSK + non-targeting miRNA mimic (MirCon). n=3.

Several of the miRNAs that enhanced reprogramming share a common seed
sequence (Fig 19c¢). The most represented seed sequence was that of the ESCC

miRNAs, including miR-294 and miR-302 (Fig 19c-d). The second most enriched
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seed sequence was that of the miR-181 family, previously unassociated with
reprogramming (Fig 19c). Validation experiments to all members of the family
confirmed their ability to enhance the frequency of iPSC colony formation (Fig 19e).
For further experiments, miR-181d was chosen as a representative family member.
When injected into E3.5 blastocysts, OSK-miR-181 generated iPSCs contributed
significantly to all germ layers, including the germ line, signifying complete

reprogramming to an iPSC (Fig 20d-e).
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Figure 20: Characterization of pluripotency of Oct4-GFP positive colonies generated by OSK+miRNA

mimics.

a) Representative images of passage 3 Oct4-GFP colonies generated from OSK+mimic reprogramming. Colonies
have ESC-like morphology and stain positive for NANOG and SSEA1. V6.5, control ESC line without Oct4-GFP. b)
RT-gPCR analysis of endogenous Oct4, Sox2, KIf4 and Rex1. Data are representative of 3-5 independently derived
lines from each condition. Error bars indicate standard deviation. ¢) RT-gPCR as in b) for exogenous Oct4, Sox2 and
KIf4. d) E12.5 chimera injected with OSK+miR-181d generated iPSCs containing Oct4-GFP /R26-b-gal and X-gal
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e12.5 chimera with developing organs removed. Gonad ridges populated with Oct4-GFP+ OSK+miR-181d iPSC
derived germ cells (left). Dissection and higher magnification of gonad ridges (right).
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Unlike the ESCC miRNAs, miR-181 is not expressed significantly in ESCs or
iPSCs38. Furthermore, miR-181 has been associated with both early neural
differentiation and destabilization of mESCs!?2. Therefore, miR-181 is unlikely to
function through establishing or stabilizing an ESC program. We reasoned that it
may enhance de-differentiation through suppression of MEF-stabilizing programs.
To test this assumption, we asked whether miR-181 could enhance reprogramming
when exclusively introduced early during the transition from a somatic cell to a
pluripotent state, prior to down-regulation of MEF genes or activation of the
pluripotency network. During iPSC reprogramming, cells undergo an initiation
phase followed by maturation/stabilization. This transition is marked by the down-
regulation of mesenchymal markers, such as Slug, and the activation of epithelial
markers, such as Cdh1 (E-cadherin) and a subset of ESC expressed genes including
Dnmt317%. During OSK reprogramming, Cdhl and Dnmt3l activation and Slug
repression were first detectable at day 8 (Fig 21a). To determine the duration of
transfected mimic function, a reporter for miR-302 activity was generated (Fig
21b). An immortalized MEF line stably expressing the reporter was generated and
transfected with miR-302 mimic. Reporter activity was monitored everyday via flow
cytometry (Fig 21c). Introduced mimics were active from one to six days following
transfection (Fig 21d). Therefore, a microRNA mimic added at day 1 of
reprogramming would function in the initiation phase, whereas a mimic added late
would function on a mixed population (Fig 21e). Introduction of miR-181 and miR-
294 family members only at day 1 largely recapitulated the effect of adding the

miRNA mimic at days 1 and 7 (Fig 21f), showing that both miRNA families
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efficiently enhance colony formation during the initiation phase. These data show
that the miR-181 and miR-294 miRNA families function in significant part to

suppress the fibroblast program.
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To identify networks of genes that prevent de-differentiation we next
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generated a database of high confidence targets miR-181, similar to our analysis of
miR-294 targets described in chapter 3. We first consolidated available
experimental datasets including miR-181 induced translational inhibition measured
via mass spectrometry in the context of HeLa cells, as well as individually verified
targets of miR-181 various cellular contexts!14123-126 (Fig 22a). We next required
that each gene contain an appropriate miR-181 binding site that was conserved
between mouse and human. Finally, each gene was required to be expressed at
some point during MEF de-differentiation, as measured by microarray, resulting in a
set of 58 genes, with no genes overlapping with the miR-294 target set37.111 (Table
2). Similar to our previous verification of miR-294 targets, we transfected MEFs
with miR-181 or control mimic 24 hours after OSK-infection, and collected total
RNA after 48 hours. We assayed for mRNA destabilization of 13 randomly sampled
genes via RT-qPCR. The majority of the genes demonstrated microRNA induced
mRNA destabilization, although the down-regulation was not as enriched or
pronounced as the miR-294 target list (Fig 22b). This is most likely due to how the
targets were identified. By using a MIMD dataset for our miR-294 targets, we likely
selected for genes that were highly destabilized by the miRNA on a mRNA level. For
miR-181 we began with a dataset measuring translational inhibition instead of

transcript degradation.
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Similar to the technique described in chapter 3, we next characterized which
predicted targets functionally inhibited somatic cell de-differentiation using a siRNA
approach. In addition to using siRNA against the 56 miR-181 targets we also
generated siRNA against 54 genes randomly selected from the genome. We
transfected MEFs 24 hours after OSK-infection, and tallied the number of Oct4-GFP
positive colonies on day 16 post-transfection to measure de-differentiation
efficiency. The experiment was performed in triplicate using independently
generated MEFs and OSK virus, and four different non-targeting siRNA sequences as
negative controls. When compared to the negative controls, siRNA against 12 of the

58 miR-181 targets demonstrated fold increases in iPSC formation that achieved our
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cut-offs for statistical significance (p-value <0.01 and SSMD >2) (Fig 23a-b). In
contrast, only 3 of the random pools of siRNA demonstrated similar effects. To
verify siRNA targeting of these genes, the assay was repeated and total RNA was
collected 72 hours post-transfection for RT-qPCR analysis. Each siRNA pool
significantly reduced expression of the expected target genes (Fig 23c). Genes not
expressed in this context were removed from further analysis. To determine if the
effects on de-differentiation were due to targeting the expected gene, and not off-
target, siRNA with independent sequence were synthesized and verified (Fig 23c).
Both sets of siRNA were introduced into the de-differentiation assay. Eight miR-181
targets (Bptf, Lin7c, Cpsf6, Nr2c2, Bclafl, Nol8, Igfbp2, and Marcks) were verified,
whereas only 1 of the random genes remained consistent, demonstrating significant
enrichment for siRNA that enhance de-differentiation in sets against experimentally
predicted miR-294 and miR-181 targets (Fig 23d-e). Nearly all of the functional
miR-181 targeted genes were destabilized in the presence of the miRNA (Fig 23f).
We asked whether the remaining three genes were translationally inhibited by
these miRNA using luciferase reporter assays and found all of them to exhibit seed-
sequence dependent translational repression (Fig 24), confirming our identification
of eight novel and functional targets of miR-181. These data demonstrate that using
miRNA targeting to refine siRNA screens is an efficient method for identifying genes

of functional interest.

56



SSMD

1-20 2 4 6 8101214161820 -2 0 2 4 6 8 1012 14 16 18 20

a

Bptf
Nol8

SirCon1

miR-181

Lin7c

miR-181 targets
Bclaf1

Random Genes

TN DT P YN ® QO

(0160]) anjea-d

v

2
m »
O .
= AP pr—— . %
SYDIR| [r—— ¥
7dq7yh)| pr——— . %
B8|ON [r——
beymp *%
. 14B|D] [—— %
UN pp——
~ €12(eU( [r—— %%
Q ] 9450 [mm——
S X X0 ("IN
5 = >zu xx
k=) NG f—— %%
-
-
N =] ] © = I ]
— — o (=} (=} o o
4 3 R (£71dY 03 PaZI|EWLIOU) DWW [0JIUOD 0} DAIIE|I
DIWIW PLYL-YIW YIM S4JN Paleall-ySO Ul s|aAd)| 1dudsues|
L -
o
] s
<
g < * Ih* P
w Z
]
£
.m, s h LuoDYIS
5 2 Q ] 2 B o E
| N | $91U0|03 + d4D-4320 91 Ao J0 12qUINN
v
zeydo 14p>
[y % BRI
LuIsniy zdqzybl
1ApD> 8ioN
BRI . oy
zdaqzyby
SIoN LePg
mmr_>>> — TN
Lyepg — €lfeug
TUN * 9sdd
g12feug E oL
9jsdd —
XOL'a'N q
szun Hoe
pdg = pLgL-giw
o o] e} < o~ o HuoHs
- o S} <) o [S] " S P S o o
(£1dY 03 pazijewiou) -~ o Ny -
$91U0J0D + 4497120 91 Ae( Jo JBqUINN
VNYIS [013U0D 01 9A1IR[31 YNYIS dYy1dads-auab T

YIM paleall s{3|N Pa1eal-ySO Ul sjand| adudsuel]

Random Genes

miR-181 Targets

siRNA against predicted miR-181 targets enhance iPSC inducti

ion.

Figure 23

verification (c-e), and MIMD (f) of siRNA against miR-181 targets

Quantificaiton (a), representative images (b),

and random genes during OSK-reprogramming as in Figures 15 & 16.
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Figure 24: MiR-181 directly targets Cpsf6, Nr2c2, and Nol8.

Top Panel: Schematic of 3'UTRs of candidate miR-181 target genes.

Bottom Panel: Expression of luciferase fused to indicated cloned regions in the presence or miRNA
control (miRCon) or miR-181.

Unlike miR-294, miR-181 did not accelerate the rate of colony formation or
day 16 colony size, suggesting that this miRNA only increased the frequency of
reprogramming events (Fig 25a). Consistently, when colony area was measured,
the majority of siRNA against miR-181 targets that enhanced reprogramming only
increased colony number (Group 1)(Fig 25b). Synergism through combinatorial
knockdown of miR-181 targets was less prevalent, suggesting a higher degree of
epistatic relationships (Fig 25c-d). These data support the conclusion that miR-294
and miR-181 enhance de-differentiation through multiple and partially overlapping

mechanisms, each regulated by different sets of cooperating target genes.
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Figure 25: MiR-181 functions through multiple targets to increase reprogramming frequency, not rate.
a) Quantification of colony number (top) and colony size (bottom) on days 10, 12, 14 and 16 post-OSK infec-
tion and transfection of either miR-181 or control (miRCon). Plots indicate 2.5, 50, and 97.5 percent tiles and
range. *=p-value < 0.05 and **=p-value < 0.005 compared to miRCon. n=13. b) Schematics (top row),
examples (second row) and categorization (bottom two rows) of miRNAs and siRNAs into groups based upon
effects on colony formation. Heatmaps depict the effects of control non-targeting siRNA (siRCon1-4), miRNA
or siRNA against miRNA targets on colony number and area. Colors indicate SSMD comparing experimental
wells to controls over three independent experiments. ¢) Heatmaps depicting effects of combining siRNA
against targets of miR-181 as in Figure 18. Colors indicate SSMD comparing combinations of siRNA to each
siRNA individually or in combination with siRCon. Top right depicts changes in colony number. Bottom left
indicates changes in colony area. d) Depiction of cooperative relationships between miR-181 targets. Lines
indicate cooperation (SSMD>2) of either area or colony number.

Part II: miR-294 and miR-181 Regulation Converges on

Wnt and TGF-Beta Signaling

Given that miR-294 and miR-181 demonstrated partially overlapping
functions, but no overlapping targets, we hypothesized that their individual

mechanisms might converge on known cellular processes or signaling mechanismes.
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As our lists of functional target genes were too small to conduct meaningful
enrichment analyses, we turned to high scoring computationally predicted targets
(Targetscan, context score <-0.25). Among the top signaling pathways were
Cadherin, Wnt, p53 and TGF-beta, each of which have been demonstrated to
regulate de-differentiation52°377.127 (Fig 26a). In addition, several pathways
previously unassociated with de-differentiation were identified including several
containing Akt signaling at their core (Insulin, Jak-STAT, Neurotrophin, Apoptosis).
To test whether miR-294 or miR-181 influence Akt signaling during early
reprogramming, Westerns for phosphorylated T308 and S473 AKT (phospho-AKT)
were measured. Forty-eight hours after transfection of miR-294, but not miR-181,
the ratio of activated AKT to total AKT was increased (Fig 26b-c). This activity is
likely due to miR-294 mediated suppression of PTEN, a known inhibitor of AKT
activity. Further, ectopic expression of a tamoxifen-inducible active AKT (M+Akt:ER)
enhanced colony formation only during the initiation phase, not the maturation
phase, of OSK reprogramming compared to controls (M-Akt:ER)12812° (Fig 26d.
These data establish Akt signaling as a novel positive regulator of early de-

differentiation that is influenced by miR-294.

Next we addressed whether miR-294 and miR-181 functionally regulated
Wnt and TGF-beta signaling, both pathways known to influence reprogramming.
Both miRNAs activated Wnt signaling during reprogramming as measured by
TopFlash activity and localization of B-catenin (Fig 26e-f). Similarly, TGF-Beta
signaling was regulated by both miRNAs as demonstrated by decreased endogenous

phosphorylated-SMAD2 during OSK reprogramming (Fig 26g).
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Figure 26: MiR-294 and miR-181 converge on multiple signaling pathways. a) Ten most enriched signal-
ing pathways common to predicted miR-294 and miR-181 targets. b) Representative Western blot detecting
total and phoshpo-Akt levels in reprogramming MEFs treated with indicated siRNA and miRNA, serum starved
for 24 hours, and treated with IGF. c) Quantification of Westerns represented in b. n=3. d) Day 16 colony count
of MEFs infected with OSK and either inducible activated (M+) or inactivated (M-) Akt, treated with tamoxifen
during indicated time periods. n=5. e) Relative luciferase units from TopFlash reporter co-transfected into
serum starved and Wnt3a-treated reprogramming MEFS with indicated miRNAs. n=3. f) Representative
images (left) and quantification (right) of immuno-fluorescent B-cat staining in reprogramming MEFs treated
with indicated miRNA as in e. n=3. g) Representative images (top) and quantification (bottom) of Westerns
detecting Smad2 and phospho-Smad2 in reprogramming MEFs treated with miRNA after 24 hours serum
starvation. n=4. h) Day 16 colony count of MEFs infected with OSK and treated with recombinant Wnt3a (left)
or Tgfbrl Inh (right) during indicated time periods. n=4. j) Day 16 colony count of MEFs infected with OSK and
treated with indicated combinations of recombinant Wnt3a, Tgfbr1 Inh and M+Akt:ER+Tamoxifen (Act. Akt) on
days 2-8. n=4. All error bars indicate standard deviation. *=p<0.05, **=p<0.005.

Previous studies did not address when Wnt signaling had its greatest effects,

while conflicting reports exist for TGF-Beta signaling inhibition>2>3. Therefore, we
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tested the effect of recombinant WNT3A and a small molecule TGFBRI inhibitor
(Tgfbr Inh) on colony formation when added at either days 2-8 or 8-14. WNT3A
enhanced colony formation exclusively during early reprogramming, whereas Tgfbr
Inh functioned equally in both stages (Fig 26h-i). As each of these pathways
functioned early in de-differentiation and are regulated by miR-294 or miR-181, we
predict that they may cooperate in a similar fashion to miRNA targets. Combinations
of activated M+Akt:ER, WNT3A, and Tgfbr Inh were added on days 2-8 of OSK-
reprogramming. Activated Wnt and Akt signaling together did not further enhance
colony formation, indicating potentially redundant or converging roles of these
pathways (Fig 26j). Conversely, TGF-Beta signaling inhibition demonstrated
significant cooperation with either activated Wnt or Akt signaling (Fig 26j). These
data show that miR-294 and miR-181 converge to enhance reprogramming through
both the inhibition of TGF-Beta and activation of Wnt signaling, and miR-294 further

enhances reprogramming through activation of Akt signaling.

Part III: miR-294 Inhibits TGF-Beta Induced EMT

One of the initial steps in successful reprogramming is a MET. Interestingly, a
subsequent reversal EMT is a barrier to full reprogramming. TGF-Beta signaling has
been previously shown to induce EMT in several model epithelial cell lines,
including HaCat cells30. We therefore asked whether miR-294 could inhibit TGF-
Beta induced EMT. HaCat cells were treated with TGF-Beta 24 hours after

transfection with miRNA mimics. After 3 days of TGF-Beta treatment, HaCat cells
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underwent EMT with dramatic morphological changes accompanied by cell
individualization, actin reorganization into stress fibers, and loss of E-cadherin and
Z0-1 expression (Fig 27a-b). In contrast, expression of miR-294, but not miR-294
seed mutant, substantially inhibited TGF-Beta-induced EMT. To determine whether
this inhibition was due to direct alteration of TGF-Beta signaling, levels of TGFBRI,
TGFBRII and phospho-SMAD2/3 were determined via Western analysis. Strikingly,
miR-294 greatly reduced TGFBRII protein levels (Fig27c). Consistently, TGF-Beta
induced SMAD2 and SMAD3 phosphorylation was significantly abrogated as well.
These data suggested that Tgfbrll may be an additional direct target of miR-294.
Indeed, transcript analysis revealed three ESCC binding sites in the 3'UTR of Tgfbrll
(Figure 27d). The ESCC miRNAs miR-302b and the human miR-294 ortholog, miR-
372, inhibited translation of luciferase fused to this UTR, which was rescued by
mutation of the binding sites. Together, these data suggest that one mechanism by
which miR-294 inhibited TGF-B signaling enhances reprogramming is through
inhibition of Tgf-B-induced EMT, and that this inhibition is, in part, through direct

targeting of TgfbrlIl.
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Figure 27: miR-294 inhibits TGF-Beta-induced epithelial to mesenchymal transition through direct target-
ing of TGFBRII.

HaCaT cells were transfected with indicated miRNAs, then treated or not with TGF-Beta for 73 h and observed by
phase contrast microscopy (a), or fixed and subjected to immunostaining for F-actin, E-cadherin and ZO-1 (b). c)
Western blot showing levels of TFG-Beta receptors, phospho-Smad2 and phospho-Smad3 in HaCaT cells 0-60min
after TGF-Beta exposure in the presence of miRNA mimics. Cells were transfected with the indicated miRNAs 48 h
before TGF-Beta treatment. d) Luciferase analysis of TGFBRII 3'UTR. Seed matches for ESCC miRNAs in the 3'UTRs
along with mutant construct shown in top panel. Luciferase results after co-transfection with ESCC miRNAs
relative to mock transfection are shown in the lower panel after normalization to firefly luciferase values. Error
bars = SD. *=p-value <0.05.
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Part IV: Summary

Our data produce the two most extensive experimentally-verified miRNA-
mRNA networks yet reported, solidifying the postulate that miRNAs function though
co-regulation of many genes and pathways. In addition, this work supports the use
of miRNAs and their mRNA target interactions to investigate the mechanisms
behind developmental and cellular phenomena. Through unbiased screening of
miRNAs as well as identification and screening of individual mRNA targets, we
identified two miRNA families that target a combined twenty-five genes and three
signaling pathways that cooperatively function as barriers to early de-
differentiation (Fig 28). These data uncover diverse cellular pathways that can
cooperate to regulate cell state transitions, and provide significant insight into how

miRNAs coordinately regulate the gene networks that make up these pathways.
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Figure 28: Schematic summary of mechanistic insight into reprogramming provided by these studies.

a) miR-294 and miR-181 target two distinct networks of genes acting as barriers to reprogramming. Genes
represent two physiological barriers - 1) inhibition of the number of cells permissive to reprogramming and 2)
inhibition of the rate of reprogramming. b) miR-294 and miR-181 converge on two pathways regulating distinct
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Chapter 5: Discussion and Future Directions

MicroRNAs Function Through Many Targets

Recently developed profiling techniques have confirmed that individual
miRNAs can have hundreds of target transcripts!!3-116, Accordingly, it has been
commonly postulated that miRNAs likely work through regulation of large networks
of genes. However, experimental data for functional relevance of this magnitude of
co-regulation have not been reported. Indeed, hundreds of previous studies have
attributed miRNAs' mechanisms of action to one to three targets!31l. Frequently, if
siRNA knock-down of a single miRNA target recapitulates the biological effect of
over-expression of that miRNA, that gene is called the "dominant target". Here, we
have demonstrated that siRNA knockdown of many miRNA targets can recapitulate
the effect of the miRNA itself, suggesting that this approach cannot be used to
accurately identify the dominant target. Instead, these results solidify the postulate
that miRNAs function though co-regulation of many genes. Our workflow also serves
as a proof of principle for the utility of using miRNA target analysis to investigate

the mechanisms behind cell state transitions.
MicroRNAs Inhibit Distinct Barriers of Reprogramming

Through unbiased screening of miRNA, identification of targets and
screening of individual targets, we identified two miRNA families that target a
combined twenty-five genes expressed in early reprogramming that prevent de-
differentiation. Combining these networks with previously reported functions of

the target genes, we find that miR-294 and miR-181 target genes involved in
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promoting several previously reported barriers to differentiation including
activation of apoptosis / senescence / cell cycle arrest (Cdknla, Pten, Atm, Zfp148,
Hivep2, Bclafl, Lats2), EMT (TgfbRII), and the AMPK regulated metabolic switch
(Prkaa1)687072, In addition, the functional targets were enriched for regulators of
cytoskeleton dynamics / endocytosis / vesicular transport (Cfl2, Dpysl2, Pfn2, Pten,
Prkaal, Lin7c, Atm). Although these processes have no known role in somatic cell
de-differentiation, these data suggest that a distinct barrier to de-differentiation
may be the restructuring of the cytoskeleton. Further, at least three of the target
genes, Bclafl, Dpysl2 and Erapl promote early differentiation of somatic tissue!32-
134 In fact, ESCs that express dominant negative Erap1 or are deficient in Bclaf1 fail
to differentiate at all. This suggests that part of successful iPSC generation requires
the silencing of somatic programs and that miRNAs contribute to this process.
Finally, many of the functional miR-294 and miR-181 targets are poorly
characterized genes with little known function. It will be interesting to see how
these particular genes are inhibiting de-differentiation, especially considering that
their own cooperative relationships imply they function through independent

mechanisms.

MicroRNAs are De-stabilizers of Cell State

These studies demonstrate that the primary mechanism of miR-294 and miR-
181 enhancement is the down-regulation of MEF stabilizing genes. Indeed, given the
antagonistic relationship of miR-181 with mESCs, it is very likely that miR-181, in
particular, is functioning through inhibition of fibroblast programs. We also

identified the let-7 family as MEF-expressed miRNAs that inhibit the transition away
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from the somatic cell state. Consistent with miR-294 and miR-181 destabilizing the
fibroblast program, Let-7 targets many of the down-stream effectors of the
pluripotency network, as well as a few reprogramming factors themselves, such as
Myc and Lin28%. Indeed, Let-7 functionally destabilizes the pluripotency network
and mESCs. These data are consistent with the model that miRNAs function through
destabilization of cells types that are temporally or spatially similar in development
(Fig 29). Were this true, we would hypothesize that miR-294 and miR-181 could
prime MEFs for any induced cell state transition, and, conversely, that miR-181
could not prime cell states in the neuronal lineage for transitions. Experimental
approaches to answering these questions would make very interesting follow up

studies.

Pluripotent
Stem Cell

miR-294

Neural Embryonic
Precursor Fibroblast

Figure 29: Model depicting miRNAs destabilizing similar cell state.
Representative dominant miRNAs in each cell type are shown. Arrows and inhibi-
tion bars summarize data from this study and previous publications. The emerging
model suggests that dominant miRNAs buffer against transitions to other cell
states by destabilizing the programs of related cell types, thereby indirectly stabiliz-
ing the cell type endogenously expressing the miRNA.

Of particular note, consistent with our Let-7 data, this model predicts that
inhibition of endogenous miRNAs would enhance cell state transitions. Were this

true, it follows that over-expression of any non-toxic small RNA would enhance de-
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differentiation to some degree, due to over-saturation of RISC, effectively shutting
down endogenous miRNA activity. Indeed, during our screens, we noticed that each
siRNA set, including the randomly selected control set, contained 20-30% siRNA
which caused subtle increases in Oct4-GFP colony number. We predict this low level
of enhancement is likely due to indirect Let-7 inhibition. Researchers should be
aware of this potential side-effect of small RNA over-expression when studying cells

state transitions, and plan appropriate controls.
Conclusion

Together, our data support the evolutionary postulate that miRNAs play a
critical role in establishing and maintaining the myriad of highly specific and
functional cell states found in complex organisms. MiRNA are an efficient, specific,
and non-integrating tool for inducing cell state transitions, and their targeting
mechanism makes down-stream analysis of functional target genes an efficient
process. We look forward to the results of similar workflows applied to other cell
state transitions, and their potential impact on both clinically translatable and basic

developmental research.
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Materials & Methods

Cell Culture

MEF Generation

MEF generation was conducted as previously described3®. In brief, either
rosa26-Bgal;Oct4-GFP or Oct4-GFP embryos were harvested on E13.5. Heads and
visceral tissue were removed. Remaining tissue was disassociated with trypsin and
physical disruption and plated (P0O) in MEF media (high glucose (H-21) DMEM,
10%FBS, non-essential amino acids, L-glutamine, Penn/Strep, 55uM beta-

mercaptoethanol). MEFs were expanded to P3 and frozen.

Virus Production

HEK293T cells grown to approximately 70% confluence were transfected
with pCL-Eco and pMXs- or pWZL-expression plasmids at a ratio of 1:2 following the
Fugene 6 manufacture's protocol. At 24 hours, media was replaced with fresh MEF
media. At 48 hours, supernatant was harvested, filtered (0.45uM) and frozen at -80

degrees. Virus preparations were only thawed once before use.

Lentivirus: HEK293T cells grown to approximately 70% confluence were
transfected with pMDL, pRSV, pVSVG and pSIN-expression plasmids at a ratio of
1:1:1:2 following the Fugene 6 manufacture's protocol. Cells were left for 48 hours,

then harvested as above.
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De-differentiation

Oct4-GFP MEFs (P5) were plated onto gelatin coated Whatman Clear View or
Greiner uClear black-walled 96-well imaging plates at 900 cells / well. The next day,
50ul of each retrovirus-containing supernatant with 4ug/mL polybrene was added.
Day 1 post infection, virus was replaced with fresh MEF media. Thereafter, media
was changed every other day, with ES+FBS media (15%FBS, non-essential amino
acids, L-glutamine, Penn/Strep, 55uM beta-mercaptoethanol and Lif) days 2 to 6
post-infection and ES+KSR media [Knock-out DMEM (Invitrogen), 15% Knock-out
Serum Replacement (Invitrogen), non-essential amino acids, L-glutamine,
Pen/Strep, 55uM beta-mercaptoethanol and Lif] days 6 to 16 post-infection.
Supplements were added at indicated final concentrations: Tamoxifen (Sigma, 1nM),
recombinant Wnt3a (R&D Biosystems, 50ng/mL). E-616452 (BioVision, TgfbR
inhibitor, "RepSox", 1uM). Oct4-GFP expression and colony formation was assessed
on days indicated, usually day 16 post-infection. High throughput imaging and high
content analysis were conducted with the InCell Analyzer 2000 imaging station and
software suit (GE). Independent experiments are defined as independent MEF lots
infected with independent virus preparations. To validate pluripotency, day 16 iPSC
colonies were disassociated with trypsin and plated onto irradiated MEF feeder
layers (P1) and expanded. Passage 3 colonies were harvested for RT-qPCR and fixed

for immunohistochemistry. Passage 5 colonies were injected into blastocysts.
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Teratoma formation

iPS lines were grown on irradiated MEFs or gelatin, trypsinized, and resuspended in
PBS. One million iPS cells were injected subcutaneously per side in severe combined
immunodeficient (SCID) mice (NCI-Frederick). Tumors were removed when they
reached a size of 1-1.5cm in long diameter, fixed in 10% formalin, embedded in

paraffin, sectioned, and H&E stained.

Karyotyping

iPS cells were karyotyped as previously described3°.

Blastocyst Injection

Blastocyst injections to assay for chimeric contribution were performed as
previously described39.98. Blastocysts were obtained from E2.5 super-ovulated and
fertilized C57BL/6 females (Taconic). Blastocysts were washed in M2 media
(Specialty Media) and grown in KSOM media (Specialty Media) for 16h. 16h after
blastocyst collection, 10-15 iPS cells were injected into cultured blastocysts, which
were then transplanted into the uteri of E2.5 pseudo-pregnant Swiss-Webster
females (Taconic). For analysis of tissue contribution, embryos were collected on
E13, and stained for B-gal activity. For analysis of germ line contribution, embryos
were collected on E13 and gonads were isolated and imaged under fluorescence.
80% of implanted blastocysts demonstrated high-grade chimeric contribution of iPS

lines.
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Small RNA Transfections

MicroRNA mimics (MIRIDIAN) and siRNA pools (On-TargetPlus and
siGenome) were both generous gifts from Dharmacon. Transfections followed the
Dharmafect manufacturer’s protocol. DMEM containing 1uM RNA and DMEM
containing 6:1000 (v/v) Dharmafect 1 were pre-incubated at room temperture for
5min, then mixed 1:1. After 20min of room temperature incubation, transfection
mixture was added to fresh media on cells for a final RNA concentration of 100nM.

MTT assays to monitor cell viability post-transfection were performed as previously

described198,

Mir-290 promoter analysis

Previously published ChIP-seq data for c-Myc, n-Myc135, H3K4me3, and
H3K27me311% were downloaded as fastq files and aligned to the mm9 (NCBI Build
37.1) assembly of the mouse genome using Eland (GA Pipeline 1.0, [llumina). The
mm9 assembly contains the mir-290 locus38, which was missing from previous
assemblies. Following alignment, peak scores were assigned using the Findpeaks
3.1.9.2 algorithm136. The peak scores were normalized to the number of genome-

mapping sequence reads.

RT-qPCR
Total RNA was collected using either Trizol (manufacture's protocol) or

RNeasy spin columns (Qiagen, manufacture's protocol). For mRNA amplification,
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RNA (1-5ug) was treated with DNAse I (Invitrogen) and reverse transcribed using
the Superscriptase III kit (Invitrogen, manufacture's protocol) with polyT primers.
For miRNAs, qRT-PCR was performed either by using TagMan® miRNA assays
(Applied Biosystems) or by polyadenylating the miRNAs and then using a modified
oligodT reverse transcription primer as described previously!3” or using TagMan®
miRNA assays (Applied Biosystems). Total cDNA was diluted 1:5 and 1uL per
reaction was amplified using gene specific primer sets (500nM) and Power SYBR
Green PCR master mix (ABI). Endogenous and exogenous Oct4, Sox2, and Kilf4
primers were previously described®®. New primer sets are listed in (Table 3).
Specificity of all primer sets was verified through analysis of disassociation curves

in experimental, no RT, and water only samples.

Table 3: Primers used for qPCR amplification
Gene Forward Primer Reverse Primer
9530068E07Rik | CTGTGCAGCTGTTGTGTATG ACGCCACTTTCTGCTTTG
Bclafl GAGATGGGATTGTTGAAGATG CAAGTTCTGCTCCCTGTTG
Bptf AGTGTGCAGAAGTTCTTGAATC TTGCTGTGTCTAGCTTAGGTG
Brp44l| GCTATCAATGACATGAAGAAATC TTGTACCTTGTAGGCAAATCTC
Cdhl AACAACTGCATGAAGGCGGGAATC |CCTGTGCAGCTGGCTCAAATCAAA
cdknla CTGTCTTGCACTCTGGTGTC TTCTCTTGCAGAAGACCAATC
Cdyl GGAACCTTCACACAGGAAGTC TCAGCACTTCACATTCTCTCTC
Cfl2 TCTGGGCTCCTGAAAGTG TTAATATCGTCCAAGCCATTTAC
Cpsf6 TGACCGAGAGCGAGAATAC TCAATCACAAGAAGCAAACTG
Ddhd1 CCTTCAGCTTCACCCTCTAC ATAGCGGCTCTCCACAAG
Dnajc13 ATCCTCTCTCGGTCTTCAGTC ATGGCTGATGAGGATGTACC
Dnmt3L GGCCCTTCTTCTGGATATTC CGCATGCTTGCTCTTCAGCC
Dpysl|2 AGCAGGCACCACCTGTTC CCCAGGCTGGTGATGTTG
Hipk3 CAGCAGCGTTCCCTCAGC CGATGCCCAAAGTTTCCATTC
Hivep2 CCAGAAGGGCTTTATATCCTAAC CATAAGCACCTTCTTGGTCTC
Igf2bp2 CTACGCCTTCGTGGACTAC CTGGATTCTTCTGCTCCTTAG
Lin7c CCTCAAACGAGGAGATCAG CAGTAGCTCTACCGCTTTCTC
Marcks GTGCCCAGTTCTCCAAGAC GTTGGCTTGCAGCTCCTC
Nol8 TGGAGTGGTATGGGAGGTAG GACAATGGTTAATTTGCTTTCAC
Nr2c2 GACTTAACTGCTTTGGCTCAG TGCTGGGACTTCTTTGCTAC
Pten ACAAAGCAAACAAAGACAAGG GATTTGATGGCTCCTCTACTG
Rex1 GAAAGTGAGATTAGCCCCGAG GTCCCCTTTGTCATGTACTCC
Slug CACATTCGAACCCACACATTGCCT |TGTGCCCTCAGGTTTGATCTGTCT
Tox TTTCGAACGCAATCACTATC CATTTCCTGTATTTGGCTCTC
Ywhag AGCCCTGTGAAGATGGTG CCGTTCCTCATTGGACAG
Zfp148 AAAGAACTCACAGTGGAGAGAAG |TTTGATGGCACATCTGTTTAG
Lin28 AGTCTGCCAAGGGTCTGGAA CGCTCACTCCCAATACAGAACA
cMyc CAGAGGAGGAACGAGCTGAAGCGC|TTATGCACCAGAGTTTCGAAGCTGTTCG
Rpl7 GATTGTGGAGCCATACATTGCA TGCCGTAGCCTCGCTTGT
U6 CGCTTCGGCAGCACATATA TTCACGAATTTGCGTGTCAT
microRNAs MATURE SEQUENCE GCGAGCACAGAATTAATACGACT
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Immunohistochemistry

Cells were fixed for 15 minutes in 4% PFA, washed in PBT (PBS + 0.1%
Triton x-100), incubated for one hour at room tempurature with blocking buffer
(PBT+1% goat serum+2% BSA), then incubated overnight at 4 degrees in primary
antibody in blocking buffer as follows: Nanog 1:50 (Abcam ab21603), SSEA1 1:100
(Univ of lowa MC-480), Ecad 1:120 (BD Transduction Laboratories 610181), beta-
Catenin 1:100 (Cell Signaling 9587) and, JAM-1 (Santa Cruz Biotechnology, sc-
25629). For Nanog antibody, cells were also fixed with methanol at -20 degrees C for
5 min, prior to block. Cells were then washed in PBT, incubated for one hour at
room temperature in secondary antibody in blocking buffer (Alexa Fluor 1:1000
Invitrogen), and in some cases, rhodamine-conjugated phalloidin (Invitrogen),
washed in PBT with Hoechst 33342 1:10000 (Invitrogen), and stored in PBS before
imaging. Slides were mounted using ProLong Gold antifade reagent with DAPI

(Invitrogen).

HaCaT cell culture and EMT

HaCaT cells were cultured in DMEM with glucose (4.5 g/1) and 10% FBS. Cells were
plated at 100,000 cells per 6-well well and transfected the next day with miRNA
mimics (ThermoFisher) using Dharmafect 1 (ThermoFisher) according to
manufacturer’s protocol. Mimics were transfected at a final concentration of 40nM.
On day 2 post-transfection, cells were analyzed as follows. For signaling pathway
protein quantification, cells were serum starved with 0.5% FBS overnight, treated

with 2 ng/ml of TGF-b1l (HumanZyme) for indicated times and lysed. For RNA
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quantification, cells were split, then treated with TGF- b1 for 24 hours and lysed.
For morphological and immunocytochemical analysis of EMT, cells were split into
chamber slides, and treated with TGF- b1 for 72 hours before fixing and imaging. To
view the cell morphology or to monitor TGF- b-induced EMT, cells were observed
using a Leica DMI 4000B microscope, and bright field pictures were taken using a
Leica DFC 350FX camera. Images were analyzed using the Leica Application Suite
and Photoshop (Adobe) software. The TbRI kinase inhibitor SB431542 (Sigma-
Aldrich) was used at 5 mM in conditions without TGF- b treatment to inhibit

secreted autocrine TGF- b.

Statistical Analysis
For small scale experiments performed in three or more independent

experiments p-values were calculated using a student’s t-Test.

For large-scale siRNA screens, strictly standardized mean difference (SSMD)
was calculated to compare single experimental wells to either i) sets of four
matched scrambled siRNA transfected wells (Fig 2a and Fig 3b), ii) sets of sixteen
matched mock transfection wells (Fig 1b) or iii) sets of individual siRNA (Fig 3c and

Supp Fig 9) as outlined previously!21.

Generation of High Confidence Target Lists

Lists of genes significantly down-regulated by either miR-294 or miR-181

were obtained from previous publications. Specifically, for miR-294, microarrays
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were used to measure mRNA down-regulation upon addition of miR-294 to DGCR8-
/- mESCs?’. For miR-181, SILAC analysis was used to measure protein down-
regulation upon addition of miR-181 to HeLa cells!!4. In both cases, authors’ cut-offs
for significant down regulation were used. To these lists, known miR-294 family or
miR-181 family targets were added120.123-126_ Genes were then required to have miR-
294 or miR-181 binding sites in mouse, and to be expressed during the course of

MEF to iPSC reprogramming’3.

Luciferase Assays

All experiments were performed using the Dual-Luciferase Reporter Assay
System (Promega) on a dual-injecting SpectraMax L (Molecular Devices)
luminometer according to the manufacturer's protocol. Ratios of Renilla luciferase
readings to firefly luciferase readings were averaged for each experiment.
Replicates performed on separate days were mean centered with the readings from

the individual days.

B-catenin reporter assay: Topflash reporter plasmid was obtained from
Addgene (plasmid 12456)138. Mouse embryonic fibroblasts were cultured in Oct4,
Sox2 and Klf4 reprogramming conditions described above. 24h post retroviral
infection, cells were transfected with miRIDIAN miRNA mimics (Dharmacon) using
Dharmafectl (Dharmacon) as described above. 72h post retroviral infection, cells
were transfected with TOPFlash reporter plasmid (final concentration 1ng/ul) and

TK-renilla transfection control plasmid (Promega) (final concentration 0.33ng/pl)
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using Promega Fugene6 transfection reagent according to manufacturer’s protocol.
Recombinant murine Wnt3a (R&D biosystems) was added to the transfection mix at
a final concentration of 25ng/ml in ESC media. The cells were lysed 24h after

TOPFlash transfection/Wnt3a stimulation, and the luciferase assay was performed.

Target verification reporter assay: 3'UTRs of indicated genes were amplified
from the mouse genomic DNA cells using the Zero Blunt TOPO (Invitrogen) vector
and subcloned into psiCHECK™-2 vector (Promega) using the Cold Fusion Cloning
Kit (System Biosciences). 3'UTR seed sequences were mutated using the
Quickchange Lightning kit (Agilent). For transfection, 8,000 miRNA-deficient
Dgcr8-/- mouse ESCs were plated in ESC media onto a 96-well plate pretreated
with 0.2% gelatin. The subsequent day, the cells were transfected with miRIDIAN
miRNA mimics (Dharmacon) using Dharmafectl (Dharmacon) at the manufacturer's
recommended concentration of 100 nM. Simultaneously, 200 ng of the psiCHECK-2
construct was transfected into the ESCs using Fugene6 (Roche) transfection reagent
according to the manufacturer's protocol. Transfection of each construct was
performed in triplicate in each assay. The cells were lysed 24h after transfection,

and the luciferase assay was performed.

Western Blot Analysis

MEFs were cultured in Oct4 Sox2 Klf4 reprogramming conditions as
described above. 24h post retroviral infection, cells were transfected with miRIDIAN

miRNA mimics (Dharmacon) with Dharmafect1 (Dharmacon) as described above.
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72h post infection, cells were either serum starved (high glucose (H-21) DMEM,
0.5% FBS, non-essential amino acids, L-glutamine, Penn/Strep, 55uM beta-
mercaptoethanol) or media was changed to regular ESC media. For some assays,
16hrs after serum starvation / media change, serum starved cells were stimulated
with IGF1 protein (Abcam) for five minutes at a concentration of 6nM in serum
starvation media. Lysates were collected in lysis buffer (25 mM Tris-HCI, pH 7.9,
150 mM NacCl, 0.1% Nonidet P-40, 0.1 mM EDTA, 10% Glycerol, 1mM DTT)
containing 1x protease inhibitor cocktail (Roche) and 1xPhosSTOP Phosphatase
Inhibitor Cocktail (Roche). Lysates were incubated at 4 °C for 10 min rocking then
collected by scraping. After three snap freeze-thaw cycles, lysate was spun at 4 °C
and approximately 20,000g in a table-top centrifuge. Protein was quantified using a
Bio-Rad protein assay (Bio-Rad). Five micrograms of protein was resolved on a 10%
SDS-PAGE gel. Proteins were transferred to Immobilon-FL (Millipore) and
processed for immunodetection. Blots were scanned on a Licor Odyssey Scanner
(Licor). Antibodies were diluted as follows: GAPDH 1:5,000 (Santa Cruz, sc-25778),
Phospho-Akt (Ser473) 1:2000 (Cell Signaling, #4060), Phospho-Akt (Thr308)
1:1000 (Cell Signaling, #2965), Akt (pan) 1:1000 (Cell Signaling, #2920), PTEN
1:2000 (Cell Signaling, #9552), Dpysl2/Crmp2 1:1000 (Cell Signaling, #9393)
Phospho-Smad?2 (Ser465/467) 1:1000 (Cell Signaling, #3108), Smad2 1:1000 (Cell
Signaling, #3103). Secondary infrared-dye antibodies from Licor were used at

1:25,000. Images were quantified using Odyssey Software.
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MicroRNA mimic stability assays

The miR-302 sponge consists of complementary sequences to mature miR-
302b miRNA with mismatches corresponding to basepairs 9-12 of the mature
miRNA. miR-302b sponge sequence corresponding to basepairs 9-11 of the mature
miRNA sequence were designed to be identical and a basepair corresponding to 12
was removed from the sponge. The intentional mismatches and deleted basepair in
the sponge sequence were designed to induce a bulge in the basepairing between
the mature miRNA and the sponge sequence to prevent endonucleolytic cleavage
such as those occurring from exact basepairing siRNAs. The sponge sequence is
CTACTAAAACACCTAGCACTTA. This sequence was repeated seven times with
random 8 bp sequences between each repeated sponge site. The 7X miR-302b
sponge fragment was cloned downstream of GFP in the pSIN construct using Mlul

and Nsil restriction sites.

NIH 3T3 fibroblasts were infected with GFP-302-sponge-puro lentivirus
supernatant with 4ug/mL polybrene. After 24h, media was replaced by MEF media.
After 48h, cells were split to 40% confluency and puromycin (1pg/ml) was added to
this and subsequent media changes. After 10 days, foci of puromycin resistant
fibroblast colonies became visible. Cells were grown to high confluency and frozen
for subsequent experiments. GFP-302-sponge stably expressing fibroblasts were
plated at a confluency of 300,000 cells per 6-well dish in MEF media and puromycin
(1pg/ml). The subsequent day, the cells were transfected with miRIDIAN miRNA
mimics (Dharmacon) with Dharmafectl (Dharmacon) at the manufacturer's

recommended concentration of 100 nM. For 10 days following transfection, GFP
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expression was assessed using FITC-Intensity measurement by flow cytometry
(LSRII) and fluorescence microscopy. Cells were kept at constant confluency by 1:3

split every 24h.

Animal Use

All animal experiments described in this article were approved by the
Institutional Animal Care and Use Committee of the University of California San

Francisco.
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During the course of these studies, [ have been extremely fortunate to be part
of an incredible team of researchers, and have received invaluable intellectual
contribution, advice, mentorship, and technical training from both within the
Blelloch lab and from the greater UCSF community. I have acknowledged those
individuals who provided the most pivotal support as a preface to this manuscript.
In this section, I would like additionally identify and thank those researchers who

directly performed experiments depicted and discussed in the previous chapters.

Joshua E Babiarz conducted the miR-290 promoter ChIP analysis (Fig. 10a&c).

Monica Venere helped significantly with the analysis of the miR-294+0SK chimeras
(Fig. 9g).
Collin Melton and I worked very closely for all of the Let7 experiments (Fig.

12&13).

Tobias Greve was a student of mine who was an instrumental collaborator in
several of the experiments discussed above. These include miR-294 and miR-181
target verification (Fig. 16b-d & Fig. 24), miR-181+0SK chimera generation (Fig.
20d-e), miRNA activity reporter assays (Fig. 21 c-d), and the miR-294 & miR-181

pathway regulation assays (Fig. 26 b,c&e-g).

Ronald Parchem both designed and developed the miRNA reporter construct (Fig.
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21b) and provided significant aid with the miR-181+0SK chimera generation and

analysis (Fig. 20d-e).

Samy Lamouille and Deepa Subramanyam were both long-term collaborators on

many projects, including the EMT studies discussed here (Fig. 27a-c).

Jason Liu performed constructed and performed the luciferase assays confirming

TGFBRII as an ESCC target (Fig. 27d)

It has been both an honor and a joy working with each of you. I hope that you
learned as much from our projects and interactions as I have. Thank you for your

dedication, quality work and friendship.
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