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The field of stem cell biology is moving forward at an unprecedented rate in
part due to the discovery that adult somatic cells can be reprogrammed to a pluripotent
stem cell like state. The factors first used in reprogramming were transcription factors
such as OCT4, SOX2 and NANOG, and the RNA-binding protein LIN28. Like

transcription factors, RNA-binding proteins (RBPs) control vast networks of gene
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targets to direct pathways in the cell; however, for RBPs this is accomplished through
post-transcriptional binding to RNA transcripts. Only recently has it been possible to
survey the transcripome-wide RNA binding interactions of a protein, through isolation
of endogenous RBP-RNA complexes paired with high-throughput sequencing
technologies. Using cross-linking followed by immunoprecipitation of protein-RNA
complexes and sequencing of isolated transcripts (CLIP-seq) we have identified
LIN28 binding sites throughout the human transcriptome. The resolution of our data
enabled us to define characteristic LIN28 mRNA interactions at GGAGA rich motifs
within unpaired regions of hairpin loops. This binding pattern mimics interactions
described for LIN28 binding within let-7 family microRNA precursors. The ability to
consider LIN28 targets on a global scale enabled the identification of RNA processing
factors, in particular splicing factors, as prevalent functions encoded by LIN28 bound
RNAs. This information helped to accurately predict which of the thousands of LIN28
targets would be functionally regulated. We found evidence that LIN28 increases the
protein production of splicing factors resulting in massive rearrangement of RNA
transcripts through downstream splicing changes. Subsequent transcriptome-wide
studies of LIN28 have confirmed these findings despite differences in the pool of
direct targets defined by individual reports. Taken together, we understand that LIN28
can bind to a wide network of transcripts, influencing development through these
direct RNA interactions and via downstream effects. Combinatorial approaches in the
study of LIN28 using changes in RNA-levels, protein production, strength of CLIP-

seq binding, and ontological classification of gene targets have extracted meaningful
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information about mechanisms of LIN28 regulation. We expect that application of
similar methods will enable studies of additional RBPs. For example, in the study of
other stem cell enriched proteins like the IGFII-mRNA binding proteins (IG2BP or
IMP). Furthermore, the overlap of other regulatory networks hold promise of
highlighting novel hubs of regulation that may be exploited in reprogramming or
directed differentiation. The next step is to use these connections to explain how
genetic changes within an individual can affect RBP function and result in disease. We
can apply in vitro modeling of development using directed differentiation to iteratively
test how the connection of LIN28 to its target transcripts impacts its role in

development and disease.
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CHAPTER 1 - INTRODUCTION

RNA-BINDING PROTEINS CONTROL THE TRANSCRIPTOME

The fate of the transcriptome ultimately determines the fate of the cell, and it is
RNA-binding proteins (RBPs) that critically control processing of these transcripts
(Dreyfuss et al., 2002). Regulation of eukaryotic messenger RNA (mRNA) begins at
the point of transcription, or co-transcriptionally. RBPs control the processing of the
transcribed precursor mRNA (pre-mRNA) to affect splicing and modifications such as
polyadenylation and methylation. Next, RBPs mediate the transport of the processed
mRNA into the cytoplasm and to the final location of translation (Keene, 2007; Martin
and Ephrussi, 2009). Lastly, protein translation from mRNA transcripts can be
enhanced or hindered by RBPs (Moore and Proudfoot, 2009; Sonenberg and
Hinnebusch, 2009).

The transcriptome consists of many classes of RNAs beyond protein-coding
mRNAs such as small nucleolar RNAs (snoRNA), micro-RNAs (miRNAs), long non-
coding RNAs (IncRNAs), short interfering RNAs (siRNAs), Piwi-interacting (pi-
RNAs) and likely more yet to be classified (Brown et al., 1992; Carninci, 2009; Lee et
al., 1993; Maxwell and Fournier, 1995; Siomi et al., 2011; Wightman et al., 1993).
The vast majority of these will rely upon RBPs for production or function. This
general description only begins to brush the surface of the complex network of
regulatory functions and outcomes controlled through RNA-protein formations,
referred to as ribonucleoprotein complexes (RNPs). Due to their function as critical

RNA regulators a number of RBPs have been associated with neurological disorders



and cancer (Baltz et al., 2012; Castello et al., 2012; Lukong et al., 2008). Specifically
the action of RBPs such as TDP-43 and FUS/TLS have been shown to play roles in
the formation of cytoplasmic aggregates that are hallmarks of amyotrophic lateral
sclerosis (ALS, also known as Lou Gerig’s Disease), Alzheimer’s, and other
neurological disorders (Arai et al., 2006; Kapeli and Yeo, 2012; Lagier-Tourenne et
al., 2010; Neumann et al., 2006). In addition, the re-expression of early developmental
proteins has been documented in various types of cancers leading to the classification
of some RBPs, including LIN28 and IMP1, as oncofetal regulators (Bell et al., 2013;
Zhou et al., 2013).

RNA-binding proteins are an abundant class of proteins in terms of the number
encoded in the genome, and also their level of expression across all cell types. For
example, various members of the heterogeneous nuclear ribonucleoparticle protein
family (hnRNP) of RBPs alone are differentially expressed and localized, and even
vary in isoform preference across a wide-range of cell types (Kamma et al., 1995;
Kamma et al., 1999). To add to this complexity the hnRNPs, like other RBP protein
families, are known to have both compensatory and antagonistic roles (Huelga et al.,
2012). This family of proteins alone begins to paint a picture of the intricate
relationship between RBPs. Although a comprehensive review of all RNA and RBP
biology is beyond the scope of this dissertation, the study of one RBP, LIN28 provides
insights into regulation of various RNAs by a widely important, developmentally
regulated protein. Its regulation of different classes of RNA transcripts, for example

miRNAs and mRNAs, with differential outcome in response to target binding,



provides an array of examples that demonstrate how we address questions of mRNP
biology. Furthermore, the understanding of LIN28 as the center of a complex genetic
circuit made of transcriptional regulation by DNA-binding factors, cooperation with
other RBPs, and downstream effectors on thousands of RNA targets highlights the
integration of RNA regulatory networks. In the following sections miRNAs and
LIN28 regulation are discussed in depth within in the context of foundational RBP and

transcriptome studies.

LIN28A AND LIN28B FAMILY RNA-BINDING PROTEINS

The /in-28 gene was first studied in C. elegans (Ambros and Horvitz, 1984),
but it is conserved throughout animal species to mice (Lin28) and humans (LIN28).
Higher vertebrates have two paralogs of this gene, LIN28A and LIN28B. C. elegans
mutants lacking /in-28 are precocious, such that their seam cells perform an L3
specific pattern of cell division at the expense of L2 patterns (Ambros and Horvitz,
1984). Furthermore, Ambros and Horvitz observed that /in-28 mutant worms
expressed L4 state-specific events up to 2 stages early (Ambros and Horvitz, 1984).
Importantly, mutant animals with these early developmental defects also exhibited
lasting dysfunctions at the V5 adult stage. This early work established LIN28 as a
heterochronic gene, that is, one that regulates the timing of developmental events. This
critical regulation by LIN28 during development is a feature conserved from worms to
humans. Indeed, LIN28 is an important factor in development as Lin28a knockout

mice fail to thrive and more than 93% die within one day of birth (Shinoda et al.,



2013; Zhu et al., 2010). Ectopic LIN28 expression on the other hand, leads to
overgrowth and delayed sexual development (Zhu et al., 2010). In humans genetic
variations at the Lin28B locus have been associated with differences in height and
timing of puberty (He et al., 2009; Lettre et al., 2008; Ong et al., 2009; Ong et al.,
2011; Perry et al., 2009; Sulem et al., 2009). These examples illustrate the far-reaching
effect of LIN28 on organisms. Below we discuss these and other phenotypes that
dependent on LIN28 function.

LIN28 expression is almost entirely confined to the undifferentiated cells of
early tissue development, such as embryonic stem cells and embryonic carcinoma
cells (Yang and Moss 2003; Richards et al., 2004; Wu and Belasco, 2005). This
expression profile made LIN28 an early candidate for a ‘stemness’ marker (Richards
et al., 2004). This concept was driven home when Yu and colleagues used LIN2S,
along with the transcription factors OCT4, SOX2, and NANOG to reprogram human
somatic cells into induced pluripotent stem cells (iPSCs) (Yu et al., 2007). Following
these reports there has been intense efforts to better understand the function,
mechanism, and networks by which LIN28 acts. Although LIN28A and LIN28B have
been suggested to have redundant roles in many aspects, more careful studies have
identified differences in their expression patterns and affects on some target RNAs
(Gaytan et al., 2013; Pisokonova et al., 2012; Wilbert et al., 2012). In particular,
LIN28A expression seems to be more influential and prevalent in undifferentiated
cells and early tissues, while LIN28B activity was found to be important in the

regulation of adult tissues (Gaytan et al., 2013; Shinoda et al., 2013). The expression



of the mRNAs profiled across human tissues is shown in Figure 1. Looking at these
values we see that appreciable LIN28A levels are only found in adult skeletal muscle

as was originally reported in mouse studies (Yang and Moss, 2003).

Protein Structure

The LIN28 protein contains two RNA-binding domains: a cold-shock domain
(CSD) and a set of retroviral-like CHCC zinc-finger knuckles through which it can
bind to nucleic acids (Moss et al., 1997). It is the only animal protein known to
contain this combination of RNA-binding domains. Cold-shock domains, like the one
found within LIN28, are known to bind single-stranded RNAs (ssRNAs) with poly-
pyrimidine tracks (Phadtare and Inouye 1999; Max et al. 2006, 2007; Nam et al. 2011;
Mayr et al. 2012). Although CSDs are most commonly found in DNA-binding
proteins the motif is also similar to the RNA-binding motif of RNP-1 and is found in a
number of RNA-binding proteins (Landsman, 1992). The zinc-finger domain (ZFD) of
LIN28 is a retrovirus-like set of two zinc-finger knuckles that resemble the ZFD of the
HIV-1 nucleocapsid protein NCp7 (De Guzman et al., 1998). A flexible linker peptide
joins this set of RNA-binding domains, presumably allowing LIN28 to accommodate
binding to RNA targets that vary slightly in sequence and structure (Nam et al., 2011).

In vertebrates both LIN28 paralogs, LIN28A and LIN28B, have this protein
structure. There is high homology between the LIN28A and LIN28B paralogs, with
76% amino acid identity reported for their protein-coding regions (Piskonova et al.,

2011). Clustal Omega alignment of the LIN28A and LIN28B resulted in a 66.84%



amino acid sequence identity (Figure 2). Alignment of the nucleotide sequences of the
LIN28A and LIN28B 3'UTR resulted in a 55.96% identity between these regions
(compared to 57.73% identity for the entire mRNA sequences). Interestingly, the
different LIN28A proteins are more similar across different species than they are to
the LIN28B paralog in the same organism (Guo et al., 2006). The term LIN28 has
been either used to refer to the LIN28A protein, or to the family of both proteins.
Alternative names for LIN28A in human are Protein lin-28 homolog A, CSDDI,
ZCCHCI, or Zinc finger CCHC domain containing protein 1. LIN28B in humans is
named Protein lin-28 homolog B, or CSDD2. Lower species, like the nematode C.
elegans also have a conserved LIN28 protein (/in-28) that seems most closely related
to the vertebrate LIN28B gene. These are small ~ 28kDa proteins; LIN28A is 209 AA
and LIN28B is slightly bigger at 250 AA (Figure 2). There is also a truncated, small
isoform of LIN28B, LIN28BS (180 AA, 23 kDa), which is missing half of the CSD
and N-terminus end of the protein. The zinc finger knuckles of LIN28BS are still
intact and likely still bind RNA; however, a functional comparison with the full length

LIN2&B has not been conducted.

Cellular localization

Cellular compartmentalization of proteins and RNAs controls their access to
co-factors, thereby affecting possible outcomes of binding events. The primary
localization of LIN28 expression is within the cytoplasm (Balzer and Moss, 2007; Guo
et al., 2006; Polesskaya et al., 2007). Point mutations in both the CSD and CCHC-zinc

fingers result in Lin28 localization entirely to the nucleus (Balzer and Moss, 2007).



This suggests that it is the RNA targets of LIN28 that in some way dictate its nuclear
export and ultimate destination in the cytoplasm. For example, Lin28 will also localize
to processing bodies (P-bodies) only when both of its RNA-binding domains are intact
(Balzer and Moss, 2007). P-bodies are sites of translational repression and lack any
ribosome components or translation factors. Small RNAs can guide their target mRNA
to P-bodies. It is possible that this is a way small RNAs play a role in Lin28
regulation, that is, by determining the ultimate location of Lin28-bound-RNAs.
However, some localization events of LIN28 are likely to be RNA independent as
evidence by its aggregation in stress granules under stress conditions despite CCHC
and CSD mutations (Balzer and Moss, 2007).

Localization of LIN28-mRNA complexes could also be directed by other
RBPs bound to the same RNA target within a functional mRNP complex or through
protein-protein interactions with LIN28 itself. LIN28 localization to sites of active
translation within polysome fractions has been associated with direct or indirect
interactions with components of the translational machinery such as translation
initiation factors and elongation factors, although the cause-and-effect of these
interactions has not been tested (Balzer and Moss, 2007; Polesskaya et al., 2007).
There is evidence that the RBP Musashil (Msil), which also interacts with LIN28
(Polesskaya et al., 2007), does have an active role in increasing LIN28 localization to
the nucleus during differentiation (Kawahara et al., 2011). LIN28 can still associate
with target transcripts with mutations in a single RNA-binding domain; however,

functional consequence of binding is diminished (Balzer et al., 2007; Jin et al., 2011).



This demonstrates that LIN28 is promiscuous in binding contacts, yet selective in
those specific interactions that trigger a functional impact on the bound RNA. This
provides clues for interpretation of transcriptome-wide LIN28 binding maps discussed
in Chapters 2 and 3.

More recently, mouse Lin28b expressed in human cells, and endogenously in
human cancer cells (H1299) was described primarily within the nucleus (Piskonova et
al., 2011). These findings may have been overstated as some Lin28B expression can
still clearly be seen within the cytoplasmic faction of Lin28B expressing cells (Figure
2C, Piskonova et al., 2011). Endogenous and exogenously expressed LIN28B and
LIN28A were shown to be primarily cytoplasmic in HEK293 cells, with about 30% of
LIN28B found in the nuclear fraction (Hafner et al., 2013). Some nuclear localization
of LIN28B is expected, in particular nucleolar localization, due to the presence of both
a functional nuclear and nucleolar localization signal in its C-terminus end and
flexible linker region, respectively (Piskonova et al., 2011). The functionality of a
sequence in LIN28A closely related to the LIN28B nucleolar localization signal has
not been tested. However, there is evidence that Lin28a is actively transported to the
nucleus (Balzer and Moss, 2007). In other cell types, such as differentiated myotubes
10-15% of LIN28A was found localized to the nucleus (Polesskaya et al., 2007), or
transported to the nucleus in a cell-cycle dependant manner (Guo et al., 2006). Further
studies will be required to fully describe how selective mechanisms control LIN28

localization and how this relates to the regulation of individual target RNAs.



LET-7 MICRORNAS ARE CRITICALLY CONTROLLED BY LIN28

A major component of LIN28 regulation is its role in a double-negative
feedback loop with the let-7 microRNA (miRNA). More specifically, LIN28
negatively regulates let-7 biogenesis and let-7 negatively regulates LIN28 expression.
This aspect of LIN28 biology is tied to the reciprocal expression of these regulators
during differentiation and turmorigenesis (Rybak et al., 2008; Viswanathan et al.,
2008; Viswanathan et al., 2009). Below we discuss the foundations and our

understanding of this of this relationship in more detail.

MicroRNAs are a large class of post-transcriptional regulators

Of the recently identified small non-coding RNAs, microRNAs (miRNAs)
have been intensely studied; in large due to the overreaching impact they have on gene
regulation. MicroRNAs (miRNAs) are a class of ~21-23 nucleotide long non-coding
RNAs that have critical roles in diverse biological processes that encompass
development, proliferation, apoptosis, stress response, and fat metabolism. The field of
miRNA biology emerged with the discovery that the gene /in-4, which controls
developmental timing in the nematode Caenorhabditis elegans, surprisingly did not
code for protein, but instead acted as a ~22 nt RNA transcript (Chalfie et al., 1981;
Lee et al., 1993). Experiments showed that this small RNA molecule regulated its first
known target, /in-14, by base-pairing to the 3’ untranslated region (3" UTR) of lin-14
mRNA via partial sequence complementation (Lee et al., 1993; Wightman et al.,

1993). The downregulation of 1in-28 in C. elegans also depends upon a short /in-4
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target sequence in its 3' UTR (Moss and Tang 2003). This work established the
dogmatic understanding of miRNAs as post-transcriptional regulators that target the 3’
UTRs of protein-coding genes to repress gene expression. Since then, miRNAs have
been shown to play a variety of regulatory roles and target other genic regions in
addition to 3’ UTRs (Brennecke et al., 2005; Easow et al., 2007; Grimson et al., 2007;
John et al., 2004; Lytle et al., 2007; Nakamoto et al., 2005; Place et al., 2008;
Vasudevan et al., 2007).

The discovery that the second characterized miRNA, let-7 (Reinhart et al.,
2000) was evolutionarily conserved across bilateria (Pasquinelli et al., 2000) and that
its expression was regulated through the course of development, sparked concerted
efforts to identify other miRNAs and elucidate their functions. A framework to study
the consequences of miRNA regulation emerged from findings that mRNA 3’ UTRs
widely contain evolutionarily conserved elements that are complementary to the 5’ end
of certain miRNAs and mediate repression by these miRNAs (Brennecke et al., 2005;
Doench and Sharp, 2004; Lee et al., 1993; Lewis et al., 2005; Lewis et al., 2003; Moss
et al., 1997; Reinhart et al., 2000; Slack et al., 2000; Wightman et al., 1991; Wightman
et al., 1993). For example, within the 3' UTR of the protein-coding gene lin-28 there
are let-7 complementary sites that first suggested let-7 recognizes and regulates lin-28
mRNA (Pasquinelli et al., 2000; Reinhart et al., 2000). The finding that a mutation in
the miRNA Jet-7 partially suppresses the /in-28 mutant phenotype supported this idea
(Reinhart et al., 2000). The short stretch of nucleotides at the 5' end of the mature

miRNA that pairs with target sequences is known as the ‘seed sequence’ (Lewis et al.,
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2005; Lewis et al., 2003). Families of miRNAs share high sequence homology
throughout their length, but in particular have matching seed sequences, and hence
often target the same sites within mRNA. In all there are twelve let-7 family miRNAs
from eight individual loci have been annotated in humans, including let-7a-1, -2, -3;
let-7b; let-7¢; let-7f-1, -2; let-7g; let-71; miR-98) (Griffiths-Jones et al., 2006; Johnson
et al., 2005).

Subsequent studies have solidified our understanding that let-7 miRNA family
members bind to the 3' UTR of LIN28 mRNA and repress its protein production
(Morita and Han, 2006; Rybak et al., 2009; Rybak et al., 2008; Wu and Belasco, 2005;
Zisoulis et al., 2010) (Melton et al., 2010). Another miRNA, miR-125b, is also
capable of binding to its seed complementary site and repressing Lin28 expression
(Wu and Belasco, 2005). MiR-125b and miR-125a are the human homologues of C.
elegans lin-4 that acts in lin-28 regulation to control hypodermal stem cell self-
renewal (Lagos-Quintana et al., 2002). In hematopoietic lineage specification of K562
human cells, miR-181 can directly bind its target sequence in the LIN28 3' UTR
thereby repressing its expression and enabling megakaryocytic (MK) differentiation
(Lietal., 2012b).

From these foundations, the field of miRNA biology has quickly progressed.
Once researches understood that each miRNA could target many mRNAs, and thereby
have a profound effect on cellular physiology, they sought to define these networks of
targets. It has been estimated that miRNAs collectively regulate ~30% of all human

genes (Lewis et al., 2005). Consequently, misregulation of miRNAs or disruption of
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their target sites in genes has been implicated in a variety of human diseases ranging
from cancer metastasis to neurological disorders (Chou et al., 2013; Goodall et al.,
2013; Mishra et al., 2008). With the development and availability of genomic
technologies and computational approaches, the field of miRNA biology has advanced
tremendously over the last decade. High-throughput sequencing and accompanying
computational algorithms have enabled transcriptome profiling in response to miRNA
expression and identification of miRNA target sites through its association with the
RISC complex (see below). These global miRNA studies were some of the first
genome-wide approaches applied to the study of mRNPs, and have allowed for the
discovery of new miRNAs, the characterization of their targets, and a systems-level

view of their impact on cellular function (see (Wilbert et al., 2012).

MicroRNA biogenesis relies on the action of RNA-binding proteins

Each step of miRNA biogenesis and function is regulated and made possible
by RNA-binding proteins. MiRNAs begin as primary transcripts (pri-) transcribed by
RNA polymerase II either independently, in polycistronic clusters, or within the
introns of protein-coding genes (Bartel, 2004; Lagos-Quintana et al., 2001; Lau et al.,
2001; Lee et al., 2002b). Primary miRNA transcripts are typically one the order of
kilobases long and are capped, spliced, and polyadenylated (see Kim 2005 for review).
Pri-mRNAs are processed into precursor (pre-) miRNAs by the Microprocessor
proteins Drosha and DGCRS8/Pasha (Cai et al., 2004; Lee et al., 2003). Drosha is a

RNase III endonuclease RNA-binding protein that cleaves the pri-miRNA leaving a 5'
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phosphate and ~2 nt 3' overhang on the RNA ends (Basyuk et al., 2003; Lee et al.,
1993). The resulting pre-miRNA forms a characteristic hairpin structure and is
exported into the cytoplasm by Exportin-5 and Ran-GTP (Bohnsack et al., 2004; Lund
et al., 2004; Yi et al., 2003). In the cytoplasm Dicer, another endonuclease III protein,
processes the pre-miRNA into a miRNA/miRNA* duplex (Grishok et al., 2001;
Hutvagner et al., 2001; Jaskiewicz and Filipowicz, 2008; Ketting et al., 2001; Knight
and Bass, 2001). Dicer was first identified as a RBP that controls biogenesis of small
interfering RNAs (siRNAs)(Bernstein et al., 2001). The duplex miRNA/miRNA*
duplex is unwound and the freed mature miRNA is loaded onto the RNA induced
silencing complex (RISC) (Hammond et al., 2001; Mourelatos et al., 2002; Tabara et
al., 1999) The miRNA/miRNA* are now more commonly referred to as the 5' and 3'
arm transcripts, since the either or both can become the functioning mature miRNA,
depending on conditions. The main effecter of the RISC complex in humans is
Argonaute 2 (Ago2) and this protein interacts most closely with the miRNA. The
bound mature miRNA guides the Ago2/RISC complex to target mRNA through
partial sequence complementarity. Once bound, this complex catalyzes repression of
gene expression by destabilization through deadenylation or decapping, and
degradation of the mRNA, or prevention of translational initiation or elongation
(Olsen and Ambros, 1999). More recently, it has also been demonstrated that miRNA

targeting can cause up regulation of mRNA translation (Vasudevan et al., 2007).
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LIN28 binds to the let -7 miRNA and regulates its biogenesis

While the basic lifecycle of a miRNA is described above, numerous other
RNA and protein factors can be involved in miRNA regulation. In particular, each
miRNA family or even family member can have its own processing co-factors, often
dependent on cellular context. One of the earliest associations made between a specific
miRNA and RBP regulator was the ability of LIN28 to regulate let-7 family
microRNAs. As described above, the let-7 miRNA represses LIN28 expression;
however, early genetic studies in C. elegans also suggested that LIN28 could act in a
reciprocal manner to suppress let-7 (Slack and Ruvkun, 1997). This sort of feedback
mechanism is common in biological systems, in particular when signals must be
tightly controlled as in the case of development. Proper development depends on the
succession of many cell-fate choices that ultimately determine the shape, size, and
function of an organism. The timing of these developmental events is critical and thus
tightly controlled through both temporal and special mechanisms. “Heterochrony”,
differences in developmental timing, often lead to gross abnormalities in body
patterning. These differences are related to the precocious and retarded expression of
cell fate specifiers which result from mutations in the heterochronic genes that control
this process.

Both LIN28 and let-7 are heterochronic genes that regulate developmental
timing across species (Ambros and Horvitz, 1984 (Moss et al., 1997; Reinhart et al.,
2000); however, it was observed that they had antagonistic patterns of expression.

That is, let-7 is expressed later in development in differentiated cells types, while
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LIN28 expression is primarily confined to early development and multipotent cells
(Moss et al., 1997). Indeed, Pasquinelli and colleagues first observed that later in
animal development when most cells have high let-7 expression, the cells with the
lowest expression were also the most immature cells (bone marrow cells) (Pasquinelli
et al.,, 2000). The direct connection between these two regulators was established
through an effort to explain the observed contradiction between expression of the
precursor let-7, but not mature let-7, in mESCs and hESCs (Suh et al., 2004; Thomson
et al., 2006). The consistent levels of pre-let-7, but not mature let-7, across
differentiated and undifferentiated cells provided evidence that let-7 biogenesis is
regulated at the Dicer processing step and motivated a search for the responsible co-
factors (Wulczyn et al, 2007).

Using a region of the let-7 miRNA pri/precursor loop that was conserved in
sequence among the let-7 family members as bait, proteins bound to the transcript
were analyzed using mass spectrometry. This approach in mouse embryonal
carcinoma P19 cells revealed Lin28a and Lin28b as major protein interactors with the
let-7 terminal loop (Newman et al., 2008; Viswanathan et al., 2008). Studies in
mammalian embryonic stem cells, and comparisons of differentiated versus
multipotent cell lines, demonstrated that LIN28A and LIN28B interaction with the
terminal loop of the let-7 hairpin interferes with Drosha processing of pri-let-7
miRNAs (Newman et al., 2008; Viswanathan et al., 2008; Piskounova 2008, Hagan
2009). Rybak and colleagues reported that Lin28 regulation of let-7 occurs in the

cytoplasm where Dicer processing of the miRNA was affected (Rybak et al, 2008;
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Heo et al., 2008; Heo 2009). These early reports also demonstrated the in vitro ability
of LIN28B to block let-7 processing in the same manner as LIN28A and suggested
that these proteins have equivalent role in this process. Mutational studies by Balzer
and Moss made it clear that the mechanism of blocking let-7 processing went beyond
simple binding of Lin28 and likely involved interactions with other co-factors. This
was evidenced by the ability of LIN28 with point mutations in the zinc-finger
knuckles to bind precursor miRNAs but not affect miRNA biogenesis (Balzer and
Moss, 2007). Other single point mutations in the CSD or ZFD did reduce Lin28
binding to let-7 and had proportional effects on the ability to block let-7 processing
demonstrating that both RNA-binding domains play a role in this regulation
(Piskounova 2008).

The mechanism of this regulation was further elucidated by researchers who
showed that Lin28a in the cytoplasm mediates the addition of multiple uracil (U)
residues to the 3' end of the pre-let-7 miRNA (Heo et al., 2008). This uridylation
results in a pre-let-7 with an elongated 3' tail that cannot be processed by Dicer.
Furthermore, this modified polyuridylated pre-let-7 is less stable and more readily
degraded than the unmodified form (Heo et al, 2008). The terminal uridyly transferase
responsible for this reaction was identified as TUTase4 (TUT4 or ZCCHCI11), a non-
canonical poly (A) polymerase (Heo et al., 2009; Hagan et al., 2009). The function of
Zcchell in Lin28-mediated let-7 repression relies on a single C2H2-type zinc finger
domain within the protein and is redundant with another TUTase, Zcchc6 (TUTase7)

(Thornton et al., 2012). In contrast to polyuridylation, in the absence of LIN28 binding
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monouridylation of pre-let-7 by Tut7/4 or another TUTase, Tut2 (Papd4/GLd4),
generates a 2 nt 3' overhang which is an ideal substrate for Dicer processing (Heo et
al., 2012).

Interestingly, Lin28B was found to function in a TUT4-independent
mechanism, instead acting within the nucleus to block Drosha/Microprocessor
processing (Piskonova et al., 2011). Currently the mechanism for this sequestration
within the nucleus is unknown, although the active nuclear localization of LIN28B
through its nuclear and nucleolar localization signals are likely to be contributing
factors (Piskounova et al., 2011). The nuclear localization of LIN28A was observed
during neural differentiation of embryonic stem cells was contributed to recruitment
by the RBP Mushashil (Msil); however, whether this protein plays a role in LIN28B
localization remains to be tested (Kawahara et al., 2011). Differences in let-7
processing and variation in LIN28A and LIN28B expression in human cancer cells
and tissues (see below) has important implications for therapeutic approaches. For
example, inhibition of Zcchcll in LIN28A expressing cells reduced their
tumorigenicity and invasiveness, but had no affect in LIN28B expressing cells since it
does not rely on this enzyme for function (Piskonova et al., 2011).

Lehrbach and colleagues reported that the mechanism of let-7 uridylation is
conserved in C. elegans and mediated by a potential Zcchcll ortholog, PUP2
(Lehrbach et al., 2009). More recently in C. elegans, lin-28 has been shown to interact

with primary let-7 (pri-let-7) transcripts, thereby blocking Drosha processing and
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preventing mature let-7 expression independent of an uridylation mechanism (Van
Wynsberghe et al., 2010).

Studies in Lin28a/b knockout mice show that Lin28a, but not Lin28b, affects
let-7 miRNAs in the early embryo (Shinoda et al., 2013). The primary role of Lin28a
in regulating embryonic, but not adult let-7 levels is consistent with its expression
mainly confined to fetal tissues. Knockout of Lin28b, which has higher expression in
adult tissues, affected let-7 levels in adult skeletal muscle, but not in neonatal tissue
where Lin28a had an effect. Together this evidence supports a model where Lin28a
acts to regulate let-7 biogenesis during embryogenesis and this role decreases during
development while Lin28b maintains control of let-7 during adulthood (Shinoda et al.,
2013).

The specific site of LIN28 binding to pre/pri-let-7 miRNAs has been reported
as a conserved cytosine in the loop (Piskounova et al., 2008), and a GGAG sequence
downstream of this residue (Heo et al., 2009). This GGAG sequence is sufficient to
induce repression of an unrelated miRNA, miR-16 and is necessary for terminal
uridylation of pre-let-7 (Heo et al., 2009). The crystal structure of Lin28 in complex
with let-7 sequences provided definitive evidence that the Lin28 CCHC zinc finger
knuckles dimerize at this GGAG sequence (Nam et al., 2011). Since this position is
adjacent to the Dicer cleavage site LIN28 binding here would prevent its activity. The
CSD domain binds another structured motif with a similar GNGAY sequence (Nam et
al., 2011). It has been proposed that the initial binding of Lin28 ZFKs at the conserved

GGAG site acts to disrupt base pairing of the /et-7 stem making it impervious to Dicer
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cleavage. This would expose additional GU rich motifs, allowing for multiple LIN28
molecules, as up to three have been predicted to bind to a single pre-let-7a RNA
molecule (Hafner et al., 2013). A number of other miRNAs with GGAG motifs have
also been identified as regulated by Lin28 through terminal uridylation; however, this
regulation appears subtle compared to the effect on let-7; examples include pre-miR-
107, 143 and 200c (Heo et al., 2009). Further reports have demonstrated that RNAs
corresponding to the loop of pre-let-7 or the mature let-7 sequence or can compete for

LIN28 binding, indicating interactions with both these sequences (Rybak et al., 2009).

LIN28 IN HUMAN PLURIPOTENT CELLS

LIN28 is expressed in an oncofetal manner and can drive pluripotency in vivo
and in vitro. These abilities are often linked to its repression of let-7 biogenesis and
the release of downstream oncogenes from repression. However, let-7 independent
effects of LIN28 expression likely contribute to its role in tumorgenesis. For example,
LIN28 can bind and directly enhance translation of mRNAs encoding cell-cycle
regulators and other growth factors to promote cellular proliferation (as discussed
below). The powerful role of LIN28 in embryonic and cancer stem cells drives our

desire to better understand how it contributes to pluripotency.

LIN28 overexpression drives tumorigenesis
The relationship between LIN28 and let-7 is intimately linked to the role of

those regulators in development and tumorigenesis. Let-7 is classified as a tumor
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suppressor due to its action in down regulating a number or oncogenes including RAS,
Hmga2, and MYC, (Johnson et al., 2005; Mayr et al., 2007; Sampson et al., 2007). In
many instances, the downregulation of let-7 has been attributed re-expression of
LIN28 in adult tissues where it is not normally found. Most commonly the model that
follows is that LIN28 upregulation results in repression of mature let-7 expression,
releasing let-7 target oncogenes (such as RAS, Hmga2, and MYC) from repression
allowing their overexpression and activation of tumorigenesis. One of the first
mechanistic studies looking at LIN28 expression itself in cancers found approximately
15% of primary tumors across various tissue types had re-expression of LIN28 where
it was not normally found in healthy tissues (Viswanathan et al., 2009). The authors
demonstrated that overexpression of LIN28A/B can promote malignant transformation
of cells (Wang et al., 2010; West et al., 2009). Furthermore, the expression of LIN28A
and LIN28B was assocaited with more advaced disease and poor clinical prognosis,
indicating the theraputic importance of these proteins (Viswanathan et al., 2009). The
overexpression of LIN28 was critically linked to let-7 repression in disease tissues,
and rescued expression of let-7 in LIN28 overexpressing cells rescued repression of
ongogene targets and cellular overgrowth phenotype (Viswanathan et al., 2009).

An upstream driver of LIN28A/B transcription that has often been attributed to
their re-expression in cancer is the trancription factor Myc, which has been shown to
bind to the Lin28B promoter (Chang et al., 2009). In a differenet breast cancer model
Lin28b expression was transctivated by NF-kB and Src (Iliopoulos et al., 2009).

Release from a negative regulation, Tristetraprolin (TTP), might lead to an increase in
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LIN28A mRNA as an addition mechanism of LIN28 overexpression (Kim et al.,
2012).

A number of studies have reported LIN28A/B overexpression in a range of
tumor types (for review see Thornton and Gregory, 2012). Embryonic carcinoma cells,
such as P19 cells, were some of the first used to study Lin28A activity and continue to
be a useful model for retrinoic-acid-induced neurogenesis (see below) (Hagan et al.,
2009; Heo et al., 2008; Heo et al., 2009). Overexpression of LIN28A and LIN28B
have been documented in ovarian cell lines, usually mutually exclusive of oneanother
(IGROV1, A2780)(Lu et al., 2009; Peng et al., 2010; Piskounova et al., 2011).
Primary prostate tumors samples (Nadiminty et al., 2012), germ cell malignancies
(Cao et al.,, 2011a; Cao et al.,, 2011b; West et al., 2009) and human colon
adenocarcinomas (Iliopoulos et al., 2009; King et al., 2011a; King et al., 2011b;
Piskounova et al., 2011) have also been documented to express LIN28A or LIN28B at
high levels. Their overexpression was further impliacted in breast (Piskounova et al.,
2011; Sakurai et al., 2012), lung (Chang et al., 2009; Pan et al., 2011; Piskounova et
al., 2011; Viswanathan et al., 2009; Zhang et al., 2012) and esophageal (Hamano et
al., 2012) cancer cells and tumors.

Primary tumors and cell lines of hepatocellular carcinoma, including HepG2,
Huh7, Hep3B, HCC36 and HA22T were commonly found overexpressing LIN28B
and coorelated this with poor prognosis (Cairo et al., 2010; Guo et al., 2006; Wang et
al., 2010). LIN28B has also been particularly indicated in blood cancers such as

chronic myelogenous leukemis (K562) (Piskounova et al., 2011; Viswanathan et al.,
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2009), B cell lymphoma (P-49306) (Chang et al., 2009), and medulloblastoma primary
tumors (Rodini et al., 2012). In the skin cancer cell line SK MEL 28 LIN28B
expression was necessary for increased tumor growth in zenograph models
(Piskounova et al.,, 2011). A number of these reports associate increased LIN28
expression with poor prognosis and suggest that LIN28 can serve as a marker of
distrinct tumorigenic subpopulations. For example, LIN28 has been proposed as a
marker of particular germ cell tumors (Cao et al., 2011a; Cao et al., 2011b). The
Huang group has described a sub-population of stem cell-like ovarian cancer cells that
highly expressed LIN28 and OCT4 expression (Peng et al., 2010). An intriguing
possibility that has arisen from these studies is the suggestion that LIN28A/B
expression may be a feature of a subpopulation of tumor initiating, cancer stem cells
(CSCs) (Zhang et al., 2012).

Often parallels can be drawn between regulation that contributes to the ability
of tumorigenic cells and embryonic stem cells to proliferate rapidly and indefinitely.
This holds true for the dichotomy between let-7 and LIN28 expression, and the role of
LIN28 in promoting growth of pluripotent cells. Below we discuss the action of
LIN28 in embryonic stem cells, how it contributes to cellular proliferation and
development, and how its regulation of mRNA transcripts contributes to these

functions.
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The study of LIN28 in human embryonic stem cells

Human embryonic stem cells are derived from the inner cell mass (ICM) of 5-
day-old embryos and have the ability to differentiate into any cell type of the three
germ layers (Reubinoff et al., 2000; Richards et al., 2002; Thomson et al., 1998).
Studies have shown that Lin28a and Lin28b contribute to maintenance of pluripotency
of the ICM and epiblast through repression of let-7 miRNA (Melton et al., 2010; Suh
et al., 2010). Single-cell expression analysis demonstrates that when ICM cells are
cultured to establish embryonic stem cell lines their attainment of self-renewal
capacity coincides with increased LIN28 expression (Tang et al., 2010).

It was the first studies of the transcriptome in human embryonic stem cell lines
that readily identified LIN28 mRNA as highly expressed in these cells (Richards et al.,
2004). The observed downregulation of LIN28 upon ES cell differentiation, and
conservation of these expression patterns in mouse ES cells helped define LIN28 as a
marker for undifferentiated stem cells (Richards et al., 2004). Interestingly, despite the
impact on cellular phenotype and contribution to overall development, LIN28
expression is dispensable for hESC self-renewal, as knockdown of LIN28 in H9 cells
did not lead to a significant morphological change in hESCs or a decrease in OCT4 or
TRA-1-60 levels (Darr and Benvenisty, 2009). This is consistent with our own studies
in these cells (data not shown).

However, other studies in H1 hESCs and human embryonic carcinoma cells
(PA-1) reported that OCT4 expression was decreased upon LIN28 knockdown, and

furthermore that LIN28 showed binding affinity for the OCT4 mRNA (Qiu et al.,
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2010). The basic approach used in these early works to identify RNA transcripts
bound by LIN28 protein was to immunoprecipitate (IP) the LIN28 protein either via
an epitope tag or antibody to the endogenous protein and then isolate and reverse
transcribe the associated RNAs. Use of primers specific to candidate genes can then
determine if a particular mRNA is more enriched in a LIN28 IP versus a control
protein not expected to bind specific RNAs, for example IgG. Using these IP
techniques in mouse ES cells Xu and colleagues also did not find Oct4 to be a strong
Lin28 mRNA target (Xu and Huang, 2009; Xu et al., 2009). Furthermore, Cho and
colleagues recently reported that with 70% knockdown of Lin28a in mESCs Myc,
Pou5fl and Nanog mRNA increase ~ 25% (Cho et al., 2009). Although this small
increase in pluripotency factors was deemed insignificant, the trend is in conflict with
reports that Lin28a knockdown in mESCs and hESCs decreases Oct4 expression.
LIN28 contributes to stem cell growth through regulation of the cell cycle. The
expression of LIN28 in mouse (Xu et al., 2009) or human (Qiu et al., 2010) ES cells
promotes cellular proliferation and binds mRNAs encoding proteins responsible for
cell-cycle control including Histone H2a, Cyclin A, Cyclin B, and Cdk4. Knockdown
of Lin28 in mouse ES cells resulted in a shift toward away from the G2/M phase of the
cell-cycle, indicating LIN28 facilitates a rapid cell-cycle and proliferation. In seeming
contradiction to this, overexpression of LIN28 in human ES cells also caused a
decrease in the rate of cell cycle and knockdown had no affect (Darr and Benvenisty,
2009). LIN28 overexpression was also shown to reduce apoptosis in H9 cells but did

not increase it with knockdown in mouse ES cells (Darr and Benvenisty, 2009;
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Polesskaya et al., 2007). Despite some discrepancies in reports, the consensus from the
bulk of LIN28 studies it that its expression contributes to cell growth and proliferation.

Perhaps somewhat counter intuitively, LIN28-overexpressing cells had
increased differentiation (via a decreases in TRA-1-60 expression compared to
control)(Darr and Benvenisty, 2009). However, this phenomenon also occurs with
differentiation drive by overexpression of OCT4 or SOX2. Overexpression of Oct-3/4
causes differentiation to the primitive endoderm and mesoderm (Niwa et al., 2000).
NANOG helps to maintain pluripotency by preventing differentiation to the primitive
endoderm (Chambers et al., 2003; Mitsui et al., 2003; Wang et al., 2003). Its
overexpression drives cells towards the ectodermal fate (Darr et al., 2006). In the
absence of Nanog the epiblast layer that ectodermal cells are derived from fails to
develop and mice cannot develop past the blastocyst stage (Wang et al., 2003). Since
these pluripotency factors are also lineage specifiers we can think of the state of
pluripotency as a balance between counteracting forces of lineage specification. The
ability of these pluripotency regulators to also drive differentiation when introduced in
access amounts may be related to the redundancy observed in overexpression and

knockdown phenotypes of LIN28 (Darr and Benvenisty, 2009).

LIN28 IS A REPROGRAMMING FACTOR FOR IPSC INDUCTION
These early studies of LIN28 in embryonic stem cells established its place of
importance among the transcription factor pluripotency associated genes like OCT4.

This fact was driven home when LIN28, in combination with OCT4, SOX2, and
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NANOG were used to successfully reprogram adult fibroblasts into an embryonic-like
stem cell fate (Yu et al., 2007). Since these foundational works, LIN28 overexpression
has contributed to reprogramming protocols used in a wide variety of animals for the
generation of species-specific iPSCs (Deng et al., 2012; Nethercott et al., 2011; Song
et al., 2013; Tomioka et al., 2010).

These core reprogramming factors themselves are known to bind the LIN28
promoter to drive its transcription (Marson et al., 2008). Sequencing of single cells
during reprogramming has demonstrated that early gene expression events are
stochastic, among which Lin28 expression is a better indicator of cells that go on to
fully form iPSCs than previous standards of Oct4 or Fgf4 (Buganim et al., 2012).
Using Bayes probabilistic network modeling to represent conditional dependencies
between gene expression profiles in these cells these authors identified Sox2
expression as a critical switch initiating hierarchical activation of key pluripotency
genes, including Lin28 (Buganim et al., 2012). Nuclear association of the LIN28 and
Sox2 proteins adds to evidence that these factors could function together (Cox et al.,
2010).

Study of the role of LIN28 in reprogramming provided evidence that its
contribution is to promote proliferation of cells (Hanna et al., 2009). Similar to the role
of LIN28 in cancer, many of its affects in reprogramming may be contributed to its
repression of let-7 biogenesis and downstream affects. Let-7 itself is essential for
differentiation; its expression alone can rescue differentiation defective Dgcr8-/-

mESCs in the absense of other miRNAs (Melton et al., 2010). Removing let-7 activity
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via an anti-sense oligonucleotide improves reprogramming efficiency in mouse
fibroblasts (Melton et al., 2010). The intertwined role of let-7 and LIN28 in regulating
metabolism has also been proposed to contribute to stem cell pluripotency. Embryonic
and induced pluripotent stem cells are known to shift in glycolytic activity to an
aerobic state, similar to the Warburg effect (Folmes et al., 2011). Evidence supports
the theory that by binding to mRNAs encoding mitochondrial enzymes and
counteracting let-7 activity LIN28 likely affects mitochondrial oxidation and
downstream metabolites to support metabolism of pluripotent cells (Shyh-Chang and

Daley, 2013; Shyh-Chang et al., 2013a).

Induced pluripotent stem cells (iPSCs) as a model system

Although the function of LIN28 in iPSC generation is of great interest to the
scientific community, this new system of study presents some challenges to
transcritome-wide RBP characterization. This technology has already begun to
revolutionize approaches to disease modeling and drug screening by making
multipotent populations of patient cells available for in vitro modeling. However,
high-throughput exome sequencing of 22 iPSC lines from five different
reprogramming methods all revealed evidence of reprogramming-associated mutations
suggesting these cells inherently acquire polymorphisms in cancer genes during the
reprogramming process (Gore et al., 2011). These early questions about the genetic
stability of iPSCs suggested this would be a potentially volatile system to carry out our
foundational studies of LIN28 function. Even with better-studied hESCs it is common

practice to use cells within 50 passages due to the accumulation of in vitro artifacts,
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and in particular chromosomal abnormalities. Being able to reliably assign RNA
transcripts to their genomic source is a critical aspect of transcriptome studies and is
dependent upon accurate gene annotations. Even in a steady genetic background we
are only beginning to appreciate the complexity of the transcriptome. For examplein,
in the well-studied model systems C. elegans RNA sequencing revealed alternative
unannotated untranslated regions for 40% of the genes in the genome (Zisoulis et al.,
2010). These lessons are important to keep in mind especially while investigating cell-
types and systems where previously unobserved transcripts and modifications are

likely to exist.

LIN28 MRNA REGULATION AND DEVELOPMENTAL CONTROL

The early studies of LIN28 in stem cells established some of the first known
mRNA targets of LIN28 such as OCT4, CDK4, and H2a, and the understanding that a
common function of LIN28 in binding mRNA is to enhance translation (Qiu et al.,
2010; Xu and Huang, 2009; Xu et al., 2009). The ability of LIN28 to regulate mRNA
translation and, in some cases RNA transcript levels, is critical for its impact during
early differentiation. These roles outside the regulation of let-7 are particularly

obvious in the specification of skeletal muscle and neural lineages.

Myogenesis relies on LIN28 enhanced translation
Studies in differentiating skeletal muscle cells lead to the discovery of the

insulin-like growth factor 2 (IGF-2) as one of the first known mRNA targets of Lin28



29

(Polesskaya et al., 2007). In most adult tissues Lin28 expression is silenced; however,
its expression remains low in skeletal and cardiac muscle (Yang and Moss, 2003)(see
also Figure 1). Interestingly, Lin28 expression actually increases during differentiation
of primary myoblasts and regeneration of skeletal muscle fibers (Polesskaya et al.,
2007), in sharp contrast to its general decrease during differentiation (Richards et al.,
2004; Lee et al., 2005). RNA levels of IGF-2 were unchanged under the influence of
Lin28; similar to what was reported for its stem cell mRNA targets, indicating its main
activity was not to affect transcript levels. Instead, Lin28 regulation resulted in
increased protein production of IGF-2 and was involved in an increase in the number
of ribosomes bound to IGF-2 mRNA, indicative of an active translational state. This
work was the first to establish LIN28 as a “translational enhancer” (Polesskaya et al.,
2007). This is in agreement with observations made in P19 and mouse ES cells that
Lin28 protein is enriched in the polysome fraction where translating ribonucloprotein
complexes segregate during sucrose gradient centrifugation (Balzer and Moss, 2007,
Cho et al., 2010; Qui et al, 2009).

Protein interactions with translational machinery including the 5' cap-binding
protein, poly(A)-binding protein, eIlF38 translation initiation factor, and EFI1-o/-a2
translation elongation factors supported the idea that Lin28 binding was directly
associated with active translational units. In mouse myoblast C2C12 cells the ability of
Lin28 to drive IGF-2 translation supports the growth and differentiation of muscle
cells. This impact is so significant that Lin28 expression is necessary for efficient

differentiation of myoblasts to myotubes (Polesskaya et al., 2007). It is possible that
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defects in skeletal muscle differentiation due to Lin28 deficiency are the underlying
cause of the cardiac ventricular septal defects noted as the only significant histological

defect in Lin28a KO mice that died perinatally (Shinoda et al., 2013).

LIN28 acts with catalytic protein intermediates to affect translation

Mass spectometery analysis of LIN28 interacting proteins in mouse ES cells
also identified RNA-independent interactions with components of the translational
machinery including PABP and translation initiation factor elF3beta (Qui et al., 2009).
In addition, this study identified RNA helicase A (RHA) bound to Lin28 protein and
showed that expression of this helicase was necessary for full stimulation of Oct4
mRNA translation. RNA helicase A (RHA) is a ubiquitously expressed member of the
highly conserved DEAD-box family of RNA helicase proteins that acts in various
RNA processing events including splicing, nuclear export, translation, and RNA
interference (Bleichert and Baserga, 2007; Robb and Rana, 2007). Functional
interaction of LIN28 and RHA was also described in human ES and embryoinc
carcinoma PA-1 cells and specified that the C-terminus of LIN28 had the most
influence on direct binding to RHA protein (Peng et al., 2011). A second group
simultaneously confirmed the significance of the LIN28 C-terminus for direct
interactions with RHA, proposing a model where LIN28 directs the RHA protein to
mRNA targets (Jin et al., 2011). Importantly, LIN28 with mutations in either RNA-
binding domain can still bind RNA, but these mutations affect its ability to associate

with RHA and subsequently affect translation from these mRNAs.
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Drosha has also been proposed as a co-factor in LIN28 mRNA regulation. One
report suggests that some LIN28 targets contain particular sequence and structural
element centered around an “A” bulge with flanking G:C base paired residues that
signal Drosha-mediated destabilization of the RNA target (Qiao et al., 2012). This rule
has not been demonstrated on a large-scale with many LIN28 target transcripts. A
global study of Lin28A and Lin28b targets in mouse ES cells demonstrated that select
mRNAs marked for translation in endoplasmic reticulum (ER)-bound ribosomes are
selectively repressed by Lin28 binding (Cho et al., 2012). This indicates the outcome
of Lin28 mRNA regulation may also be dependent on cellular localization of

translation and co-factors.

Neurogenesis is regulated by LIN28

One lineage LIN28 has been particularly associated with is the neurogoenesis.
In the mouse embryo, Lin28 mRNA expression co-localized with SOX2 in the
developing neural tube before neural differentiation begins (Blazer et al., 2010);
however, these levels are almost completely diminished by E 10.5 of mouse
development (Darr et al., 2009; Balzer et al., 2010). The functional association of
LIN28 and SOX2 was explained in neural progenitor cells where SOX2 acts to
acetylate the LIN28 promoter to maintain an optimal level of its expression in these
cells (Cimadamore et al., 2012). LIN28 is also downregulated during retinoic acid
induced differentiation of P19 embryoinc carcinoma cells, a model of neurogliogensis
(Wu and Belasco, 2005). This was attributed to the negative influence of miR-125b

binding to the LIN28 3' UTR (Wu and Belasco, 2005). Constitutive expression of
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Lin28a or Lin28b during this process pushes cells towards the neural lineage at the
expense of glialgenesis (Balzer et al., 2010). Importantly, there was evidence that
LIN28-impacted change in lineage regulation occurred prior to any effect on let-7
processing. This data supports the conclusion that LIN28 has important regulatory
roles beyond its control of let-7 biogenesis. Stem cells expressing LIN28 under an
inducible reporter formed teratomas with an overrepresentation of primitive neural
tissue (West et al., 2009), something that has been associated with high-grade,
aggressive tertocarcinomas in humans and indicates a propensity of LIN28 to drive
neurogenesis. In neural stem cells LIN28 is down regulated by let-7 (Rybak et al.,
2008). Within the developing mouse brain, Lin28 has been shown to regulate a
particular set of mRNAs, downstream of Brain-Derived Neurotrophic Factor (BDNF)
(Huang et al., 2012). BDNF indirectly aids to promote the translation of a set of genes
important for the differentiation of excitatory neurons through positive regulation of
Lin28 expression. Thus, although LIN28 is not expressed in adult neurons, it plays a

role in earlier in their development.

Metabolism and Angiogenesis

LIN28 expression early in development also affects the ability to maintain
normal glucose homeostasis. This was exhibited by the impaired glucose tolerance and
susceptibility to high-fat diet induced diabetes in Lin28 deficient transgenic mice
(Shinoda et al., 2013; Zhu et al., 2010; Zhu et al., 2011). Overexpression of human
LIN28B or mouse Lin28a improves the ability of these mice to respond to increased

insulin levels providing protection from diabetes. This antidiabetic phenotype is
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phenocopied by let-7 repression with locked nucleic acid (LNA)-modified antimiRs
(Frost and Olson, 2011; Zhu et al., 2011). Furthermore, /et-7 overexpression increases
insulin resistance and impaired glucose tolerance (Zhu et al., 2011). This phenotype
was linked to the insulin-PI3K-mTOR pathway. Let-7 is known to regulate several
components of this signaling pathway that the authors used to explain downstream
effects of Lin28 deficiency. However, despite the inverse correlation between the
affect of Lin28 and let-7 on glucose and insulin tolerance, there is some evidence that
the phenotype driven by Lin28 is not dependent upon the mechanism driven by let-7
under all conditions. Mice with muscle-specific knockout of Lin28a maintain levels of
let-7 while still displaying defects in glucose tolerance and insulin resistance,
suggesting a let-7 independent mechanism (Zhu et al., 2011). However, more recent
evidence suggests that these changes in metabolism are the result of LIN28 function
during early embryogenesis, thus making adult levels of let-7 irrelevant to its effects
(Shinoda et al., 2013). Conditional knockout of Lin28 at different developmental
states demonstrated that fetal difficiency, but not adult or neonatal, impacted glucose
metabolism. This reveals that a role of Lin28 during development is to prime later
adult metabolic function (Shinoda et al., 2013).

A rare minority of Lin28a and Lin28b knockout (KO) mice survive past birth,
enabling better comparison of these protein paralogs in development (Shinoda et al.,
2013). Lin28a KO animals have decreased bone mineral density and fat mass, and
proportionately smaller organ sizes, indicating metabolic dysfunction as early as

E13.5. In contrast, Lin28b KO mice do not exhibit growth defects until after birth with
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evidence of postnatal dwarfism only in male animals. This provides an interesting
example of gender-specific growth regulation by Lin28b that remains to be explained.
Induced let-7 expression specifically in skeletal muscle is sufficient to drive postnatal
dwarfism in male and female mice demonstrating its role in this phenotype (Shinoda et
al., 2013). These changes in animal growth were associated with lower rates of
glycolysis in the early embryo. Although LIN28 is not expressed in adult fat tissues,
its regulation has an effect on fat mass in LIN28 transgenic mice, likely resulting from
these defects in the ‘programming’ of metabolic function in the embryo (Shinoda et
al., 2013). Early influence of Lin28a can also explain the absence of dwarfism in
muscle specific Lin28a KO mice, whereas Lin28b muscle specific KO had the same
phenotype as total KO (Shinoda et al., 2013). The ability of fetal Lin28b expression to
program adult muscle metabolism and growth was contributed in part to an affect on
the Tsc1-mTORCI1 pathway. The ability of early expression of LIN28 to affect long-
term epigenetic changes in metabolic function provide support for the generally
accepted “Baker hypothesis” that fetal and infant nutrition have lifelong affects on the
risk for type 2 diabetes mellitus (T2DM) and other metabolic disorders (Hales and
Barker, 1992, 2001). It also begins to explain the association of polymorphisms in

LIN28 and its promoter region with T2DM in women (Zhang et al., 2013).

CONCLUSIONS
As discussed above, LIN28 expression is critical for normal development

across animal species (Ambros and Horvitz, 1984; Zhu et al., 2010). Its role in
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regulating let-7 biogenesis often accounts for downstream effects on cellular
phenotype; however, this relationship alone cannot explain all of the effects of LIN28
expression. Examples of this can be seen during neurogenesis when LIN28 acts on
mRNA targets before affecting let-7 and in stem cells with LIN28 enhances translation
of cell-cycle regulators (Balzer et al., 2010; Xu et al., 2009). Perhaps the most
convincing evidence of the extent that LIN28 acts through let-7 independent
mechanisms comes from studies in C. elegans. The Moss group used mutant
nematodes to show that even without /et-7, /in-28 mutant animals still skipped one
symmetric division in the seam cell lineage; thus this precocious phenotype does not
depend on /et-7 accumulation (Vadla et al., 2012). The knowledge of only a handful of
LIN28 mRNA targets greatly limited our ability to define what pathways and
mechanisms contribute to its let-7 independent regulation. The first published study to
identify transcriptome-wide targets of LIN28 revealed that it interacts with hundreds
or even thousands of protein-coding transcripts (Peng et al., 2011). These foundations
motivated us to carefully define LIN28 binding sites throughout the human
transcriptome in order to shed light on its network of direct and indirect mechanisms

of regulation.
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METHODS
Sequence information and annotations

Amino acid and nucleotide sequences of LIN28A (gene id: 94536796; NBCI
reference sequence NM 024674.4; Homo sapiens lin-28 homolog A) and LIN28B
(gene id: 392513692; NBCI reference sequence NM_001004317.3; Homo sapiens lin-
28 homolog B) were obtained from the National Center for Biotechnology Information
resource (http://www.ncbi.nlm.nih.gov/). The sequence of protein functional domains
was identified and visualized at UniProtKB for protein references Q6ZN17
(LN28B_ HUMAN) and Q9H9Z2 (LN28A HUMAN) (Magrane and Consortium,

2011).

Multiple sequence alignments

The Clustal Omega (Clustal O 1.2.0) tool at EMBL-EBI was used to generate
multiple sequence alignments of the amino acid and nucleotide sequences of LIN28A
and LIN28B (Sievers et al., 2011). The resulting alignment aims to represent a
biologically meaningful alignment of divergent protein sequences. Percent identity

results were generated with Clusal2.1.

LIN28A and LIN28B mRNA expression data
The GeneAtlas U133 A dataset of tissue-specific mRNA expression from high-

density oligionucleotide arrays from a panel of 79 human tissues (Su et al., 2004) was
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visualized using the gene expression/ activity chart tool of BioGPS (Wu et al., 2013;

Wu et al., 2009).
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Figure 1. RNA expression levels of LIN28A and LIN28B in human tissues.
Visulalization of the GeneAtlas UI133A dataset of tissue-specific mRNA expression from high-density
oligionucleotide arrays from a panel of 79 human tissues.



A

LIN28A
LIN28B

LIN28A
LIN28B

LIN28A
LIN28B

LIN28A
LIN28B

LIN28A
LIN28B

40

MGSVSNQQFAGGCAKAAEEAPEEAPEDAARAADEPQLLHGAGICKWENVRMGFGFLSMTA

------- MAEGGASKGGGEEPGKLPE - - PAEEESQVLRGTGHCKWENVRMGFGFISMIN
**x .%* * % . k% * ok F.k.k.ok hhkkkhkkhkhkhkkhhkhk.k%k

RAGVALDPPVDVFVHQSKLHMEGFRSLKEGEAVEFTFKKSAKGLESIRVTGPGGVFCIGS
REGSPLDIPVDVFVHQSKLFMEGFRSLKEGEPVEFTFKKSSKGLESIRVTGPGGSPCLGS
* Kk kk kkkkkkhhhkhk hhhhhhdhhhhdk hhkdkhhhhk ohhhhhhhhhhhhk k.kk

ERRPKGKSMQKRRSKGDRCYNCGGLDHHAKECKLPPQPKKCHFCQSISHMVASCPLKAQQ
E GDRCYNCGGLDHHAKECSLPPQPKKCHYCQSIMHMVANCPHKNVA
khhkkhhk.ohhk, hhkkhkhhhhhhhhhhhhd hhhhhhhhk.hhhd khkk *% *

GPSAQGKPTYFREEEEEIHSPTLLPEAQN ====~ e e
QPPASSQGRQ---EAESQPCTSTLPREVGGGHGCTSPPFPQEARAEISERSGRSPQEASS

[l Cold Shock Domain (CSD)

_______________________ B zink Finger Knuckle 1 (ZFK)] Zinc Finger
TKSSIAPEEQSKKGPSVQKRKKT B zink Finger Knuckle 2 (ZFK) ] Domain (ZFD)
Nucleolar loclization signal (NoLS)
. Nuclear loclization signal (NLS)

B
Lin2sa [ R [ | 2094

LN2eB | E som

Figure 2. Comparison of LIN28A and LIN28B human protein sequences

(A) Multiple sequence alignment of human LIN28A and LIN28B amino acid (AA) sequences. A
perfectly matched residue is annotated with an asterisk (*), alignment of residues with strongly similar
properties are annotated with a colon (:), and alignment of residues with weakly similar properties are
annotated with a period (.). The functional domains within LIN28A and LIN28B are color coded as
described in the key. (B) Cartoon of the LIN28A and LIN28B peptide sequences with the Cold Shock
Domain (CSD) in red and Zinc Finger Domains (ZFD) in blue and green.




CHAPTER 2 - LIN28 BINDS MESSENGER RNAS AT GGAGA MOTIFS AND

REGULATES SPLICING FACTOR ABUNDANCE

ABSTRACT

LIN28 is a conserved RNA binding protein implicated in pluripotency,
reprogramming and oncogenesis. Previously shown to act primarily by blocking let-7
microRNA (miRNA) biogenesis, here we elucidate distinct roles of LIN28 regulation
via its direct messenger RNA (mRNA) targets. Through cross-linking and
immunoprecipitation coupled with high-throughput sequencing (CLIP-seq) in human
embryonic stem cells and somatic cells expressing exogenous LIN28, we have defined
discrete LIN28 binding sites in a quarter of human transcripts. These sites revealed
that LIN28 binds to GGAGA sequences enriched within loop structures in mRNAs,
reminiscent of its interaction with let-7 miRNA precursors. Among LIN28 mRNA
targets, we found evidence for LIN28 autoregulation and also direct but differing
effects on the protein abundance of splicing regulators in somatic and pluripotent stem
cells. Splicing-sensitive microarrays demonstrated that exogenous LIN28 expression
causes widespread downstream alternative splicing changes. These findings identify

important regulatory functions of LIN28 via direct mRNA interactions.

INTRODUCTION

Post-transcriptional regulation of gene expression is fundamentally important
to a multitude of cellular processes, including development, homeostasis and
differentiation. RNA binding proteins (RBPs) interact directly with RNA transcripts in

cells to exert various forms of regulation such as alternative splicing, turnover,
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localization and translation (Glisovic et al., 2008). Altered expression levels of RBPs
often results in genetic diseases and cancer (Lukong et al., 2008). Among these key
proteins is LIN28A (herein referred to as LIN28). Conserved across bilaterian animals,
LIN28 is highly expressed early in development and is selectively downregulated
during differentiation (Moss et al., 1997; Yang and Moss, 2003). Consistent with this
pattern of expression, LIN28 has been shown to be important in the maintenance of
embryonic stem (ES) cell pluripotency and efficacy of induced pluripotent stem cell
(iPSC) derivation (Moss et al., 1997; Newman and Hammond, 2010; Yu et al., 2007).
Of the factors used in reprogramming, LIN28 is unique in its classification as an RBP,
rather than as a transcription factor. Notably, aberrant upregulation of LIN28 has been
found in a range of different cancer cells and primary tumor tissues (Cao et al., 2011a;
Viswanathan et al., 2009; West et al., 2009).

LIN28 and its only paralog in humans, LIN28B, block the processing of let-7
microRNAs (miRNAs) by binding to the terminal loop of the let-7 precursor (pre-let-
7) hairpin via a cold-shock domain (CSD) and two retroviral-like CHCC zinc-finger
knuckles (Hagan et al., 2009; Heo et al., 2008; Heo et al., 2009; Nam et al., 2011;
Piskounova et al.,, 2008). Subsequent reports have described several modes of
interaction between LIN28 and primary, precursor, and mature forms of let-7 miRNAs
(Desjardins et al., 2011; Nam et al., 2011; Rybak et al., 2008; Van Wynsberghe et al.,
2011; Viswanathan et al., 2008; Zisoulis et al., 2012). In the context of a negative
feedback loop, mature let-7 miRNAs have also been shown to repress LIN28 protein

expression (Reinhart et al., 2000; Rybak et al., 2008).
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Thus far, the regulation of let-7 miRNAs is the best-studied mechanism by
which LIN28 controls gene regulatory networks. Reactivation of LIN28 in cancerous
tissues has been proposed to cause downregulation of let-7 and subsequent activation
of oncogenes such as K-RAS, C-MYC, and HMGA2 (Bussing et al., 2008). Similarly,
LIN28 expression can convey resistance to diet-induced diabetes by releasing let-7
repression of insulin-PI3K-mTOR pathway genes /GFIR, INSR, and /RS2 (Zhu et al.,
2011). However, changes in LIN28 expression have also been shown to have
phenotypic consequences independent of altered let-7 levels. For example, transgenic
mice with muscle-specific deletion of LIN28 exhibited impaired glucose uptake and
insulin sensitivity, despite unchanged let-7 levels (Zhu et al., 2011). Other transgenic
mice aberrantly expressing LIN28 show phenotypes of greater organ mass even in
adult tissues where let-7 was unaffected (Zhu et al., 2010). Furthermore, during
neurogliogenesis, constitutive expression of LIN28 has been shown to favor
differentiation towards the neural lineage at the expense of glial cell development,
prior to any influence on let-7 levels (Balzer et al., 2010). In ES cells, LIN28 has a
positive influence on proliferation, in part by binding to and increasing the translation
of mRNAs encoding cell-cycle regulators (Peng et al., 2011; Xu et al., 2009). These
findings strongly suggest that regulation of other RNA transcripts, beyond let-7
miRNAs, is an equally important function of this protein. Until now, the lack of
precise genome-wide LIN28 binding sites in RNA targets has represented a significant

hurdle in our understanding of its regulatory network of target genes.
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To generate a LIN28 protein-RNA interaction map, we used UV cross-linking
and immunoprecipitation followed by high-throughput sequencing (CLIP-seq), which
resulted in the discovery of LIN28 binding sites in over 6,000 gene targets. These sites
were recapitulated in human ES (hES) cells and in a somatic cell line stably
expressing LIN28. The resolution afforded by CLIP-seq enabled us to discover a
GGAGA motif enriched in LIN28 binding sites within mRNA sequences. This motif
occurs preferentially within predicted hairpins and other unpaired loop structures,
similar to its context within pre-let-7. Among its mRNA targets, we find that LIN28
preferentially binds to transcripts encoding RNA processing and splicing factors. In
fact, we demonstrate that exogenous expression of LIN28 in somatic cells,
independent of altered let-7 miRNA levels, enhances the translation of a subset of
RBPs that are known to regulate alternative splicing, namely hnRNP F, TIA-1,
FUS/TLS and TDP-43. We showed that binding sites within these mRNAs were
sufficient to enhance the activity of reporter constructs. Alternative inclusion of LIN28
binding sites within TDP-43 mRNA also revealed an interesting coupling between
alternative splicing and translation control of this transcript. As a consequence of this
direct regulation of splicing factors, LIN28 expression in somatic cells results in
widespread alteration of splicing patterns. Depletion of LIN28 and LIN28B in hES
cells also resulted in protein level changes of splicing factors. Furthermore, LIN28 and
LIN28B exerted different effects on their targets in hES cells, hinting at further

complexity in target regulation.



45

RESULTS
LIN2S binding sites found within thousands of human genes

In hES cells where LIN28 is expressed at high levels, we performed CLIP-seq
with an antibody that specifically recognizes the endogenous protein (Figure 3A and
Figure 4A). To model the reactivation of LIN28 expression observed in many cancer
cells, we generated a stable Flp-In HEK293 cell line that constitutively expresses a C-
terminal V5-tagged human LIN28 protein at physiological levels, but 5-6 fold below
that of endogenous LIN28 in hES cells (LIN28-V5 293 cells; Figure 4B). We
performed CLIP-seq on these cells, in this case with a V5 antibody (Figure 3 and
Figure 4C). LIN28-bound RNA fragments from transcripts expressed in hES and
LIN28-V5 293 cells were represented by 4.8 and 2.8 million sequenced reads that
mapped to non-repetitive regions of the human genome, respectively (Table 1).
comparable to previously published CLIP-seq experiments performed with hES cells
(Yeo et al., 2009).

High-confidence LIN28 clusters (binding sites) were defined using a published
computational procedure (Polymenidou et al., 2011; Zisoulis et al., 2010). We found
that 5,969 and 6,061 protein-coding genes in hES and LIN28-V5 293 cells contained
at least one LIN28 cluster (Table 1). Despite differences in the variety and copy
number of transcripts expressed between these two cell types, we found that over half
(4,111) of the genes with at least one cluster in hES cells (69%) were also targets in
the LIN28-V5 293 cells (68%) (Figure 3B). Thus, when expressed in somatic cells,

LIN28 binds a significant portion of its mRNA targets that are naturally found in hES
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cells. In comparison with the 1,259 mRNA transcripts previously identified as LIN28
targets in hES cells (Peng et al.,, 2011) using a RNA immunoprecipitation (RIP)
technique (which suffers from the caveat that the absence of cross-linking allows re-
association of RNAs and RBPs after cell lysis (Mili and Steitz, 2004)), an average of
67% of the previously identified targets were detected in our CLIP-seq experiments
(Figure 4D and E). While 82% of the 273 highest ranked RIP targets (Peng et al.,
2011) were identified in our CLIP-seq datasets, more than 85% of the transcripts we

have identified are not previously described as LIN28 targets (Figure 4F and G).

LIN28 binding sites are enriched within exons and 3’ untranslated regions of mRNAs
LIN28 was observed to bind in multiple locations within mRNA transcripts in
hES and LIN28-V5 293 cells. Each target gene had ~3.5 significant clusters,
approximately 35 nucleotides or less in length, totaling 26,279 hES and 15,028
LIN28-V5 293 binding sites. Within mRNAs that were expressed in both cell types,
26% of LIN28 hES clusters overlapped with a cluster identified in LIN28-V5 293 cells
by at least 1 nucleotide (Figure 3B), comprising 47% of LIN28-V5 clusters. This was
4.3-fold higher than expected (6%) when LIN28 hES clusters were compared to
randomly located clusters within the same genic regions (Figure 3B; p < 107,
hypergeometric test). To illustrate the concordance of LIN28 binding sites in hES and
LIN28-V5 293 cells, clusters from both CLIP-seq experiments were found in
overlapping positions within the 3’ untranslated region (3'UTR) of the gene encoding

the heterogeneous nuclear ribonucleoparticle protein F (hnRNP F) (Figure 3C). As a
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testament to the specificity of LIN28 binding, reads from a CLIP-seq experiment for
the splicing factor RBFOX2 in hES cells (Yeo et al., 2009) were sparse in this region
(Figure 3C). Indeed, only 4% of all LIN28 and RBFOX2 clusters in hES gene targets
overlapped (Figure 3B).

We observed significant enrichment of LIN28 binding within coding exons
and 3'UTRs, compared to the expected percentage of these regions in the
transcriptome (Figure 3D). Less than 7% of LIN28 CLIP-seq clusters were found
within intronic regions, indicating that LIN28 largely interacts with sequences within
mature mRNA transcripts, consistent with the dominant localization of LIN28 protein
in the cytoplasm (Balzer and Moss, 2007). In addition, LIN28 binding sites were
found uniformly distributed across exons and 3'UTRs (Figure 5). The concordance
between our hES and LIN28-V5 293 datasets suggests that when aberrantly expressed,
LIN28 interacts with similar loci within mRNAs as it does in transcripts expressed in

ES cells.

CLIP-seq confirms binding of LIN28 to pre-miRNAs

We identified 32 and 56 pre-miRNAs in hES and LIN28-V5 293 cells that
featured LIN28 CLIP-seq reads, 15 of which were common between the two cell types
(Table 2). Of the 17 pre-miRNA targets unique to hES cells, the majority were
miRNAs that are more abundant in hES relative to LIN28-V5 293 cells. Similarly,
more than half of the pre-miRNA targets in LIN28-V5 293 cells were more highly

expressed in these cells, as compared to hES cells (Table 2). This suggests that LIN28
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target specificity depends in part upon differences in cell type specific expression
levels of miRNAs. Consistent with previous publications, we found evidence of
LIN28 binding within all let-7 family members, such as let-7a-1, let-7f, let-7g, let-71
and miR-98 pre-miRNAs (Figure 6A, B and Table 2) (Hagan et al., 2009; Heo et al.,
2008; Piskounova et al., 2008). CLIP-seq reads centered on the let-7 precursor loop
fall precisely within the reported LIN28 interaction site at a GGAGA motif (Figure 6A
and 2B) (Heo et al., 2009; Nam et al., 2011). To minimize the contribution of let-7
regulation in our study, we have selected a LIN28-V5 293 cell line with expression of
LIN28 that did not alter the levels of highly abundant mature let-7a (Figure 4B, Figure
6C and D, and Figure 7), as confirmed both by Northern blot analysis (Figure 6D) and
by deep sequencing the small RNA fraction of these cells (Figure 6E). Nevertheless,
LIN28 targets let-7f, let-7g, let-71 and miR-98, which are expressed ~10-100 fold
lower than let-7a, were reduced in the presence of LIN28-V5 expression (Figure 6E).
CLIP-seq also identified other LIN28-interacting miRNAs, such as miR-302 family
members (Figure 6F and Table 2), consistent with a previous report (Balzer et al.,
2010). Of these many LIN28-interacting miRNAs, only the levels of let-7 family

members appear to be directly affected by LIN28 binding in this system.

LIN28 binds mRNA sequences at GGAGA(U) motifs
The resolution of binding sites identified by CLIP-seq was exploited to
identify motifs that characterize the interaction of LIN28 with mRNA sequences. The

pentamer with the strongest statistical enrichment in LIN28 binding sites from both

hES and LIN28-V5 293 cells was GGAGA (p < 10, Z-score analysis) (Figure 8A).
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Despite occurring two-fold higher than control clusters, this exact pentamer was
neither necessary nor sufficient for LIN28 interaction, as only 13% (or 8%) of LIN28
hES (or LIN28-V5 293) clusters contained the sequence GGAGA. Nevertheless, this
sequence element is enriched even in binding sites within lowly expressed transcripts,
showing that we have captured LIN28 interaction with genes expressed across a wide
spectrum of levels (Figure 9). HOMER, a de novo differential motif discovery
algorithm (Heinz et al., 2010) confirmed statistically significant enrichment for
degenerate GGAGA (LIN28 hES) and GGAGAU (LIN28-V5) motifs (Figure 8B; P <
107*). These motifs were prominently located at the center of LIN28 clusters in hES
and LIN28-V5 293 cells in both coding exons and also within 3'UTRs (Figure 8C and
D, and Figure 10A and B), confirming that this signal is not attributed to nucleotide
biases within coding regions.

Although the sequence GGAG has been reported as the functional binding site
of LIN28 in the terminal loop of let-7 miRNAs (Heo et al., 2009), we observed that
the full sequence GGAGAU is conserved across let-7 pre-miRNA family members at
this location. Crystal structures of mouse Lin28 in complex with let-7 pre-miRNAs
confirmed that the zinc-finger knuckles of LIN28 interact with this GGAG motif
(Nam et al., 2011), and also provided evidence that the CSD binds another discrete
structural element within the precursor terminal loop containing the consensus motif
NGNGAYNN (Y = pyrimidine; N = any base), which constitutes the expanded
sequence GGAGAU that we have identified. Thus, we conclude that LIN28 interacts

with a consensus GGAGA(U) motif within miRNA, as well as mRNA, sequences.
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LIN28 shows a preference for unpaired mRNA regions of secondary structure

Since LIN28-miRNA interactions occur in the context of RNA secondary
structures, we hypothesized that LIN28 might also interact with its motifs within a
structural context in mRNA transcripts. As previously performed for a range of RBPs
(Kazan et al., 2010; Li et al., 2010; Zisoulis et al., 2010), we applied the algorithm
RNAplfold (Bernhart et al., 2006) to analyze LIN28-bound mRNA regions for
structural features. Using RNA folding simulations, we calculated the likelihood for
each position in two variants of our consensus motif, GGAG or GNGAY, to base-pair
within stretches of ~200 nucleotides. These calculations enabled us to assign a
probability that the motif frequently occurs in a hairpin, external, internal, or multi-
loop, or is base-paired. Our results indicate a significant preference for GGAG and
GNGAY motifs within LIN28 clusters to reside in hairpin and other loop structures
both in exons and in 3'UTRs relative to instances of these motifs in control clusters
(Figure 8E and F, Figure 10C and D, and Table 3). We also concluded that GGAG and
GNGAY motifs within LIN28 binding sites are less frequently base-paired (Figure 8E
and F, Figure 10C and D, and Table 3). While complex structures with an ‘A’ bulge in
a handful of genes have been suggested to interact with LIN28 (Lei et al., 2011), our
results demonstrate that LIN28 preferentially interacts directly with mRNA transcripts

at GGAGA(U) sequence motifs within regions of unpaired secondary structure.
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LIN28 binds to its own mRNA as a mode of autoregulation

CLIP-seq in hES cells provided evidence that LIN28 binds within its own
mRNA, primarily in its 3'UTR where there were 13 significant clusters, the majority
of which harbored GGAGA motifs (Figure 11A). Previous studies have suggested that
LIN28 may bind to its own mRNA; however, experimental support was not presented
(Polesskaya et al., 2007). We confirmed this interaction by RIP analysis of LIN28 in
the HUES6 hES cell line (to complement our independent CLIP-seq experiments
using the H9 line) (Figure 11B). Quantitative RT-PCR using primers recognizing the
3'UTR of the endogenous LIN28 mRNA showed a three-fold increase in steady state
mRNA in LIN28-V5 293 cells compared to control Flp-In-293 cells Figure 11C).

To evaluate if the LIN28-bound sequence within the LIN28 3'UTR is sufficient
to enhance expression levels in a heterologous context, the region containing the
highest density of LIN28 clusters (Figure 11A, “Cloned Region”) was inserted
downstream of a luciferase reporter. Co-transfection of the reporter with a plasmid
expressing LIN28-GFP demonstrated that this region of the LIN28 3'UTR is sufficient
to enhance luciferase activity, whereas transfection of a control plasmid had no effect
(Figure 11D). As it is thought that LIN28 can be regulated by let-7, we noted that the
increased luciferase activity might be due to a relief from repression by let-7.
However, neither deletion nor mutation of the let-7 complementary site (as performed
by Mayr and colleagues (Mayr et al., 2007)) within the LIN28 3'UTR reporter
construct increased luciferase levels beyond those observed from LIN28-GFP

overexpression. Therefore, we conclude that LIN28 directly enhances its own
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expression level by binding to sites within its 3'UTR, revealing a mechanism of
positive feed-forward regulation by LIN28. The transcription factors OCT4, SOX2
and NANOG, which are required for propagation of undifferentiated ES cells and are
important for reprogramming, also collaborate to autoregulate themselves in feed-
forward loops (Boyer et al., 2005). Our results suggest that LIN28 exhibits the same

ability to affect its own protein levels.

LIN28 directly regulates the protein levels of RNA binding proteins

To explore potential pathways affected by LIN28, Gene Ontology (GO)
analysis identified “regulation of RNA metabolic processes” (1386 target genes),
“RNA splicing” (234), and “RNA localization” (87) as statistically significant RNA-
related categories enriched among LIN28 target genes, as well as categories consistent
with its known roles in cellular proliferation and neurogenesis (Figure 12A). To
specifically address if RBPs were enriched as LIN28 targets, we analyzed a compiled
set of 443 RBPs for the presence of LIN28 clusters (Huelga et al., 2012). Out of these
RBPs, 248 (56%) and 236 (53%) were found to be direct targets of LIN28 in hES and
LIN28-V5 293 cells, respectively, (p < 10, hypergeometric test).

To establish if direct LIN28 targets, such as genes encoding RBPs, were
regulated by LIN28 at the RNA level, we conducted triplicate microarray gene
expression analysis of LIN28-V5 293 and control Flp-In-293 cells (Figure 13A). Our
results indicated that genes with altered expression levels were not enriched for

binding relative to unchanged genes (at a p < 0.01 cutoff, chi-square test; Figure 13B),
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suggesting that direct targets of LIN28 are neither frequently nor significantly affected
at the steady-state mRNA level when LIN28 is expressed. This result was also
recapitulated with deep sequencing of cDNAs (RNA-seq) from hES cells transduced
with lentivirus encoding an shRNA targeting LIN28 (Figure 13B, C, D and E).

To determine if LIN28 targets were instead controlled at the level of
translation, we first evaluated the protein level of cyclin B1. We observed higher
levels of cyclin B1 in the LIN28-V5 293 compared to control Flp-In-293 cells (Figure
12B and Figure 13F), consistent with published results indicating that murine cyclin
B1 decreases upon LIN28 depletion in mouse ES cells (Xue et al., 2009). Next we
selected a number of LIN28 targets, focusing on RBPs which have published roles in
regulating splicing, including FUS/TLS, hnRNP F, TDP-43 and TIA-1. These genes all
increased by at least two-fold at the protein level in LIN28-V5 cells compared to
control cells, but were unaltered at the mRNA level (as measured by the microarrays)
(Figure 12B).

Since higher levels of LIN28 reduced let-7f expression (Figure 6E), we
introduced let-7f mimics (artificial mature miRNA duplexes) that were insensitive to
LIN28 regulation into LIN28-V5 293 cells to determine if the levels of these RBPs
were higher due to lack of let-7f. Compared to a control mimic, the protein levels of
IMP2, a known let-7 target (Yun et al., 2011) was effectively downregulated in the
presence of the let-7f mimic (Figure 12C). We also noted that the paralog LIN28B
protein was downregulated upon increased let-7f expression, suggesting that LIN28B

is likely regulated by let-7f (Guo et al., 2006). Importantly, FUS/TLS, hnRNP F, TDP-
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43, and TIA-1 were unaffected in their protein levels by let-7f expression (Figure 12C
and Figure 13G), supporting the conclusion that these RBPs are directly regulated by
LIN28-mRNA interactions, and not through let-7f.

Next we set out to determine whether specific LIN28-bound regions of target
genes were sufficient to convey LIN28-dependent translational regulation. We cloned
mRNA regions from AnRNP F (coding region; Figure 14A) and FUS/TLS (coding
region and 3'UTR; Figure 14B) that contained LIN28 binding sites in both hES and
LIN28-V5 293 cells downstream of a luciferase reporter. Consistent with our western
blot results (Figure 12B), co-expression of LIN28-GFP, but not a control plasmid,
significantly enhanced luciferase activity (p < 0.001, Figure 12D), confirming that
LIN28 binding sites are sufficient to increase translational regulation of AnRNP F and
FUS/TLS.

Within the 3'UTR of TDP-43, we observed LIN28 binding sites overlapping
with purine-rich (GGAGA) motifs in a retained intronic region (Figure 12E). This
region was previously reported to be bound and spliced by TDP-43 itself, thereby
eliciting nonsense-mediated decay (NMD) to reduce its mRNA levels (Polymenidou et
al., 2011). We hypothesized that when this 3'UTR-embedded intron remains unspliced
and the TDP-43 mRNA is exported to the cytoplasm, the LIN28 protein could interact
with binding sites in the 3'UTR to enhance translation of the mRNA. However, a
spliced TDP-43 3'UTR would not contain LIN28 binding sites, and thus would not be
affected by LIN28 expression. To test this hypothesis, we utilized two reporter

constructs containing different arrangements of the homologous mouse 7DP-43
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3'UTR downstream of a luciferase open reading frame (Polymenidou et al., 2011)
(Figure 12E). The first reporter, referred to as “short,” contained the spliced 3'UTR,
which removed the majority of LIN28 binding sites. The second reporter, referred to
as “long”, harbors an unspliced region of the TDP-43 3'UTR homologous to the
human region containing LIN28 binding sites. Co-transfection of these reporter
constructs demonstrated that the reporter containing the LIN28 binding sites was
significantly enhanced at the translational level when LIN28-GFP was overexpressed;
however, the spliced “short” construct was not (Figure 12F). Deletion of one of the
four LIN28 GGAGA binding motifs within the “long” reporter reduced its
translational output by ~15% in the presence of LIN28-GFP expression, suggesting
that site-specific interactions of LIN28 contributes to its ability to enhance translation
(Figure 14C). We conclude that LIN28 regulates TDP-43 protein levels by interacting
with specific binding sites within a retained intron in the 7DP-43 3'UTR. Importantly,
if this intron is spliced these binding sites are not available for control of protein
levels, offering an interesting example of a coupling between the regulation of splicing

and translation.

Increased levels of LIN28 in somatic cells causes widespread changes in alternative
splicing

If LIN28 regulates the translation of many splicing factors, we expect that
LIN28 misregulation will result in changes in alternative splicing (AS). To test this,

we subjected total RNA from LIN28-V5 293 cells and control Flp-In-293 cells to
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splicing-sensitive microarray (HJAY) analysis. We identified 1,985 differentially
regulated AS events in the presence of LIN28 expression, out of 14,643 events
detected on the array (Figure 15A). These events are comprised of isoform changes in
approximately 1,965 genes. This number of AS events is comparable to the numbers
regulated by well-studied splicing factors such as hnRNP proteins, RBFOX2 and HuR
(Huelga et al., 2012; Mukherjee et al., 2011; Venables et al., 2009). Since we found
little evidence of LIN28 binding to intronic regions (Figure 3D), we reasoned that
LIN28 likely interacts with cytoplasmic, mature mRNA transcripts, which suggests
that the observed AS events are most likely the downstream result of LIN28 regulation
of splicing factors. We successfully validated a number of these AS changes by semi-
quantitative RT-PCR with an 85% validation rate (Figure 15B and Figure 16). As an
interesting example, we validated the alternative splicing of a 63 nucleotide (nt)
cassette exon 23a in the neurofibrimin 1 (NF1) gene, which is skipped upon
expression of LIN28-V5 (Figure 15B). As a known negative regulator of the Ras
signaling pathway, accurate control of NFI isoforms are important in cancer and
neuronal differentiation (Patrakitkomjorn et al., 2008), thereby providing a glimpse
into signaling pathways that LIN28 may affect through regulation of AS.

To analyze the extent of alternative splicing events affected due to the
regulation of a single splicing factor by LIN28, we overexpressed a plasmid harboring
the open reading frame of TDP-43 fused to a C-terminal GFP in Flp-In-293 cells,
reproducing the upregulation of TDP-43 upon LIN28 expression observed in LIN28-

V5 293 cells (Figure 15C). We subjected total RNA to splicing-sensitive microarray
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analysis, identifying a total of 865 AS events that changed, including 526
differentially spliced cassette exons (Figure 15A and D). Of the cassette exons
affected by stable LIN28-V5 expression in our cell line, we identified a significantly
overlapping subset of 113 cassettes (13%) that were also affected upon upregulation of
TDP-43 (p < 10, hypergeometric test), with 70% of the cassette events changing in
the same direction (Figure 15D). Of the hundreds of splicing factors that LIN28 is
predicted to regulate, LIN28 affects a statistically significant overlapping set of

alternative splicing events with at least one splicing factor, TDP-43.

Decreased levels of LIN28 and LIN28B in embryonic stem cells modulates translation
of RNA binding proteins

We were surprised to find that depletion of LIN28 in hES cells resulted in less
than half of the number of AS events as in LIN28-V5 293 cells, and that few of these
events were reciprocal (Figure 17A and Figure 18A). In addition, despite the high
concordance between hES and LIN28-V5 293 cells of the location of LIN28 binding
sites on target mRNAs, its splicing factor targets did not display a decrease in protein
levels expected upon knockdown of LIN28 (Figure 18C). Given that LIN28B, the
paralog of LIN28, was significantly enhanced when LIN28 was depleted in hES cells
(Figure 18B) and that LIN28 and LIN28B interact with a common set of mRNAs
encoding splicing factors (Figure 17B), we hypothesized the LIN28B may compensate
for loss of LIN28. To address this relation between LIN28 and LIN28B, we
electroporated hES cells with siRNAs that individually depleted LIN28 and LIN28B,

as well as both proteins simultaneously (Figure 18C). Interestingly, we observed that
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hnRNP F increases at the protein level with depletion of LIN28B, TDP-43 is
downregulated when either LIN28 or LIN28B was depleted but not further
downregulated by depletion of both, and FUS/TLS was reduced only when both
LIN28 and LIN28B were concurrently depleted. Therefore, LIN28 and LIN28B may
exhibit synergistic (FUS/TLS), and both repressive (hnRNP F) and enhancing (TDP-
43, FUS/TLS) effects on translation of their mRNA targets in stem cells. Our
observations that LIN28 and LIN28B have differing effects on their targets, and that
LIN28 levels affect LIN28B expression (Figure 18B), reveal another layer of
complexity ripe for future investigation. These studies will be important to address the
extent of this functional overlap between LIN28 and LIN28B, and to identify co-factor
complexes that underlie differences in cell type and gene-specific regulation by these

proteins.

DISCUSSION

Systematic, genome-wide identification of thousands of LIN28 binding sites
revealed that more than 6,000 genes are targets of LIN28 in hES cells and in somatic
cells where LIN28 was exogenously introduced. We report the identification of a
GGAGA(U) motif within LIN28 mRNA binding sites which resembles the sequence
and structural context of the interaction with let-7 miRNA precursors. We also provide
evidence of LIN28 autoregulation by direct binding to its own mRNA. Independent of
prerequisite alteration of let-7 levels, we find that LIN28 binds to mRNA regions
within transcripts that code for splicing factors, including TDP-43, FUS/TLS, TIA-1,

and AnRNP F and controls their protein abundance. Upregulation of protein levels of
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these targets in response to an increase in LIN28 in somatic cells leads to widespread
changes in alternative splicing patterns. Surprisingly, downregulation of LIN28 in hES
cells does not always result in reciprocal changes for these RBPs. Furthermore,
LIN28B does not in general compensate for lack of LIN28 function, despite also
interacting with mRNAs encoding these RBPs, and has different, or sometimes
synergistic, effects on these targets. This cell type specific control of gene regulatory
targets by LIN28 presents an alternative mechanism through which LIN28 and
LIN28B expression can shape cell fate and homeostasis.

Aside from alternative splicing, the RBP targets of LIN28 are also involved in
other RNA processing steps, expanding the breadth of known effects of LIN28 on
gene regulation. Both TDP-43 and FUS/TLS regulate mRNA transport, translation,
turnover and miRNA processing, and disruption of either protein leads to amyotrophic
lateral sclerosis (Lagier-Tourenne et al., 2010). TIA-1 is a central player in the
formation of stress granules, which safeguards selected mRNAs by controlling their
translation and stability during cellular stress (Kedersha and Anderson, 2002). Our
finding that LIN28 regulates TIA-1 expression provides another link between LIN28
and RNA regulation through control of stress granule formation (Balzer and Moss,
2007). HnRNP F protein, as well as the structurally similar hnRNP H1 protein, has
been observed to co-immunoprecipitate with LIN28 (Polesskaya et al., 2007). Of note,
hnRNP F and H1 (Caputi and Zahler, 2001) are known to recognize GGGA sequences
in RNA. With our finding that LIN28 also binds GNGAY motifs, it is possible that

these hnRNP proteins and LIN28 regulate a common set of targets. To summarize, our
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genome-wide study reveals avenues by which LIN28 impacts gene regulatory
networks through direct regulation of its mRNA targets, and provides a valuable
framework for future characterization of the molecular roles of LIN28 and LIN28B in

biological pathways.

METHODS
Cell culture and stable cell line generation

HEK293 cells containing an integrated Flp-In site (Flp-In-293; Life
Technologies) were cultured in DMEM media supplemented with 10% FBS and 2mM
L-glutamine and passaged using TrypLE (Life Technologies). The LIN28 open
reading frame (Homo sapiens, GenBank: DQ896719) was cloned from a Gateway
pENTR221 vector (Open Biosystems) into the Gateway pEFS5/FRT/VS destination
vector (Life Technologies) to generate the V5-tagged LIN28. To generate LIN28-V5
293 stable cell lines, pEF5/FRT/LIN28-VS5 plasmid was co-transfected along with the
FLP Recombinase expressing plasmid pOG44 into Flp-In-293 cells using
Lipofectamine-2000 (Life Technologies) according to the manufacturer’s instructions.
Recombination and insertion of LIN28-V5 at the Flp-In site confers stable integration
and expression of the LIN28-V5 fusion protein and hygromycin resistance. Stably
transected clones were selected and propagated in media supplemented with 75-100
ug/ml hygromycin B (Life Technologies) and several independent clonal cell lines
were established. Cell line LIN28-V5 #6 expressed an intermediate level of LIN28-V5

expression and was used for all LIN28-VS5 experiments unless otherwise indicated.
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Human ES cell lines H9 and HUES6 were grown in feeder-free conditions with
mTeSR media (STEMCELL Technologies) and on Matrigel (BD Biosciences) for
support. Cells were passaged manually or with Dispase (BD Biosciences) every 5-7

days.

RNA IP experiments

For RNA immunoprecipitation (RIP), HUES6 or Flp-In-293 cells were lysed
in 1X RIPA buffer (10X Millipore RIPA: 0.5M Tris-HCI, pH 7.4, 1.5M NaCl, 2.5%
deoxycholic acid, 10% NP-40, 10mM EDTA) with 1X Roche Complete Protease
Inhibitors, EDTA Free. RIP was performed as previously described (Van Wynsberghe
et al., 2011). Briefly, lysates were pre-cleared with Protein G Dynabeads (Life
Technologies) and then immunoprecipitation was performed for 4h with antibodies
against LIN28 (Abcam ab46020), LIN28B (Cell Signaling 4196) or IgG (Caltag
Laboratories 10500C), using beads pre-bound with either antibody. Immunprecipitated
material was treated with Proteinase K (Life Technologies), and RNA was extracted
with TRIzol (Life Technologies) and subsequently treated with RQ1 DNase

(Promega).

Northern blot analysis
Northern blots were performed as described (Stark et al., 2011). The let-7a
miRNA was detected using the StarFire probe system from Integrated DNA

Technologies (sequence AACTATACAACCTACTACCTCA).
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Western blot analysis

Cells were rinsed twice with cold 1X PBS on ice, and then suspended in 1X
RIPA buffer (Millipore) supplemented with 1X Roche Complete Protease Inhibitors,
EDTA Free. Cells were lysed by repeated pipetting, followed with sonication for 5-7
min in a Diagenode BioRuptor. Lysates were then centrifuged at 14,000 RPM for 20
min at 4°C. Protein concentrations of the resulting supernatants were quantified using
the BCA quantification assay (Thermo Pierce). For Western analysis, 15-25 ug of
protein lysate was separated on 10% or 4-12% Bis-Tris gels using the NuPAGE
system (Life Technologies) and transferred to Hybond-P membrane (Amersham
Biosciences). Membrane incubations with anti-GAPDH (1:10,000; Abcam ab8245),
anti-LIN28 (1:5,000; Abcam ab46020), anti-LIN28B (1:1,000; Cell Signaling 4196),
anti-FUS/TLS (1:1,000; Santa Cruz Biotechnologies SC-47711), anti-TDP43 (1:1,000;
Aviva ARP35837 P050), anti-Tial (1:200; Santa Cruz Biotechnologies SC-1751),
anti-cyclin B1 (1:200; Abcam ab72), anti-hnRNP F (1:200; Santa Cruz
Biotechnologies SC-10045), and IMP2 (1:1,000; MBL RNOO8P) were performed
overnight. Secondary antibodies were used at 1:10,000 (anti-rabbit Calbiochem
401393 or Cell Signaling 7074, anti-mouse Cell Signaling 7076, anti-Goat Promega
V-4771) and chemiluminescence reagents (Thermo Pierce) according to

manufacturers’ recommendations.
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RNA extractions, RT-PCR and qRT-PCR validation

All RNA extractions were performed with TRIzol reagent (Life Technologies)
and DNase treated with Turbo DNase (Ambion) according to the manufacturers’
instructions, unless otherwise specified. To generate cDNA, reverse transcription was
performed using 1-2 pg of total RNA, oligo(dT) primer, random hexamers and
Superscript III reverse transcriptase (Life Technologies) according to the
manufacturer’s instructions. PCR amplification was preformed for 32-36 cycles using
template cDNA diluted 1:15 and products were run on a 1-2% agarose gel stained with
SYBR safe (Life Technologies). Primers were designed against the LIN28 3'UTR to
assay for immunoprecipitation (PCR) and measure expression level differences
(qPCR). For qPCR of the LIN28 3'UTR (Figure 11C), RNA from three biological
replicates of the cell line LIN28-V5 #4 (Figure 4B) were extracted and quantified in
technical triplicates. For AS validations, primers were designed to span exons flanking
alternative cassettes. All primer sequences will be made available upon request. The
intensity of PCR products was quantified using Image] software
(http://imagej.nih.gov/ij/). For quantitative RT-PCR, SYBR Green (Applied
Biosystems) was used according to the manufacturer’s recommendations on a 7900HT
real time PCR machine with supporting software. An unpaired Student’s t-test was
used to determine significant changes in relative mRNA expression level between

experimental and control conditions after normalization to GAPDH.
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Luciferase assays

The spliced (long) and unspliced retained intron (short) forms of the mouse
TDP-43 3'UTR were previously cloned into the psiCHECK-2 vector (Promega)
(Polymenidou et al., 2011). A TDP-43 3'UTR deletion mutant lacking one of four
LIN28 binding sites was constructed using primers to generate the deletion PCR
fragment and hybridize the PCR fragment into the psiCHECK-2 vector using a
published approach (Heckman and Pease, 2007). A portion of the human 3'UTR of
LIN28 (‘Cloned Region’ Figure 11A), and mRNA sequences of FUS/TLS and hnRNP
F (Figure 14Aand B) were amplified using cDNA derived from LIN28-V5 293 cells
and with primers that added Xhol and Notl restriction sites. Amplified products were
inserted into the Xhol and Notl sites of the psiCHECK-2 vector downstream of
Renilla luciferase. To disrupt let-7 binding to the 3'UTR of LIN2S, the let-7 seed
region was removed (ALet-7) or mutated (Mut) within a psiCHECK-2 construct
containing the cloned portion of LIN28 3’UTR and using a protocol described by
Heakman and Pease, 2007. Transfection of Flp-In-293 cells in 12-well cell culture
plates was performed using 400ng of reporter plasmid and 400ng of pcDNA3.1 (Life
Technologies) or LIN28-GFP (Balzer and Moss, 2007) using Fugene 6 (Roche
Applied Science) according to manufacturer’s instructions. Cells were harvested 48
hours later and luciferase activities were assayed using the Dual-Luciferase Reporter
system (Promega). Renilla activity was normalized to firefly activity, which is used as
the internal control. Five individual luciferase assays were performed, and for each

assay, transfections were performed in triplicates.
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Lentiviral shRNA-mediated and siRNA-mediated knockdown of LIN28 and LIN28B

To achieve knockdown of LIN28, we utilized an shRNA construct targeting
human LIN28 in the pLKO.1 vector (TRCN0000102579; Open Biosystems). As a
control, a pLKO.1 vector containing an shRNA toward GFP was used (Open
Biosystems). Lentivirus expressing these constructs was prepared in 293T cells, as
previously described (Yeo et al., 2009). Human ES cells were treated with Accutase
(STEMCELL Technologies) to generate single-cell suspensions, and infected with
LIN28 or matched control GFP virus. The media was changed daily and cells were
harvested 72 hours after infection.

To deplete LIN28 (LIN28A) and LIN28B, we utilized On-TARGETplus
SMARTpool siRNAs from Dharmacon (LIN28A: L-018411-01-0005, LIN28B: L-
028584-01-0005, On-TARGETplus Non-Targeting Pool: D-001810-10-05). For
siRNA treatments in hES cells, cells were pretreated for 4 hours with Rock inhibitor
(Millipore) and then dissociated into a single cell suspension with Accutase
(STEMCELL Technologies) for 7 minutes. Cells were electroporated using the Amaxa
system, Human Stem Cell Nucleofector Kit 2, with a total of 1.2 x 1076 cells treated
in each condition at a final siRNA concentration of 300nM. Experimental conditions
consisted of 150 nM control non-targeting siRNA pool and 150 nM siRNA LIN28 or
LIN28B pool, or 150 nM of siRNA LIN28 and 150 nM siRNA LIN28B, and control
conditions were 300 nM of control non-targeting siRNAs. Media was changed daily

and cells harvested 48 hours post-nucelofection.
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TDP-43 overexpression

Flp-In-293 cells were grown to ~70% confluency in 6-well cell culture plates
and transfected with 4ug of TDP-43-GFP (Liu-Yesucevitz et al., 2010) or control
pEGFP-C2 (Clontech) plasmid using Lipofectamine-2000 (Life Technologies)
according to manufacturer’s instructions. After 48 hours cells were harvested, and

RNA and protein lysates extracted and quantified as above.

Let-7f expression

Rescue of let-7f expression levels in LIN28-V5 293 cells was achieved via
replicate transfections of cells freshly seeded at a density of 0.4-1.6 x 10> cells per
well of a 24-well cell culture plate with a final concentration of 5 nM human let-7f
mimic (miScript syn-hsa-let-7f; Qiagen MSY0000067) using Lipofectamine
RNAiMax (Life Technologies) according to the manufacturers’ recommendation.
Control tranfections were similarly prepared via treatment with a control miRNA
mimic with no known homology to any mammalian gene (AllStars Negative Control;
Qiagen 1027280). Cells were harvested 48 hours post-transfection and protein lysates

quantified as above.

RNA-Seq
We used one round of polyA selection with Oligo (dT),s Dynabeads (Life
Technologies) according to manufacturer’s recommendations to isolate mRNA from

3-9 pg total RNA. This mRNA was then fragmented with the Ambion RNA
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Fragmentation kit (AM8740) according to the manufacturer’s instructions. The
fragmented RNA was phosphorylated with T4 polynucleokinase (PNK), and subjected
to the small RNA-seq protocol v1.5 (Illumina) as per manufacturer’s instruction and

bands corresponding to 110-160bp fragments extracted for sequencing.

Small RNA-Seq

Small RNA libraries were generated from total RNA isolated from HO,
untreated Flp-In-293, and LIN28-V5 293 cell line. H9 RNA was treated as described
in Illumina's Small RNA Digital Gene Expression v1.5 protocol, using the supplied
adapters. RNA extracted from Flp-In-293 and LIN28-V5 293 cells was treated as
described in Illumina's Small RNA Digital Gene Expression v1.5 protocol, with the
exception of custom oligonucleotide adapters and primers used which matched those
of Illumina's TruSeq Small RNA Sample Preparation protocol. For all samples, 2ug
total RNA was ligated with a 3' pre-adenylated adaptor using T4 RNA ligase 2,
truncated (NEB), followed by ligation of a 5' adaptor using T4 RNA ligase 1 (NEB).
First-strand cDNA synthesis was performed using Superscript II (Life Technologies).
DNA was amplified using 13 cycles of PCR with Phusion polymerase (Finnzymes).
DNA products (H9: 85-115bp; Flp-In-293 and LIN28-V5 293: 135-160bp) were
purified using a 6% non-denaturing TBE acrylamide gel (Life Technologies). Flp-In-
293 and LIN28-V5 293 libraries contained the Illumina Truseq barcode indices 6 and
5, respectively. DNA products were eluted by diffusion, filtered using Spin-X columns

(Costar), and precipitated. DNA was quantified using Quant-It PicoGreen (Life
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Technologies). If barcoded, libraries were mixed, and 17.5fmol of cDNA per flow cell

lane was sequenced on the [llumina GAII for 36 cycles.

CLIP-seq data processing and cluster generation

Read mapping from CLIP-seq experiments and data processing was performed
as published (Polymenidou et al., 2011). Briefly, reads were processed and mapped to
the human genome (hgl8 http://genome.ucsc.edu; Bowtie version 0.12.2, with
parameters -q -p 4 -e 70 -y -1 25 -n 2 -m 5 --best --strata) and assigned to 21,605 genes
(as annotated previously (Yeo et al.,, 2009)). Significant clusters of reads were
calculated as previously described (Polymenidou et al., 2011) with a local cutoff that
was determined using a gene-specific frequency calculated as the number of reads
overlapping that gene, divided by the mRNA length (P < 0.01 Bonferroni correction).
A smaller sliding window of 40bp was used to determine where the number of reads
exceeded both the local (gene) and global (transcriptome) cutoffs. Sets of control
clusters were generated by taking LIN28 CLIP-seq clusters and selecting a same sized
sequence a random distance from the transcript start of the target gene, to control for
differences in gene expression. Control clusters were also confined to the same genic
regions as LIN28 CLIP-seq clusters. For all control datasets 10 iterations of randomly
selected controls were generated. CLIP-seq generated sequenced reads were also
mapped to the human genome build hg19 to be comparable with miRBase 16 miRNA
annotations using Bowtie (version 0.12.2) with parameters -q -p 4 -e 70 -y -1 25 -n 2 -

m 15 --best --strata. Raw sequence files and processed CLIP-seq cluster files can be
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accessed at the Gene Expression Omnibus (GEO) under the “HTS” SubSeries of

SuperSeries GSE39873.

RNA structure calculations

The prediction algorithm RNAplfold from the Vienna RNA Package was used
to calculate the probability of secondary structure around LIN28 binding sites with the
parameters -W 240 -L 160 -u 1. Input sequences were obtained from a database of
mRNA annotations, as we observed the vast majority of LIN28 targets occurred within
mature mRNA transcripts. The original source code was modified to obtain separate
probabilities for each position of a motif to be in a hairpin loop, external loop, internal
loop, or multi-loop structure or paired. P-values of rejecting the hypothesis that the
two independent cumulative distributions were drawn from the same underlying

continuous population were computed by the two-sample Kolgomorov-Smirnov test.

RNA-seq data processing and gene expression analysis

Strand-specific RNA-seq reads were mapped to our annotated gene structure
database (Bowtie version 0.12.2, with parameters -q -e 70 -y -125-n2-m 5k 5 --
best --strata). We measured gene expression as the number of reads uniquely mapped
to exons of a gene, per kilobase of exon sequence for that gene, normalized by the
total number of million mapped reads to genes (RPKM). Differentially expressed
genes were identified using a Z-score analysis as previously described with a cutoff of

Z < -2 (downregulated) or Z > 2 (upregulated) (Polymenidou et al., 2011). Raw
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sequence files and processed RPKM calculations can be accessed at GEO under the

“HTS” SubSeries of SuperSeries GSE39873.

Small RNA-seq data processing and mature miRNA expression analysis

Small RNA reads were mapped to the human (hgl9) genome using Bowtie
short read aligner (Langmead et al., 2009) and associated with coordinates of known
miRNAs from mirBasel8 (Griffiths-Jones, 2004; Kozomara and Griffiths-Jones,
2011). We required exact 5' end alignment to the canonical miRNAs for read
alignments. An expression value for each miRNA was calculated using the metric
RPM; reads mapped to the mature miRNA normalized to the number of million
mapped reads. Changes in miRNA expression were calculated by Z-score analyses of
the log, fold change (RPM LIN28-VS5 over RPM Flp-In-293 cells) for all miRNAs
with an RPM >= 1. Mature miRNAs with an absolute Z-score >= 2 and an RPM > 1
in both cell types were considered significantly changed. Raw sequence files and
processed RPM calculations can be accessed at GEO under the “HTS” SubSeries of

SuperSeries GSE39873.

Splicing array analysis for splicing and RNA expression changes

Microarray data analysis for LIN28-V5 293 cells, untreated Flp-In-293 cells,
TDP-43 overexpression in Flp-In-293 cells and H9 hES cells with control or LIN28
knockdown conditions were performed using a previously described method (Sugnet
et al., 2006), with cutoff of g-value < 0.05 and an absolute separation score > 0.5 to

identify alternative splicing events. Comparisons of LIN28 dependent AS events and
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TDP-43 dependent AS events were performed using in-house perl scripts. Expression
changes were determined by a 2-fold or greater fold change in normalized probe
values as previously described (Sugnet et al., 2006). Raw array CEL files and
normalized probe intensities for each experiment can be accessed at GEO under the

“splicing array” SubSeries of SuperSeries GSE39873.

Motif analysis

Motif analysis was performed as previously described (Yeo et al., 2009) using
LIN28 clusters and the randomly distributed set of control clusters counting all
possible pentamers. De novo motif finding was also applied using the HOMER v3.4
differential motif discovery algorithm (Heinz et al., 2010). This algorithm was used to
search 50bp from the center of all clusters for the most enriched motifs in real versus
control clusters. The HOMER script findMotifsGenome.pl was run with the following
command and parameters: findMotifsGenome.pl hgl8r -len 3,4,5,6,7,8,9,10 -

norevopp.

Gene ontology analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID
Bioinformatic Resources 6.7; http://david.abce.nciferf.gov/) was used to generate gene
ontology associations and assign functional categories to genes. The set of transcripts

expressed in H9 hES cells, as detected by microarray, were used as background.
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Accession numbers
All Tllumina sequencing and splicing array data is accessible through the Gene

Expression Omnibus (GEO) accession number GSE39873.
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Figure 3. CLIP-seq identifies LIN28 binding sites in thousands of human genes.

(A) CLIP-seq experimental approach performed using H9 human ES (hES) and LIN28-V5 293 cells. (i)
UV cross-linking; (ii)) immunoprecipitation of LIN28 protein-RNA complexes; (iii) micrococcal
nuclease treatment, SDS PAGE gel size selection, and protease digestion; (iv) cDNA library preparation
and high-throughput sequencing; and (v) cluster identification (in purple) based on the density of reads
(in green) mapped to genes (in dark blue). (B) Venn diagrams illustrating the number of LIN28 target
genes and clusters in common between hES and LIN28-V5 293 cells. For comparison, randomly
located clusters in the same genes and genic regions as LIN28-V5 293 clusters and clusters from
RBFOX2 in hES cells were used. The percentage of LIN28 hES gene targets or clusters in common
with each comparison dataset are indicated within boxes. (C) LIN28 binding sites identified within the
3'UTR of the hnRNP F gene in both hES and LIN28-V5 293 cells. Clusters are depicted by purple
rectangles representing the highest density of CLIP-seq reads (graphed as continuous densities in
green). Individual RBFOX2 hES CLIP-seq reads are shown in red for comparison. The scale to the left
indicates the height of aligned reads. (D) LIN28 binding enrichment in coding exons and 3'UTR
sequences in both hES and LIN28-V5 293 cells, as compared to the observed percentage of nucleotides
in the annotated transcriptome.
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Figure 4. CLIP-seq identifies LIN28 binding sites in two cell lines.

(A) SDS-PAGE gel size selection of LIN28 bound to radioactively labeled RNA targets at two different
micrococcal nuclease (MNase) concentrations in H9 hES cells. The bands between 28 and 38 kDa were
excised (boxed). (B) Flp-In-293 cells were used to generate HEK293 cell lines stably expressing
LIN28-V5 fusion protein. Western blot analysis with an antibody recognizing LIN28 shows LIN28-V5
expression in two stable cell lines, Flp-In-293 cells, and H9 hES cells. The cell line LIN28-VS5 #6 was
used for all experiments unless otherwise noted. GAPDH served as a loading control. Blot intensities
were quantified using ImagelJ software; values relative to GAPDH are provided. (C) SDS-PAGE gel
size selection of LIN28 bound to radiolabeled RNA targets at two different MNase concentrations in
LIN28-V5 293 cells. The bands between 42 and 52 kDa were excised (boxed) and materials from lanes
1-4 were combined. (D and E) Venn diagram comparisons of LIN28 gene targets defined by previous
RIP-seq experiments (Peng et al., 2011) and those identified by CLIP-seq in (D) hES or (E) LIN28-V5
293 cells. All RIP targets (top) or a subset of the targets ranked highly by Peng et al. (bottom) are
compared. The percentage of RIP-seq targets in common with each CLIP-seq dataset are given (blue
boxes). (F and G) Venn diagram comparisons of LIN28 hES and LIN28-V5 293 target genes found in
common between (F) all, or (G) highly ranked RIP-seq targets.
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Figure 5. Distribution of LIN28 CLIP-seq clusters across mRNAs
Positional distribution of LIN28 CLIP-seq and randomly distributed control clusters across mature
mRNA transcripts, displayed as an aggregate model by percent from transcription start site.
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Figure 6. CLIP-seq defines LIN28 binding sites within miRNA precursors.

(A, B) Individual LIN28 CLIP-seq reads (in green) aligned to (A) precursor miRNA let-7a-1 and (B)
precursor miRNA let-7f-1, with the mature miRNA boundaries depicted below. The sequence GGAGA
in the hairpin loop is depicted as a black rectangle. The scale to the left indicates the number of aligned
reads. (C) Western blot analysis of LIN28 protein levels in control Flp-In-293 and LIN28-V5 293 cells.
GAPDH serves as a loading control. (D) Northern blot analysis of the human let-7a miRNA in control
Flp-In-293 and LIN28-V5 293 cells. The U6 snRNA serves as a loading control. (E) Scatter plot
comparing the log2 RPM (reads per million mapped) for expressed mature miRNAs in control Flp-In-
293 and LIN28-V5 293 cells (gray), showing significantly upregulated (red) and downregulated (green)
miRNAs. (F) LIN28 CLIP-seq reads (in green) aligned to precursor miR-302d, centered on the motif
GGAG (black rectangle).
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Figure 7. Further overexpression of LIN28 in HEK293 cells prevents let-7 biogenesis

Northern blot analysis of the human let-7a miRNA in control Flp-In-293 and LIN28-VS5 #4 293 cells.
The LIN28-VS5 #4 293 line has higher expression of LIN28-V5 than the LIN28-V5 #6. A shorter
exposure of the mature let-7a bands is shown on the right. The U6 snRNA serves as a loading control.
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Figure 8. LIN28 binds GGAGA(U) motifs in mRNA sequences within hairpin loop structures.

(A) Scatter plot comparing pentamer Z-scores in hES and LIN28-V5 293 cells. Pentamers
overrepresented (p < 10-4) in both cell-types are highlighted by colored circles, and defined on the
right. (B) Consensus motifs within LIN28 clusters identified by the HOMER algorithm (Heinz et al.,
2010) in hES and LIN28-V5 293 cells with corresponding p-values shown below the motif. (C and D)
The positional frequency of consensus motifs GGAGA and GGAGAU relative to the center of (C) all
LIN28 hES clusters and (D) clusters only in 3'UTRs. Dashed lines correspond to the positional
frequency of these motifs within randomly distributed control clusters from the same type of genic
region. (E and F) Cumulative distribution plots display the probability that each nucleotide of a GGAG
sequence found within LIN28 hES clusters (blue) or control clusters (red) resides in a predicted hairpin
loop (left panel) or base-paired region (right panels) of mRNA; (E) considering clusters only in exons,
or (F) clusters only in 3'UTRs (p-values calculated by two-sample Kolgomorov-Smirnov test).
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Figure 9. LIN28 binds GGAG(A) sequences in transcripts expressed at different levels
Genes that are LIN28 CLIP-seq and/or RIP-seq (Peng et al., 2011) targets in H9 hES cells were divided
into four quartiles based on RPKM values from RNA-seq measurements in untreated H9 cells (see
Figure 13D). The percent of LIN28 hES CLIP-seq clusters containing the sequence GGAGA are given.
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Figure 10. LIN28 binds GGAG(A) sequences in mRNA transcripts within unpaired regions of
secondary structure

The positional frequency of consensus motifs GGAGA and GGAGAU relative to the center of (A) all
LIN28-V5 293 clusters and (B) clusters only in 3'UTRs. Dashed lines correspond to the positional
frequency of these motifs within randomly distributed control clusters from the same type of genic
region. (C-D) Cumulative distribution plots display the probability that each nucleotide of a GGAG
sequence found within LIN28-V5 293 clusters (blue) or control clusters (red) resides in a predicted
hairpin loop (left panel) or a base-paired region (right panels) of mRNA; (C) considering clusters only
in exons, or (D) clusters only in 3'UTRs (p-values calculated by two-sample Kolgomorov-Smirnov
test).
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Figure 11. LIN28 binds to its own 3'UTR to positively autoregulate.

(A) LIN28 H9 hES CLIP-seq reads (graphed as continuous densities in green) and clusters (in purple)
falling within the LIN28 3'UTR. Instances of GGAGA motifs within clusters are shown (black boxes).
The scale to the left indicates the height of aligned reads. A portion of the LIN28 3'UTR (orange)
containing a let-7 binding site (red) was cloned downstream of a luciferase open-reading frame (ORF)
reporter (see (D)). (B) Western blot (WB) analysis using an antibody recognizing endogenous LIN28 in
lysates after immunoprecipitation (IP) of LIN28 and bound RNA transcripts in HUES6 hES cells. IgG
was used as an IP control. RNA isolated from the IP was also used for RT-PCR experiments to confirm
IP of the endogenous LIN28 3'UTR (primers shown as arrows in (A)), and a negative control, HMNT,
that is not bound by LIN28. (C) Quantitative RT-PCR analysis showing increased mRNA levels of
endogenous LIN28 in LIN28-V5 293 relative to control Flp-In-293 cells, and normalized to GAPDH
levels (*p < 0.05, Student’s t-test, error bars = s.d.). (D) Relative luciferase activity of reporters
containing a portion of the wild-type (WT) LIN28 3’UTR (as depicted in A), or deletion (ALet-7) of or
mutations (Mut) within a sequence complementary to the let-7f miRNA, when co-transfected in Flp-In-
293 cells with a LIN28-GFP expression vector (purple) or with an unrelated control vector (grey) (*p <
0.001, Student’s t-test, error bars + s.d.). A control luciferase reporter lacking the partial LIN28 3'UTR
(Empty) was unaffected by LIN28-GFP.
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Figure 12. LIN28 binds and regulates splicing factors.

(A) Enriched Gene Ontology (GO) terms for hES LIN28 target genes were identified using the DAVID
algorithm (Huang et al., 2009). Statistical comparisons to all genes with transcripts expressed in H9
hES cells were made (*p < 10-10, **p < 10-15, ***p < 10-40). (B) Western blot analysis of splicing
factors in control Flp-In-293 and LIN28-VS5 293 cells. Cyclin B1 is shown as a positive control (Xu et
al., 2009). All membranes were probed for LIN28 and GAPDH (used as a loading control). (C) Western
blot analysis of splicing factors in LIN28-V5 293 cells transfected with a let-7f miRNA mimic or
control mimic. The let-7 target IMP2 was used as a positive control. (D) Relative luciferase activity of
reporters containing cloned portions of the hnRNP F or FUS/TLS LIN28-bound RNA regions co-
transfected into Flp-In-293 cells with a LIN28-GFP expression vector (purple) or with a control vector
(grey) (*p < 0.001, Student’s t-test, error bars + s.d.). A control luciferase reporter lacking a LIN28-
bound region (Empty) was unchanged by LIN28-GFP. (E) LIN28 CLIP-seq reads (in green) and
clusters (in purple) mapped to an intronic region within the 3'UTR of the human TDP-43 gene (in blue).
The scale to the left indicates the height of aligned reads. Portions of the homologous mouse TDP-43
3'UTR that contain (long) or lack (short) the intronic region that harbors the majority of LIN28 binding
sites are shown aligned (in orange). These regions were inserted downstream of a luciferase reporter as
previously described (Polymenidou et al., 2011). Instances of GGAGA and GAAG motifs in the
respective organisms are shown (black rectangles). (F) Relative luciferase activity of reporters
containing the TDP-43 3'UTR with LIN28 binding sites (long), and the TDP-43 3'UTR without LIN28
binding sites (short) co-transfected into Flp-In-293 cells with a LIN28-GFP expression vector (purple)
or a control vector (grey) (*p < 0.001, Student’s t-test, error bars + s.d.). A control luciferase reporter
lacking any LIN28-bound region (Empty) was unchanged by LIN28-GFP.
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Figure 13. Expression analyses upon misregulation of LIN28 in hES and Flp-In-293 cells.
(A) Scatter-plot of log-normalized probe values from splicing-sensitive microarray analyses
representing upregulated (red), downregulated (green) and unchanged (gray) genes upon LIN28
expression (LIN28-V5) in Flp-In-293 cells. Up and downregulated genes were determined by 2-fold or
greater change in normalized probe values. (B) Bar plots showing the percentages of genes affected at
the mRNA level upon LIN28 depletion (hES cells) or expression (LIN28-V5 293 cells) that were also
LIN28 CLIP-seq targets in the corresponding cell-type. (C) Western blot analysis with an antibody
recognizing LIN28 in H9 hES cells treated with lentivirus carrying an shRNA targeting LIN28 or a
GFP control. GAPDH is used as loading control. (D) RNA extracted from three replicate infections
were combined and subjected to strand-specific RNA-seq and the resulting sequenced reads were
processed. Read counts for each processing step are shown. (E) Scatter-plot of log-normalized RPKM
values representing upregulated (red, Z-score > 2), downregulated (green, Z-score < 2) and unchanged
(gray) genes upon LIN28 depletion in hES cells. (F) Cyclin B1 and LIN28 western blot with GAPDH
as loading control. Only representative controls were used in Figure 12B. (G) Western blots with
GAPDH as loading control. Only representative controls were used in Figure 12C.
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Figure 14. LIN28 CLIP-seq identifies sites of regulation within mRNA transcripts.

(A,B) LIN28 CLIP-seq reads (in green) and clusters (in purple) mapped to regions within the hnRNP F
(A) and FUS/TLS genes. Instances of GGAGA motifs in the respective genes are shown (black
rectangles). The scale to the left indicates the height of aligned reads. A region of mRNA from each
gene (“Cloned Region”) was cloned downstream of a Renilla reporter gene, within a construct that
expresses Firefly luciferase as an internal transfection control. (C) A schematic (below) of human TDP-
43 (in blue) depicts regions in its 3’UTR homologous to the mouse TDP-43 3'UTR (in orange). The
relative luciferase activity was determined for reporters containing LIN28 binding sites (long), the
spliced TDP-43 3'UTR without LIN28 binding sites (short), and the TDP-43 3'UTR with LIN28
binding sites but a deletion of the most 3> GGAGA motif (Del) co-transfected into Flp-In-293 cells with
a LIN28-GFP expression vector or a control vector (*p < 0.005, Student’s t-test, error bars + s.d.). The
positions of the GGAGA motif (black rectangles) and the deleted most 3' GGAGA motif (red rectangle)
are shown. A control luciferase ORF reporter lacking any LIN28-bound region (Empty) was unaffected
by co-transfection with LIN28-GFP.
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Figure 15. LIN28 expression in somatic cells results in thousands of alternative splicing events, in part
through regulation of TDP-43 levels.

(A) The pie charts display the number of each type of alternative splicing event changed upon
overexpression of LIN28-V5 (left) or TDP-43 (right) in Flp-In-293 cells, as detected by splicing-
sensitive microarray analyses. The small pie chart (center) represents the distribution of alternative
splicing event types detected on the microarray. (B) RT-PCR validations of alternative cassette events
detected by microarray analysis. All plots show significant differences between control Flp-In-293 and
LIN28-V5 293 cells (p < 0.05, Students t-test). Bars represent an average and error bars represent the
standard deviation across biological triplicates. (C) Western blot analysis using antibodies against TDP-
43 and GAPDH (loading control) in Flp-In-293 cells transfected with a TDP-43-GFP or control GFP
expression vector. (D) The percent of included versus skipped alternative cassette exons upon
overexpression of LIN28-V5 (left) or TDP-43 (right) in Flp-In-293 cells. For the alternative cassette
exons that changed in both conditions (n = 113), the percent of exons affected in the same (where the
exon is included or skipped in both conditions) or opposite direction are shown below.



87

12 MAP3K7 12 AHI1 12 APP
’ I -1.01 1 -0.68 . -0.95
. 0.8 P 0.8 0.8 1
€ 04 0.4 0.4
0.0 0.0 0.0
s ] ™
LI e e o - — CCO o o P — [ ] o — —— —
Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5
12 FGFR2 exon 4 1.4 SEC61A2 14 LOC145783
-0.63 121 1 -0.56 1.2 T -0.78
- 0.8 T . J. T
v = 0.8 0.8 .
£ 04 04 I—I—l 0.4 )
0.0 0.0 0.04
CHl] e o o e e e W] O] e o ———
Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5
1.2 LPHN2 1.4] 1 CLK1 1.4 MFF
-0.70 101 -1.32 1.0 I -0.68
0.8 1 1
1 0.6 0.6
0.4 0.2] | I | 0.2
0.0 0.0 0.0
s —— — —
D s s e o TEESSss oo
Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5 Flp-In-293 LIN28-V5

Figure 16. Validation of LIN28 regulated alternative splicing events in HEK293 cells.

Additional RT-PCR validations of alternative cassette events detected by microarray analysis. All plots
show significant differences between control Flp-In 293 and LIN28-V5 293 cells (p <0.05, Students t-
test). Bar graphs represent the average value and error bars display the standard deviation across
biological triplicates.
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Figure 17. LIN28 regulates alternative splicing in hESCs.

(A) The pie charts display the number of each type of alternative splicing event changed upon
knockdown of LIN28 in H9 hES cells (different event types depicted to the right). (B) Western blot
(WB) analysis using an antibody recognizing endogenous LIN28B in lysates after immunoprecipitation
(IP) of LIN28B and bound RNA transcripts in control Flp-In-293 cells. IgG was used as an IP control.
RNA isolated from the IP was used for RT-PCR experiments with primers targeting splicing factor
targets. HNMT (not bound by LIN28B) and GAPDH (not sufficiently enriched by LIN28B IP above

IgG IP) serve as negative controls.
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Figure 18. LIN28 and LIN28B affect splicing factors differently in human ES cells.

(A) The percent of included versus skipped alternative cassette exons upon depletion of LIN28 in hES
cells is shown. Of the alternative cassette events changed in both the LIN28 hES and LIN28-VS5 293
experiments (n = 73), the percent of exons affected in the same (where the exon is included or skipped
in both conditions) or opposite direction are shown below. The direction of cassette exon splicing
changes due to LIN28 depletion in hES cells is flipped to correspond to LIN28 overexpression. (B)
Western blot analysis of LIN28B levels upon shRNA-mediated depletion of LIN28 in hES cells.
GAPDH serves as a loading control. (C) Western blot analysis of LIN28, LIN28B, and splicing factors
upon siRNA-mediated depletion of LIN28, LIN28B, or both in hES cells.
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Table 1. CLIP-seq sequencing results and processing.
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Processing for LIN28 hES LIN28 hES LIN28-V5 293
mRNA targets CLIP 1 CLIP 2 CLIP
Raw reads 1,756,073 12,476,453 12,476,45
3
Removed short 1,474,739 9,132,443 7,952,475
and low quality
reads
Removed reads 980,415 5,473,826 4,230,107
mapped to repeats
Aligned to 649,989 4,194,424 2,839,810
genome
Removed 581,457 2,521,717 1,255,931
redundant reads
Assigned reads to 2,373,148 880,288
genes
Significant 26,279 15,028
clusters
Gene targets 5,969 6,601
Processing for miRNA targets of LIN28
Reads mapped to 925 5,393
miRNA precursors
Precursor 36 58
miRNAs targeted




91

Table 2. CLIP-seq reads mapped to precursor miRNAs and mature miRNA expression values.
Reads per million (RPM) returned from small-RNA seq for mature miRNAs with evidence of CLIP-seq
binding to the corresponding precursors. Significantly changed miRNAs upon LIN28-V5

overexpression are highlighted in green (downregulated) and red (upregulated).
Precursor V5 ES Mature LIN28-VS | Flp-In-293 H9 RPM
miRNA cuip | cLip | MRNA RPM RPM
let-7a-1 18 5 let-7a-5p 15,917 17,172 1,976
let-7a-3 19 0 let-7a-5p 15,917 17,172 1,976
let-7b 69 0 let-7b-5p 148 295 13
let-7c 22 0 let-7c 215 501 128
let-7d 24 0 let-7d-3p 0 3 0
let-7d-5p 4 12 30
let-7e 6 0 let-7e-3p 0 1 0
let-7e-5p 345 458 57
let-7f-1 130 0 let-7f-5p 808 3,009 778
let-7f-2 8 0 let-7f-5p 808 3,009 778
let-7g 134 0 let-7g-5p 103 369 91
let-7i 69 0 let-7i-5p 18 68 59
mir-101-2 13 0 miR-101-5p 0 0 3
mir-103-2 17 0 miR-103a-2-5p | 0 0 5
miR-106b 25 0 miR-106b-3p 108 86 1
miR-106b-5p 168 136 719
miR-10a 133 0 miR-10a-3p 4 3 0
miR-10a-5p 131,067 121,222 242
mir-1182 8 0 mir-1182-5p 0 0 0
miR-1226 13 0 miR-1226-3p 5 4 4
miR-1244-1 12 136 miR-1244 0 0 0
miR-1244-2 20 97 miR-1244 0 0 0
miR-1244-3 8 70 miR-1244 0 0 0
miR-1248 368 5 miR-1248 0 0 4
miR-125a 80 0 miR-125a-3p 5 13 14
miR-125a-5p 1,268 898 102
miR-1291 70 0 miR-1291 0 0 0
miR-1306 7 0 miR-1306-5p 5 5 1
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Table 2 continued. CLIP-seq reads mapped to precursor miRNAs and mature miRNA expression
values.

Reads per million (RPM) returned from small-RNA seq for mature miRNAs with evidence of CLIP-seq
binding to the corresponding precursors. Significantly changed miRNAs upon LIN28-VS5

overexpression are highlighted in green (downregulated) and red (upregulated).
Precursor V5 ES Mature LIN28-VS | Flp-In-293 H9 RPM
miRNA cuip | cLip | MRNA RPM RPM
miR-1307 6 0 miR-1307-3p 172 55 40
miR-1307-5p 149 117 94
miR-16-2 0 7 miR-16-2-3p 2 2 1
miR-16-5p 4,749 4,823 1,454
miR-181b-1 6 0 miR-181b-3p 7 15 0
miR-181b-5p 314 200 10
miR-182 8 0 miR-182-5p 15,891 17,871 6,125
miR-1825 0 6 miR-1825-5p 0 0 0
miR-186 6 0 miR-186-3p 0 1 0
miR-186-5p 681 355 361
miR-193b 0 5 miR-193b-3p 99 50 160
miR-193b-5p 2 3 5
miR-19a 5 0 miR-19a-3p 325 385 1,615
miR-19a 5 0 miR-19a-5p 2 3 4
miR-19b-1 19 1 miR-19b-1-5p 5 7 111
miR-198 0 50 miR-198-5p 0 0 0
miR-200c 0 13 miR-200c-3p 7 7 2,983
miR-200c-5p 0 0 5
miR-20a 14 5 miR-20a-3p 2 0 6
miR-20a-5p 1,471 1,856 68,443
miR-20b 0 5 miR-20b-3p 0 0 62
miR-20b-5p 23 40 40,183
miR-25 11 0 miR-25-3p 10,957 8,064 1,064
miR-25-5p 14 10 10
miR-26a-1 2 6 miR-26a-5p 4,024 3,097 1,738
miR-29b-2 23 0 miR-29b-2-5p 0 0 0
miR-301a 0 9 miR-301a-3p 347 372 100
miR-301a-5p 5 5 22
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Table 2 continued. CLIP-seq reads mapped to precursor miRNAs and mature miRNA expression
values.

Reads per million (RPM) returned from small-RNA seq for mature miRNAs with evidence of CLIP-seq
binding to the corresponding precursors. Significantly changed miRNAs upon LIN28-VS5

overexpression are highlighted in green (downregulated) and red (upregulated).
Precursor \'A ES Mature LIN28-VS | Flp-In-293 H9 RPM
miRNA cuip | cLip | MRNA RPM RPM
miR-302a 0 9 miR-302a-3p 2 1 21,846
miR-302a-5p 11 1 6,716
miR-302b 0 24 miR-302b-3p 14 3 509,541
miR-302b-5p 2 0 116
miR-302¢ 0 20 miR-302¢c-3p 4 0 40,942
miR-302¢-5p 0 1 817
miR-302d 0 36 miR-302d-3p 18 7 24,480
miR-302d-5p 0 0 147
miR-30a 18 0 miR-30a-3p 360 219 238
miR-30a-5p 150 100 136
miR-30e 15 5 miR-30e-3p 811 431 1,467
miR-30e-5p 126 192 727
miR-3137 5 0 miR-3137 0 0 1
miR-324 6 0 miR-324-3p 2 2 3
miR-324-5p 9 9 3
miR-34a 8 0 miR-34a-3p 0 3 0
miR-34a-5p 122 152 35
miR-3607 0 20 miR-3607-3p 2 1 6
miR-3607-5p 0 0 4
miR-3620 100 1 miR-3620 2 0 0
miR-3648 20 0 miR-3648-5p 0 0 0
miR-3652 28 0 miR-3652-5p 0 0 0
miR-3654 27 53 miR-3654 0 0 0
miR-3658 0 6 miR-3658-5p 0 0 0
miR-367 0 111 miR-367-3p 0 0 12,338
miR-367-5p 0 0 5
miR-3676 5 1 miR-3676-3p 0 0 6
miR-3676-5p 0 0 0
miR-3687 14 0 miR-3687-5p 0 0 0
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Table 2 continued. CLIP-seq reads mapped to precursor miRNAs and mature miRNA expression
values.

Reads per million (RPM) returned from small-RNA seq for mature miRNAs with evidence of CLIP-seq
binding to the corresponding precursors. Significantly changed miRNAs upon LIN28-VS5

overexpression are highlighted in green (downregulated) and red (upregulated).
Precursor V5 ES Mature LIN28-VS | Flp-In-293 H9 RPM
miRNA cuip | cLip | MRNA RPM RPM
miR-374a 14 0 miR-374a-3p 441 250 7,953
miR-374a-5p 121 75 261
miR-581 6 0 miR-581-5p 0 0 0
miR-448 0 5 miR-448 2 0 71
miR-598 51 0 miR-598 34 38 1,026
miR-611 0 7 miR-611-5p 0 0 0
miR-615 144 0 miR-615-3p 550 387 0
miR-615-5p 2 1 0
miR-632 5 0 miR-632-5p 0 0 0
miR-652 1062 10 miR-652-3p 81 46 115
miR-652-5p 9 0 1
miR-663 457 35 miR-663a 0 0 1
miR-671 1815 3 miR-671-3p 45 41 0
miR-671-5p 12 20 79
miR-877 8 0 miR-877-5p 34 14 283
miR-92a-1 0 10 miR-92a-1-5p 32 30 91
miR-93 38 0 miR-93-3p 4 5 5
miR-93-5p 2,093 1,233 8,148
miR-98 14 0 miR-98 65 198 5
miR-1247 0 0 miR-1247-5p 4 12 0
miR-34c 0 0 miR-34c-5p 4 42 1307
miR-1 0 0 miR-1 19 62 286
miR-100 0 0 miR-100-5p 17 134 97
miR-1910 0 0
miR-548k 0 0
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Table 3. Probabilities of LIN28 bound motifs to occur within regions of secondary structure.

The probability that each nucleotide of a GGAG or GNGAY motif sequence found within LIN28-V5
293 or LIN28 hES clusters to reside within structural elements or base-paired regions as compared to
control clusters, p-values calculated by two-sample Kolgomorov-Smirnov test.

LIN28 hES exon clusters LIN28-V5 293 exon clusters |LIN28 hES 3'UTR clusters |LIN28-V5 293 3'UTR clusters

GGAG (p) GNGAY (p) |GGAG (p) GNGAY (p) |GGAG (p) GNGAY (p) |GGAG (p) GNGAY (p)
Paired 1.12E-27 9.18E-04 1.97E-09 1.87E-03 9.58E-41 7.81E-31 6.24E-11 7.15E-04
Hairpin loop 1.91E-31 4.94E-08 8.60E-27 2.55E-12 2.43E-44 1.11E-24 3.61E-28 1.03E-11
Internal loop 2.16E-09 2.38E-04 5.02E-01 9.47E-02 7.43E-21 1.11E-36 6.80E-01 3.19E-04
Multi-loop 5.18E-19 1.28E-04 4.76E-06 2.75E-02 1.37E-22 4.91E-19 3.50E-05 1.38E-09
External loop 8.90E-10 4.05E-03 6.61E-08 6.01E-07 1.70E-19 3.60E-10 5.70E-08 2.28E-19
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CHAPTER 3 - COMPARATIVE ANALYSIS OF TRANSCRIPTOME

REGULATION NETWORKS

ABSTRACT

The availability of transcriptome-wide binding data for RNA-binding proteins
(RBPs) has increased our understanding of their far-reaching influence on cell fate.
Access to many related datasets of RNA maps presents both opportunities and
challenges for the interpretation of RBP function. In particular, intense interest in the
pluripotency associated RBP LIN28 has resulted in several studies of its global RNA
targets and mechanisms in post-transcriptional regulation. Review of the major
findings of these reports and comparisons of their sets of target genes for both
LIN28A and LIN28B show that despite differences in total gene target sets
conclusions regarding their characteristic binding patterns are consistent.

Keeping these lessons in mind, we interrogated a potentially related family of
developmentally regulated RBPs, the IMP proteins (Igf2- mRNA binding protein or
IG2BP). Like the LIN28s, the IMPs are expressed in an oncofetal expression pattern
and are highly expressed in human pluripotent stem cells. Our studies suggest that
IMP1 and IMP2 bind a large subset of the same RNA transcripts, but in different
contexts. These results provide insight into the molecular function of these two family
members, and how they may act in distinct but coordinate mechanisms to direct the
fate of their target RNAs. Differences in IMP1 and IMP2 binding patterns and target
sequence motifs suggest divergent mechanisms of RNA regulation for these similar

but not equivalent proteins.
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As we explore connections between different post-transcriptional networks, the
question remains how these relate to underlying transcriptional regulation. It has been
commonly observed that regulators within a certain pathway will commonly affect
other factors in control of the same cellular process. Indeed, the reprogramming
factors OCT4, SOX2, and NANOG co-occupy the same promoter sites in mouse and
human ES cells. To test if this tendency to control the same gene targets extends to
post-transcriptional regulators of pluripotency we compared LIN28 and IMP target
genes to ChIP-seq DNA binding sites. Our initial studies suggest that LIN28 supports
its own network of mRNA targets, possibly stabilizing gene expression through
pathways unique from these transcription factors. However, it remains to be
experimentally investigated if any of the co-regulated genes by OSN and LIN28 are

vital to the contribution of LIN28 to the reprogramming process.

INTRODUCTION
Transcriptome-wide studies have defined LIN28 mRNA interactions

Access to global methods for the characterization of cellular systems has
expanded our appreciation of regulation from one-to-one connections into a view of
genome-wide control. This has been particularly true in the study of RNA-binding
proteins (RBPs), especially with advances in technologies based on
immunoprecipitation of proteins and associated RNAs to define direct binding events.
This can be accomplished using the RNA transcript as bait or more commonly with an

antibody to a particular protein of interest (Castello et al., 2012; Yeo et al., 2009). The
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combination of these basic techniques with advances in high-throughput sequencing
can provide information about precise interaction sites as well as the global view of
pathways and mechanisms under RBP control.

The early identification of LIN28 as a ‘stemness marker’ and its ability to drive
de-differentiation of adult somatic cells into an induced pluripotency stem cell state
has directed the application of the latest approaches to identify the targets and
pathways that make this function possible (Richards et al., 2004; Yu et al., 2007). In
particular CLIP-seq (cross-linking followed by immunoprecipitation and high-
throughput sequencing) can be applied in stem cell models to reliably identify sites of
RBP transcript binding (Yeo et al., 2009). This protocol, as applied to LIN28-RNA
target finding is described in Figure 19. Several recent studies have applied variations
of this approach to LIN28A and LIN28B family RBPs. Six related LIN28A
transcriptome-wide studies have been published including RIP-Chip in A2780 cells;
RIP-seq in hESCs; CLIP-Seq in hES, mES, and HEK293 cells, and PAR-CLIP in
HEK?293 cell (Cho et al., 2012; Hafner et al., 2013; Li et al., 2012a; Peng et al., 2011;
Wilbert et al., 2012). LIN28B CLIP-seq datasets were also generated by PAR-CLIP in
HEK293 cells, as well as by iDoPAR-CLIP, which associates RNA binding sites with
a particular RNA-binding domain of the protein (Graf et al., 2013; Hafner et al.,
2013). All of these approaches rely on the basic concept that immunoprecipitation (IP)
can be used to selectively isolate mRNP complexes from living cells, and that RNA
targets of a RBP can then be identified through subsequent steps. Distinct aspects of

these protocols include the method of cross-linking, choice of cellular system, choice
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of antibody, selection of bound RNAs, sequencing library preparation, and finally the
analytical approaches to identify RBP target sites. The methods applied to defined
functional consequences of binding events and overall mechanism of protein action
are still evolving. These datasets provide a valuable resource to evaluate various ways
in which the study of mRNP interactions can be addressed. Regardless of approach,
we expect that conclusions resulting from robust biological signals should be

consistent.

IMP RBPs are part of the network of stem cell enriched, developmental regulators

Expression of LIN28 is part of the precise network of control necessary for
normal development. It is well understood that control of cell fate requires an intricate
network of regulators. To understand how the gene targets it regulates fit into the
wider context of stem cell control we compared its regulatory network with those of
ES enriched RBPs and transcription factors. The approach of studying groups of
regulators based on their expression patterns is not new; it was the unique expression
patterns and important developmental roles that lead to the fruitful studies of the first
pluripotency transcription factors (Scholer et al., 1990; Nicholas et al. 1998; Chambers
et al., 2003). Following this logic, along with other evidence from the literature, we
selected the stem cell enriched and developmentally regulated IMP (Igf2 mRNA
binding protein) family proteins to compare with LIN28 bound transcripts. The IMP
family of RBPs are highly conserved from Drosophila to mammals and contain six
RNA binding motifs (two RRM domains and four KH domains) (Hammer et al.,

2005). The IMP and LIN28 genes follow similar expression patterns during
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development with high expression confined mainly to ES cells. However, unlike
LIN28, the IMP proteins are also enriched in immature neural populations (Figure 20).
The IMP or IGF2BP proteins are named in part for their regulation of IGF2 mRNA,
which was also the first mRNA found to be translationally regulated by LIN28
(Polesskaya et al., 2007). There is evidence that this is not the only common RNA
target of LIN28 and IMP. In particular, the IMP family of proteins co-IP with LIN28
in an RNA dependent manner in proliferating, but not differentiating, human muscle
C2C12 cells (Polesskaya et al., 2007). A number of other published reports of IMP
and LIN28 proteins physically interacting with each other, as well as with components
of the translational machinery (Hafner et al., 2013; Polesskaya et al., 2007; Weinlich
et al., 2009). LIN28 and IMP are also related through the miRNA regulatory network,
since both proteins are downregulated by let-7 family miRNAs. Furthermore,
transcriptome-wide studies have defined LIN28A and LIN28B binding sites in IMP1-
3 mRNAs (Hafner et al., 2013; Wilbert et al., 2012). The roles of LIN28 and IMP in
development also have parallels, as both are important regulators of neurogenesis,
metabolism, and tumorigenes (Balzer et al., 2010; Bell et al., 2013; Christiansen et al.,
2009; Nielsen et al., 2001; Perycz et al., 2011; Shyh-Chang and Daley, 2013; Zhou et
al., 2013). However, it is not known how widely the RNA targets of these proteins
overlap or if interactions are confined only to certain transcripts. To address this
question and that of redundancy between RBP family members, we generated RNA
binding maps of IMP1 and IMP2. These datasets will also provide insight into the

cell-type specificity of RBPs and their binding targets.
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Pluripotency is controlled by an overlapping network of regulators

Combining our knowledge of these post-transcriptional regulators with that of
transcription factors helps to illustrate how many forces influence the expression of a
single gene. Reinforcing gene expression programs through multiple feedback
mechanisms helps to ensure precise control required during development. Previous
work has demonstrated that transcription factors and miRNAs form central hubs of
control in human and mouse embryonic stem cells (Marson et al., 2008). In particular
several studies have demonstrated that the reprogramming factors OCT4, SOX2, and
NANOG occupy the same sites in the genome (Boyer et al., 2005). OCT4 is a POU
domain transcription factor specifically expressed in pluripotent stem cells and its
expression is required for maintenance of these cells in the inner cell mass (ICM) of
the developing blastocyst (Nichols et al., 1998; Pan et al., 2002). OCT4 can
heterodimerize with SOX2, an HMG-box transcription factor, and together they
contribute to gene expression changes in ESCs (Botquin et al., 1998; Nishimoto et al.,
1999; Yuan et al., 1995). More generally, Sox2 and Oct4 were shown to have widely
overlapping target sites in human ES cells which were attributed to binding at cis
Sox2-Oct4 regulatory elements (Boyer et al., 2005). OCT4 binds the octamer
ATGCAAAT and often binds in conjunction with SOX2 at sites with a neighboring
SOX binding element (Chambers and Smith, 2004; Pesce and Scholer, 2001).
Interestingly where OCT4 and SOX2 DNA-binding sites have been identified,
NANOG binding is almost always present as well (Boyer et al., 2005; Marson et al.,
2008). Nanog is a homeobox domain transcription factor that also plays a role in

maintaining pluripotency; however, it does so in part by preventing differentiation to
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the primitive endoderm (Chambers et al., 2003; Mitsui et al., 2003; Wang et al., 2003).
This protein is downregulated with embryonic development, maintaining expression in
the germ cells and genital ridge as late as E11.5 in mouse embryos (Chambers et al.,
2003).

The ability of these factors to support or limit each other’s expression levels is
a critical component of this pluripotency network. Indeed, these core transcription
factors can bind to each others promoters, for example at a composite OCT4/SOX2
motif upstream of the Nanog transcription start site that promotes Nanog expression in
pluripotent cells (Kuroda et al., 2005; Rodda et al., 2005). Oct4, Sox2, and Nanog also
occupy the promoter region of Lin28A (Marson et al., 2008). The phenomenon has
been observed when key transcriptional regulators of a cellular process often regulate
other factors in that same pathway, as is seen with these pluripotency factors
(Guenther et al., 2005; Lee et al., 2002a; Odom et al., 2004). Similarly, RNA-binding
proteins have been shown to preferentially bind mRNA transcripts encoding other
RBPs, as was described for LIN28 in our studies (Huelga et al., 2012; Wilbert et al.,
2012). However, it has not been studied whether this phenomenon holds true across
different classes of regulators that control similar cellular processes. Specifically, we
asked if RNAs regulated at the transcriptional level by OCT4, SOX2, and NANOG are
subsequently bound by LIN28. Although our analyses reveal that the majority of
LIN28 targets were not associated with OSN bound promoters, the subset of genes in
common between these regulators are potentially powerful points of control in this

network. Our ability to associate single genes with the cascade of regulators directing
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cell fate provides useful connections for the understanding of development and how

disruption of these pathways result can in disease.

RESULTS

LIN28 CLIP-seq reports produce divergent sets of gene targets

Original approaches to mRNP target identification relied on microarray
technologies to detect and quantify isolated transcripts. The hybridization of long
transcripts on cDNA arrays limited the resolution of these studies and scope of
interrogated target sequences. Pairing high-throughput sequencing with CLIP (CLIP-
seq or HITS-CLIP) greatly improved the ability of early studies to define and
characterize RNA targets of the miRNA machinery (Chi et al., 2009; Zisoulis et al.,
2010). The preparation of size selected cDNAs corresponding to only small RNA
fragments protected by the RBP from RNAse digestion are a feature that distinguishes
a basic RIP-seq (RNA-immunoprecipitation) approach from CLIP-seq. RIP-seq was
employed by Peng and colleagues to determine LIN28 target sites in hESCs (Peng et
al.,, 2011). The combination of RIP-seq data and low-throughput study of LIN28
targets were only successful in defining 95 base pair or larger regions responsive to
LIN28 expression (Pend et al., 2011). Furthermore, evidence suggested that multiple
binding regions in a single RNA could be active LIN28 targets. For example, in the
Oct4 mRNA in mouse ES cells LIN28 binding and activity was detected in the middle
of the open reading frame (369 nt long), and the 5' third of the ORF (Qui et al., 2004).

These results left questions as to the general binding preference of LIN28 within
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protein-coding transcripts. Due to these complexities of in vivo binding the ability to
use CLIP-seq to generate transcriptome-wide maps at a nucleotide resolution of RBP-
RNA interactions were necessary to better characterize LIN28 targeting and function.
The influential roles of LIN28 during early development, neurogenesis,
oncogenesis, and somatic cell reprogramming have fueled scientific interests in the
mechanism and networks through which this protein acts (Zhu et al., 2010; Balzer et
al., 2010; Thornton and Gregory et al., 2012; Yu et al., 2007). In response, a number
of groups have published LIN28-RNA interactome datasets obtained through IP-seq
(immunoprecipitation coupled with sequencing) based experiments. The typical CLIP-
seq approach begins with cells or tissues, cross-linking to form stable complexes, IP of
mRNP complexes, digestion of unbound RNAs and size selection of the protected
RNA fragments, followed by cDNA library preparation. Here we review some of the
variables that contribute to differences in these protocols as they apply to
transcriptome-wide LIN28 RNA-binding site definition. The basic approaches

employed by each of these recent studies, and their major findings are detailed in

We wanted to compare the total target gene sets defined by each other these
approaches to build a picture of the impact cellular system, approach, and protein
family member (LIN28A versus LIN28B) have on overall conclusions of LIN28
binding and function. Previous comparisons between sets of these studies showed that
about 70% of the same transcripts were bound between hESCs and HEK293 cells

(Wilbert et al., 2012), and ~50% in common between HEK293 and A2780 (breast



106

cancer) cell lines (Li et al., 2012). To begin additional comparisons we started by
asking how a variation in parameters of our own approach would affect the target
genes defined. Using LIN28A hES CLIP-seq sequencing information generated in
Wilbert et al., 2012, we re-analyzed this data removing any reads that has the same
start and stop location as another in an effort to safeguard against potential PCR
duplication artifacts. This more stringent analysis filtered out a number of genes,
resulting in an overall smaller dataset that had a higher percent of targets in common
with the LIN28-V5 target set generated in HEK293 cells (Figure 21A). This is
evidence that our most confident hESC LIN28 binding sites are those also
recapitulated in a second cell type adding to the growing body of evidence that LIN28
is a promiscuous binder, not highly dependant on co-factors for binding and able to
bind its target transcripts wherever they are expressed. The re-processing of the LIN28
hES dataset also demonstrates how a single parameter can drastically shift the
population of significant gene targets.

Our LIN28-V5 (LIN28A) HEK?293 dataset (Wilbert et al., 2012) and LIN28A
PAR-CLIP by the Tuschl group had the most similar experimental setup (Hafner et al.,
2013). However, when we compared overlaps of these gene targets (Figure 21B) there
was no correlation between the two HEK293 LIN28A datasets versus the hESC
dataset. Furthermore, the HEK293 LIN28B set of gene targets shared the same relative
amount overlap between any of LIN28A target sets. Proportionately more targets were
in common between the LIN28A HEK?293 gene set (Hafner et al., 2013) and either of

two LIN28B HEK?293 gene targets sets than there were between the two LIN28B sets
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(Figure 21C). In the original study of LIN28A and LIN28B in the same
overexpression system in HEK293 cells the authors reported that almost all LIN28A
target mRNAs (1,674/1,803; 93%) were also bound by LIN28B (Hafner et al., 2013).
From this cumulative information it is likely LIN28A and LIN28B do bind an
overlapping set of gene targets; but the variance in these transcriptome-wide methods
make gross comparisons less informative.

The largest LIN28A gene set from mouse ES cells (~60% of the mouse
transcriptome Cho et al., 2012) had about ~60% of target in common to RIP-seq and
CLIP-seq hESC (Figure 21D) or to LIN28A and LIN28B targets in HEK293 cells
(Figure 21E). Comparing the junctions of genes in common further confirmed these
sets were made from different groups of genes overall. That is, a single consensus
LIN28 target gene set cannot be drawn from the intersection of these multiple data
sources. Therefore, to define which of these targets are confident binding sites and
those that have functional response we must rely on rules learned from each target set

as a whole.

The CLIP-seq approach is compatible with LIN28 biology to define binding motifs
Traditional IP-based methods suffer from artifacts of spurious mRNP
interactions that occur in cell lysates but not in vivo (Mili and Steitz, 2004). The
incorporation of cross-linking into these protocols to bind together RNAs and closely
associated RBPs helps to prevent this problem and enables stringent selection steps for

the mRNP complex(es) of interest. A popular method of cross-linking is the use of UV
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irradiation to form covalent bonds between proteins and nucleic acids within one
Angstrom apart (Ule et al., 2003). A caveat of UV cross-linking it that is relies upon
the close proximity of nucleic acid bases and aromatic amino acid side chains since
these are the photo-reactive groups of the RNA and protein molecules. Due to this,
proteins that interact with the phosphate backbone of RNA, like eIF4AIll a DEAD-
box helicase component of the exon junction complex, are less efficiently cross-linked
(Singh et al., 2013). However, successful application of CLIP-seq to this protein
shows that with the use of sufficient starting material and careful sample processing
traditional UV cross-linking can be successful even for this type of RBP-RNA
interaction (Sauliere et al., 2012). The use of formaldehyde is another popular cross-
linking agent as it does not rely on these criteria and instead non-specifically preserves
native RNA-protein interactions (Niranjanakumari et al., 2002).

Studies of the interactions between LIN28 and the let-7 family miRNA
precursors have collectively led to our understanding that the site of binding occurs at
conserved GGAGAU and degenerate GNGAY (Y = pyrimidine) sequences within the
hairpin loop. This suggested that LIN28 would be an ideal candidate for
transcriptome-wide CLIP-seq study since these nucleotides are effectively cross-
linked, as are sites within unpaired loop regions of ssSRNA. However, it was initially
unknown whether LIN28 would also target this sequence-structural element in
mRNAs or other target transcripts. The first CLIP-seq experiment for LIN28A in
hESCs revealed that this is indeed the case (Wilbert et al., 2012). That is, LIN28

preferentially binds mRNAs at GGAGA motifs embedded within unpaired regions of
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loop structures. A second study in mouse ES cells recapitulated these findings for the
Lin28a homologue at a degenerate motif AAGNNG or AAGNG, that encompass the
human LIN28 mRNA binding motif GGAGA (Cho et al., 2012). A UGUG motif was
also observed, albeit less frequency. The most commonly observed tetramer from
LIN28B studies was GGAG (G/A)GG(G/C)(A/U)G (Graf et al., 2013).

PAR-CLIP utilizes photoactivatable-ribonucleosides to enhance cross-linking
efficiency and mark the precise site of binding (Hafner et al., 2010; Hafner et al.,
2013). Incubating cells with the photoactivatable ribonucleoside 4-thiouridine (4SU)
or 6-thioguanosine (6SG) prior to UV-irradiation results in their incorporation into
newly transcribed transcripts. The effect of this is that cross-linked sites can be
distinguished by thymidine to cytidine (T to C), or guanosine to adenosine (G to A)
transitions in the cDNA prepared from extracted RNA. These single base pair changes
in sequence are then used as evidence to define cross-linked sites and specific RBP
bound sites. Despite differences in CLIP and PAR-CLIP they generally produce
similar results. Hafner and colleagues have applied PAR-CLIP and the tool PARalyser
(Corcoran et al. 2011) to identify peaks of LIN28A or LIN28B binding. Their criteria
for T-to-C transitions were that each peak had at least two independent transitions, at
least 5 reads with T-to-C conversions and overall conversion rate >0.25. In their 500
top binding sites, as ranked by cross-linking transitions, found a pyrimidine-rich
degenerate motif AYYHY (Y = U,C and H = A,C,U) in 93% of all LIN28B binding
sites. Since the target site definition was always centered on T-to-C transitions this

may account for a higher frequency of these bases in the motif defined. Even without
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the use of photoactivatable ribonucleoside Chao and colleagues were able to utilize
mutations induced by cross-linking to define nucleotide sites where the protein
interacted, almost always centered on a G (Cho et al., 2012). In these comparisons the

PAR-CLIP approach does not enhance LIN28 target site definition and motif finding.

Sequence information reveals structure of LIN28 mRNA interactions

Although in silico predictions of RNA secondary structure are notoriously
variable, information from LIN28 CLIP-seq binding has enabled the study of
structural constraints on its mRNA targeting (Cho et al., 2012; Wilbert et al., 2012).
Cho and colleagues calculated the simple Watson-Crick base-paring occurrences for
nucleotides surrounding LIN28 bound GGAG motifs and found evidence for hairpin
structures at these sites. More sophisticated modeling by Wilbert and collaborators
using the RNAplfold algorithm to calculate the probability of secondary structures
also produced evidence that LIN28 preferentially binds to unpaired regions of
secondary structure with mRNA transcripts (Wilbert et al., 2012). Conclusions from
these studies are useful when applied to understanding and studying LIN28 functional
binding to individual RNAs at specific sites. For example, the necessity of transcripts
to form secondary structures before they can be targeted by LIN28 may help to
explain why luciferase reporter constructs shorter than 95 base pairs were unable to
stimulate translation in the presence of Lin28 expression (Peng et al., 2011). To aid in
the design of ideally positioned LIN28 responsive sites for luciferase reporters we

included secondary structure predictions in our criteria, in addition to the presence of
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strong CLIP-seq binding and some variation of the LIN28 binding motif GGAGAY

and/or GAU rich sequences (Figure 22).

Individual RNA-binding domains can be studied with PAR-CLIP
While basic CLIP-seq and PAR-CLIP studies provide comparable information

about RBP binding, an adaptation of PAR-CLIP that enables IP of individual RBP
binding domains provides a more detailed description of RBP-RNA interactions.
Previous studies with CSD and/or ZKD mutations have demonstrated that both are
essential for proper regulation of miRNA and mRNA targets of LIN28 (Balzer et al.,
2010; Balzer and Moss, 2007). In order to define transcriptome-wide binding patterns
of the LIN28B protein Graf and colleagues used another modified version of the
protein, this time with a cleavable peptide within the flexible linker region of LIN28B
and tags on either C- or N-terminus allowing the selective IP of either domain and
bound RNAs (Graf et al., 2013). A useful aspect in the design of this experimental
system is the ability of the protein to bind under endogenous conditions with both
functional binding domains before their disassociation. This is particularly relevant
when we consider lessons from LIN28-let-7 interactions that suggest initial binding of
the ZKD helps to open up the RNA structure and allow for subsequent binding of the
CSD, and possibly additional molecules of LIN28 (Nam et al., 2011). Their results
shows that both domains interact together on the same RNA within close proximity to
each other, likely with the CSD upstream of the ZKD (5' to 3' orientation on the
mRNA) (Graf et al., 2013). Here, we see a valuable adaptation of the original CLIP-

seq protocol to facilitate understanding of individual RBP binding domains. However,
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it remains possible that deeper analyses of CLIP-seq data may be able to produce

similar findings.

In vitro assays complement CLIP-seq studies

As discussed above, the application of CLIP-seq based technologies to LIN28
studies have returned consistent information about sequence and structure of mRNA
transcripts it interactions with. However, some information my be lost in these
analyses and warrant complementary systems of study. For example, in vitro binding
assays by the Tuschl group determined that ssSRNAs >18 nt with (U)g, (GU);s, or
(AG),s sequences were optimal LIN28 targets (Hafner et al., 2013). In our own studies
we concluded that poly(U) sequences were the least prevalent in our LIN2§ target
sites. This discrepancy likely results from several inherent limitations of the CLIP-seq
approach. One difficulty for all sequence studies is mapping reads to repetitive regions
of the genome and areas of low sequence complexity. Since we mask repetitive
regions of the genome when we assign LIN28 CLIP-seq reads those areas are not
reported and our ability to identify target sites within these sequences decreases. This
is an example where a complementary approach can complete our understanding of
RBP-RNA interactions. In this case, electrophoretic mobility shift assays (EMSA)
were able to confirm motif preferences revealed by CLIP-seq and also to extract
additional information about low-complexity sequences that the high-throughput

approach may miss (Hafner et al., 2013).
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LIN28 has subtle effects on mRNA

The objective in defining direct binding sites of RBPs is to enable study of
direct regulatory mechanisms versus downstream effects. The most accessible
approach for transcriptome-wide study of RBP function is to assay impact on RNA
levels in response to changes in RBP expression. The overall conclusion from LIN28
studies is that this protein has only a small affect, if any, on transcript levels. For
example, only 152 genes in A2780 breast cancer cells had greater than 1.5 fold change
in mRNA levels upon LIN28 knockdown (Li et al., 2012a). By comparing knockdown
to overexpression of LIN28B in HEK293 cells (as opposed to a control base line
condition), Hafner and colleagues detected a slight but significant increase in LIN28
bound RNA transcript levels, in the presence of LIN28B (Hafner et al., 2013).

Our own studies demonstrated that there is not a significant enrichment of
LIN28 bound transcripts within groups of genes up, down, or unchanged in response
to LIN28 expression changes (Wilbert et al., 2012). In response to the Hafner report
(Hafner et al., 2013) that did find a slight but significant ability of LIN28B expression
to stabilize mRNA levels, we revisited our RNA-level changes in response to
LIN28A. RNA-seq gene expression changes from LIN28A knockdown in hESCs
demonstrated that if we disregard direction of change, genes with changes in RNA
expression level were enriched for LIN28 bound targets, as compared to non-targets
(chi-square = 57, P = 4.11e-14). However, the vast majority of LIN28 hES targets (n
= 5,491, 92%) did not exhibit changes at the RNA level. In addition, cumulative

distribution analysis of LIN28 CLIP-seq bound genes versus non-targets demonstrated
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that the amount of change for LIN28 targets was less than non-targets (two-sample
Kolgomorov-Smirnov test, p = 2.7e-64) (Figure 23A). Together, these results indicate
that while some genes with changes at the RNA level upon LIN28 knockdown may
indeed be functional LIN28 targets, the primary mechanism of LIN28 regulation is not
an affect on RNA steady state levels.

In agreement with this, results from microarray experiments in the presence of
LIN28-V5 expression showed that only 24 genes had increased and 240 decreased
RNA expression levels (by 2-fold or more) upon LIN28-V5 expression in 293 cells,
leaving 94% of targets unchanged. Comparing the genes that decreased upon LIN28
knockdown with those that responded to LIN28-V5 expression few reciprocal events
were found (<10 in common). This is due in part to the differences in the assays used,
but also possibly due to differences in cell-type and directionality of LIN28
modulation. In support of the idea that LIN28 may have different effects upon
overexpression versus knockdown, for example, cumulative distribution analysis of
LIN28-V5 CLIP-seq target genes in HEK293 cells demonstrated greater decrease in
RNA levels than non-targets (two-sample Kolgomorov-Smirnov test, p = 1.42e-110)
(Figure 23B).

Another piece of information that complicates our understanding of LIN28
function upon overexpression in HEK293 cells is the apparent ability of LIN28 to
regulate translation in a dose-dependent manner. We demonstrate that different levels
of LIN28-V5 exogenously expressed in HEK293 (Flp-In-293) cells results in an

increase in protein production of the splicing factors HNRNP F and TDP-43 (Figure
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24). However, once a saturating level of LIN28-V5 is reached the impact on its targets
is a decrease in protein expression. The mechanism behind this response, and whether
it is the direct result of more LIN28 binding or the result of feedback mechanisms
remains to be tested. Dose-dependent effects of LIN28 have been reported in knockout
mouse models where Lin28a+/-b-/- mice had an increased effect on postnatal
dwarfism as compared to Lin28a+/+b-/- (Shinoda et al., 2013). More drastically,
while mice haploinsufficient in one Lin28 paralog survive with knockout of the other,
double kockout embryos died by E12.5. The impact of dose on LIN28 regulation
indicates discrepancies reported in its regulation of OCT4 in ES cells could be the
result of variance in the level of LIN28 knockdown (Cho et al., 2012; Darr and
Benvenisty, 2009; Qiu et al., 2010; Xu and Huang, 2009; Xu et al., 2009).

Despite the limited number of RNA expression level changes, looking at those
genes that were regulated is still informative of the downstream pathways that LIN28
may affect. For instance, upon LIN28 knockdown we see a reduction in RNA levels
of genes important for “bone development” (GO:0060348, P = 0.03), and “muscle
system process” (GO:0003012, P = 0.003), and an increases in those regulating
“neuron apoptosis” (GO:0043523, P = 0.08), as indicated by enrichment in GO
analyses, processes that this protein is known to affect (Polyesskaya 2007, Balzer
2010) (Table 5A). Interestingly upon LIN28-V5 overexpression, it was also
downregulated gene targets that had the most significant enrichment in gene ontology
and group of factors included transcriptional regulators and DNA binding factors

(Table 5B). This could be evidence of antagonistic roles between LIN28 and DNA-
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binding factors, a concept that would contrast our hypothesis that LIN28 might
cooperate with OCT4, SOX2, and NANOG through common mechanisms in

reprogramming.

LIN2S affects protein levels

Lack of convincing RNA-level control by LIN28 and evidence that it
cooperates with translational machinery in active polysomes made the study of its
global impact on translation of target mRNAs a priority. Two accessible approaches
for changes in proteome measurements are mass spectrometry or the more recently
developed method of ribosomal profiling. A commonly used method for quantitative
measurement of peptides is the use of stable isotope labeling by amino acids in cell
culture (SILAC). This approach uses mass spectrometry to measure mass ratios of
protein peptides from control cells versus SILAC labeled cells (Ong,S.E. 2002; Zhu,H.
2002). Early miRNA studies successfully employed SILAC to build models of
miRNA regulation (Vinther,J. 2006; 239 Baek,D. 2008; 211 Selbach,M. 2008). Using
pulsed SILAC (pSILAC) Graf and colleagues demonstrated that LIN28B coding-
sequence binding promotes translation of targets in HEK293 cells. Similar SILAC
experiments form the Tuschl group confirmed this positive impact on protein
production from LIN28B bound transcripts (Hafner et al., 2013). However, the power
to detect these changes required comparison of knockdown and overexpression data
(as opposed to an unaffected control). Furthermore, the relative influence on mRNA

levels was not accounted for.
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Another approach for genome-wide affects on translation is the use of
ribosomal occupancy on RNA transcripts as a surrogate for translational state.
Ribosomal profiling, or Ribo-seq, relies on the protection of small ~30nt sequences by
the translating ribosome when lysates are treated with RNase (Guo et al., 2010; Ignolia
et al., 2009). Isolating and sequencing these transcripts generates a map ‘footprints’
where ribosomes were loaded on the mRNA (Figure 25). This method has the
advantage that impact of RNA-level changes can readily be subtracted through the
incorporation of RNA-seq information from the transcriptome. The Kim group used
this technique in mouse ES cells to detect Lin28a dependent changes in translational
state (Cho et al., 2012). Their work identified a group of endoplasmic reticulum
proteins that are repressed at the level of translation by Lin28a in the peri-nuclear
region.

We conducted our own studies of protein abundance in response to LIN28-V5
expression in HEK29 cells. Unlabeled lysates from control HEK293 or cells
expressing LIN28-V5 were combined with a SILAC labeled control lystate that was
used to for quantification for normalization between the samples. Four replicate
biological samples were prepared for the LIN28-V5 cells and the peptides detected in
each were largely from the same population (Figure 26) enabling quantification of
~2,000 proteins. Three replicate control samples from HEK293 (Flp-In-293) cells
were used in this analysis. Using protein expression changes from this data, along with
RNA level changes from LIN28-V5 versus control profiled on mircoarrays (Wilbert et

al., 2012), k-means clustering was performed to define groups of genes related by
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relative RNA and protein level changes (Figure 27A). We created a ranking system for
CLIP-seq binding based on the percent of reads that fell in clusters versus all reads
found within a transcript. The concept is that more reliable RBP targets are those with
the majority of reads within significant binding sites, as opposed to randomly
dispersed reads. Using groups of genes defined in Figure 27A cumulative distribution
analysis was used to test if any were significantly enriched for CLIP-seq binding
(Figure 27B). Two gene sets were significantly different than all genes profiled. One
group (Figure 27A, group 1) had little change at the RNA-level but large decrease in
protein expression in the presence of LIN28 expression. This group was under-
enriched for CLIP-seq binding indicating these were transcripts less bound by LIN28
(Figure 27B, group 1). The second group (Figure 27A, group ii) had little RNA-level
changes detected, but a slight increase at the protein level. These genes had
significantly more CLIP-seq reads within significant binding sites. However, the
average fold-change in protein for this group was only about a ~ 1.2 fold. The
biological significance of this small amount of change is difficult to gauge, but
nonetheless is consistent with the slight effects confirmed by western blot analysis of
LIN2S target genes (Cho et al., 2012; Graf et al., 2012; Hafner et al., 2013; Wilbert et
al., 2012). From this we conclude that LIN28A binding can have a slight but
significant effect of increasing protein production from target transcripts, consistent

with reports described above for LIN28B.
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LIN28 and let-7 share an overlapping network of gene targets
Among the mRNA targets of LIN28 we defined in hESCs (Wilbert et al.,
2012), we identified an overrepresentation of predicted let-7 target genes (n = 355
TargetScan predicted targets, Z-score = 14.25). This regulation generates a potential a
feed-forward model where LIN28 performs synergistic regulation of its targets,
directly via translational enhancement, and indirectly, via elimination of let-7
repression. This is in keeping with other feed-forward loops observed in pluripotent
cells, for example between transcriptional activation of LIN28 by c-Myc, which in
turns blocks let-7 processing, thereby releasing let-7 repression of ¢c-Myc (Kim et al.,
2009). These antagonistic mechanisms of LIN28 and let-7 provide reciprocal means
of regulation and evolve in order to provide robustness to cellular systems. This
precise control is especially important in the regulation of critical developmental
pathways. Our understanding of counter regulation by LIN28/let-7 of the same gene
targets may explain why muscle specific knockout of Lin28a in transgenic mice
phenocopies induction of let-7 in transgenic mice, and yet let-7 levels were unaffected
in the knockout muscle (Zhu et al., 2011). Specifically, Lin28a transgenic mice
exhibited insulin-sensitivity through regulation of the insulin-PI3K-mTOR pathway
that rendered them resistant to high-fat-diet induced diabetes. Several genes shown to
be critical in this effect, for example mTOR, AKT1 and AKT2, all of which are direct
LIN28 targets by CLIP-seq. In our studies of LIN28 impact on RNA-level changes in
response to LIN28 knockdown, we wanted to know if changes in let-7 might be
impacting our results. However, of the transcripts downregulated upon LIN28

knockdown in hES cells, only 13 of these genes were predicted let-7 targets by
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TargetScan, indicating that expression of this miRNA most likely did not contribute
significantly to mRNA level changes observed. While not every gene with LIN28 or
let-7 binding sites will be a functional target under all cellular conditions, the overlap
in target genes suggests a feed-forward mechanism between LIN28 and let-7 by which
LIN28 directly binds to and supports translation of mRNA targets, while

simultaneously blocking let-7 mediated repression of these genes.

IMP family RBPs present an opportunity for comparative studies in hESCs

To emphasize the utility of our model of RBP interrogation, we identified
another family of RNA-binding proteins that are highly expressed early in
development and play important roles in early cell fate specification. We noted that
among other evidence in the literature that LIN28A and IMP1 may be related that they
also share an oncofetal expression pattern (Figure 20). IMP1 expression is confined to
early, undifferentiated cells and /MP?2 is expressed ubiquitously across early and late
cell types. This expression profile was not accurately represented by RNA levels alone
in Figure 20. Here, we draw parallels between the oncofetal expression pattern of
IMP1 and LIN28A, versus evidence that LIN28B and IMP2 may be more influential
later in adult tissues (Gaytan et al., 2013; Shinoda et al., 2013). Furthermore, there is
in vivo and in vitro evidence that members of both these protein families have
important roles in metabolism, oncogenesis, and neurogenesis. By studying another
family of RBPs in pluripotent stem cells we are able to compare and contrast

differences within and between RBP families.
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To define the transcriptome-wide binding sites of the IMP1 and IMP2 proteins
we used the approach of cross-linking and immunoprecipitation of RNP complexes
followed by high-throughput sequencing of bound RNA (CLIP-seq) as in (Wilbert et
al., 2012). Significantly bound sites where defined where clusters of reads passed both
transcript and transcriptome cutoffs determined by a Poission statistic. This analysis
found 27,130 IMP1 bound regions in 9,297 gene transcripts, and 5,584 IMP2 bound
regions in 3,029 gene transcripts. We found this set of target genes to be largely the
same, with more than 85% of IMP2 targets (2,597/ 3,029) found within the set of
IMP1 bound genes (p < 0.001, by hypergeometric test) (Figure 28A). A random
intersection of these datasets, within the background of expressed transcripts in hESCs
would only be expected to result in about half this overlap (mean=1,303; std= 24).
This overlap was not entirely unexpected since almost identical target sets of the IMP
proteins were reported previously; however, these sites were generated using the PAR-
CLIP approach in HEK293 cell lines overexpressing these proteins individually along
with a FLAG-tag used in immunoprecipitation (Hafner et al., 2010) (Figure 28B).
Furthermore IMP2 has been shown to act within the nucleus to help load IMP1 onto
target mRNAs (Pan et al., 2007). These comparisons produced results similar to our
overlaps of LIN28A and LIN28B targets. That is, IMP1 and IMP2 family members
seem to be able to target similar sets of transcripts in different cell-types (Figure 28C
and D), and both family members bind a common set of genes (Figure 28 A and B). In
particular, the almost identical target set of IMP2 binding in hES and HEK293 cells

might be related to the fact that it is more commonly expressed across different cells
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and therefore may be conditioned to bind and regulate the same targets in different

environments.

IMP1 and IMP?2 bind RNA transcripts in different contexts
Despite the correspondence of gene targets between IMP1 and IMP2, the

distributions of their binding sites were strikingly different (Figure 29). IMP1 clusters
were found distributed in 3' UTR and intron regions of target RNAs, while IMP2
clusters were almost entirely found in 3' UTRs. This suggests IMP1 binding in the
nucleus when nascent pre-mRNAs are being processed. Previous studies have
demonstrated that this is indeed the case. The strong preference for IMP2 binding in
the 3' UTR does not preclude the possibility that it also interacts with RNAs in the
nucleus as has been reported (Pan et al., 2007); however, if introns are present in
IMP2 bound transcripts our data shows direct binding events do not take place within
them. When we examined the clusters within common targets from each dataset to see
if they overlapped in genomic coordinates by one nucleotide or more, we found only
8.4% of IMPI1 clusters in the same position as IMP2 clusters (26.5% of IMP2
clusters). At least a fraction of the non-overlapping IMP1 clusters can be contributed
to those found within introns. The possibility remains that IMP1 and IMP2 binding
sites are related in some manner within 3' UTR regions. This discrepancy in IMP1 and
IMP2 binding adds to evidence that the three paralogs of IMP all have different
functions, related in part to differences in their expression patterns and RNA-binding

properties (Wachter et al., 2013).
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Inspecting the 5' UTR more closely we found that IMP1 clusters were enriched
above what would be expected by random in the transcriptome (Figure 30). This is in
contrast to LIN28A CLIP-seq clusters that are underrepresented in this region in our
data and others. We defined two classes of 5' UTR exons as constitutive or variably
transcribed as would occur in the case of alternative transcription start sites. IMP1
clusters occurred more frequently in variably transcribed 5' UTR exons. One known
example of translational control occurring at the 5' UTR region is the regulation of
IGF2 (Insulin-like growth factor II), a known target of IMP1 (Nielsen et al., 1999).
Alternative isoforms of IGF2 transcripts have different 5' UTR regions and are
translationally regulated by different mechanisms. Some IGF2 transcript 5' UTRs have
IMP1 biding sites this protein uses to control localization of the IGF2 translation.
Further experimentation is required to test if accessibility of IMP1 binding sites are
widely controlled through regulation of alternative transcription start sites or to test the
potential role of IMP1 in regulating transcription state site usage. Although IMP2 only
showed a slight preference for binding in 5' UTRs as compared to the transcriptome
background, these sites are also enriched within variably transcribed exons.
Interestingly, when we assigned IMP1 PAR-CLIP binding sites (Hafner et al., 2010)
to our mutually exclusive gene annotations, this inclination for 5' UTR binding was
recapitulated, indicating differences in their analyses prevented them from detecting
this enrichment (see discussion).

The most enriched motifs found at IMP1 and IMP2 binding sites also showed

marked differences. Specifically, when the most enriched hexamers in IMP1 bound
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clusters was GGACUG (Z-score = 49, p < 0.0001), while IMP2 sites were enriched
for AAUAAA (Z-score = 27, p < 0.0001). The sequence AAUAAA enriched within
IMP2 bound sites is the signal for polyadenylation. This is consistent with almost
exclusive localization of IMP2 binding events to the 3' UTR. It is interesting to
speculate how this might be related to IMP2 regulation, either in determining polyA
site usage or possibly affecting the ability of IMP2 to bind and regulate tissue specific
transcripts. We know that polyadenylation usage is one approach used by ubiquitously
transcribed genes to achieve tissue-specific protein expression (Lianoglou et al.,
2013).

The sequence ‘GGACUG’ makes up the core of the known IMP ‘zipcode’
binding sequence described in the 3' UTR of B-actin conserved from chick to humans
and within the cMYC “CRD” sequence bound by IMP (Ross et al., 1997; Bernstein et
al., 1992). CLIP-seq binding data at the B-actin 3' UTR shows that we are able to
perfectly identify this site within IMP clusters (Figure 31). It is worthwhile to note that
when we increased the stringency of our parameters and considered only unique reads
(removing possible effects from PCR duplication) this exact site no longer maintained
significant signal. Here we present an example of the effect variations in CLIP-seq
data processing can have on binding site definition. Structural studies from Chao and
colleagues demonstrate the spacing of the sequence CGGACUG between ACA motifs
within 7-30 nucleotides on either side represents ideal binding conditions for the KH3

and KH4 domains of IMP1 (Chao et al., 2010).
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We were curious to know how IMP1 and IMP2 targets might be related to
regulation in stem cells. We found evidence that these proteins bind to various stem
cell enriched transcripts, such as LIN28 and SOX2. Within the SOX2 3' UTR we
found an ideally situated IMP binding motif with ‘GGACU’ positioned between two
ACA rich sites (Figure 32). Downstream from this was an instance of IMP2 binding
at the poly(A) site. We noted that these sites were recapitulated in the PAR-CLIP data
from HEK?293 cells (Hafner et al., 2010). Knockdown of IMP1 in hESCs results in an
increase in SOX2 expression (Conway et al., in preparation). To understand if the
roles of IMP1 and IMP2 in post-transcriptional regulation in hESCs are connected to
LIN28 regulation through direct RNA targets we compared the genes sets with
significant CLIP-seq clusters from all three proteins (Figure 33). IMP1 target genes
included as great a proportion of LIN28 bound genes as it did those of IMP2,
suggesting related pathways of action. Not surprisingly among the genes commonly
bound we found a large proportion of RNA regulating factors, and genes involved in
neurogenesis and cell mobility. Further functional studies of gene expression changes
in response to these RBP regulators will help to elucidate their possible cooperation or

antagonist impacts on bound transcripts.

Control of pluripotency is established through interconnected networks of regulators

It is well understood that control of cell fate requires an intricate network of
regulators. We wanted to know how RBPs integrate into this network, and if we could
test the hypothesis that core pluripotency transcription factors OCT4, SOX2, and

NANOG (OSN) widely drive transcription of RNAs important for pluripotency that
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are subsequently affected downstream by LIN28 binding. Since the transcriptional
regulators of pluripotency have been extensively studied, we were able to use
published data to define OCT4, SOX2, and NANOG co-regulated genes. Chromatin
immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) is a well-
tested method to determine the DNA-binding sites of transcription factors and other
DBPs (Johnson et al., 2007). We utilized high quality ChIP-Seq datasets generated for
OCT4, SOX2, NANOG, KLF4, p300 and TAF1 by the Ecker and Ren groups (Lister
et al., 2009). The protein p300 is a histone acetyltrasferase that acetylates all four core
histones in the nucelosome and that commonly binds at enhancers, leading to its use as
a marker for these regions (Heintzman et al., 2009; Ogryzko et al., 1996). TAF1 is
used as a surrogate for the transcription initiation complex that it is part of.

The advantage of using data from a sequencing-based approach like this over
an array platform is a less biased sampling of the genome and potentially less biased
approach for assigning DNA binding peaks to genes they regulate. We used genomic
coordinates of ChIP-Seq peaks from Lister et al., 2009, and converted these hgl8
coordinates to hgl9 to be compatible with the most updated genome information and
our CLIP-seq datasets described above (Lister et al., 2009). Next we used ENSEMBL
gene annotations and assigned transcription factors binding sites within 800 base pairs
downstream to 200 base pairs upstream of the transcription start site (TSS). Using this
window we assigned 3889 OCT4 bound sites to 1,538 genes, 5682 SOX2 bound sites
to 1,538 genes, 25,071 NANOG bound sites to 1,538 genes, 3794 KLF4 bound sites to

1,538 genes, 3093 p300 bound sites to 1,538 genes, and 12,362 TAF1 bound sites to
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1,538 genes (Figure 34A). The -800, +200 bp window we chose was rather
conservative since it is known that transcriptional regulators can bind much further
from transcriptional start sites that they affect. To test whether we had assigned
binding events to the majority of transcription start site proximal promoters, we
expanded our window around the TSS and asked how many gene targets were now
assigned to each transcription factor. Expanding our window to 2000 base pairs
downstream and 500 base pairs upsteam increased the number of targeted genes by
less than 1% for the pluripotency associated TFs (Figure 34A). Looking even further
away from 10kb to 2kb around the TSS increased OCT4 target gene numbers by
almost 13% to 1,762 sites bound compared to 1,538 bound sites within 800-200 bp.
These results tell us that we have identified that majority of promoter proximal sites
and that a population of TF sites exists outside of these regions.

Since it is known that miRNAs and other non-coding RNAs are targets of
these TFs and RBPs in the regulation of pluripotency networks, we wanted to know
how many of our bound genes were protein-coding (Marson et al., 2008; Xu et al.
2009). We found up to 26% of the TF binding sites were assigned to gene types other
than coding mRNAs, indicating a significant portion of targets were indeed proximal
to other categories of transcripts (Figure 34B). A smaller portion of the gene targets in
common between OSN were non-coding (13%), and almost all (44/55) of the
commonly targeted transcripts by OSN and LIN28 were protein-coding. We conclude
that we have effectively assigned TF DNA-binding sites to promoter proximal regions

of primarily protein-coding genes. Our numbers and relative proportions of assigned
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gene targets are comparable to a similar study by Boyer and colleagues that found
only 3% of OCT4 (623), 7% of SOX2 (1271), and 9% of NANOG (1687) bound sites
within promoter regions known protein-coding genes (Boyer et al., 2005). Bound
mRNA information from CLIP-Seq was used to define 2,782 LIN28, 9,297 IMP1, and
3,029 IMP?2 target genes under stringent filtering parameters.

Previous microarray-base data in human ES cells reported that about half of
the OCT4 target sites in the genome are also SOX2 sites due to their overlapping
binding sites (Boyer et al., 2005). Furthermore that more than 90% of the OCT4-
SOX2 sites were also bound by NANOG in this study (Boyer et al., 2005). Curiously,
we did not see as strong of an overlap between OCT4 and SOX2 with only about 15%
of total gene targets in common (Figure 34C and Figure 35A). However, almost all of
these genes were also NANOG targets (216/227) (Figure 34B and C, and Figure 35).
Looking at the set of OSN target genes the most prevalent biological function was
transcriptional regulation (~40 genes) in keeping with the expected enrichment of
transcription factors to be among these common targets (Boyer et al.,, 2005).
Importantly the most significant group of transcriptional regulators were involved in
‘negative regulation of transcription’ in a DNA dependent function (p<0.0001,
Benjamini corrected value=0.033). These factors may work together with OSN to
repress transcription of lineage specific factors, which was an outcome reported for a
group of genes with OSN promoter occupancy (Boyer et al., 2005). We also identified
another functional group of proteins commonly bound by OSN that surpassed

genome-wide statistical cutoffs. This was a group of 14 proteins involved in “negative
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regulation of RNA metabolic process” (p<0.0001, Benjamini corrected value=0.029),
indicating the pluripotency transcription factors may also shut down competing RNA
post-transcriptional regulation, in addition to lineage specific transcriptional
regulators.

Only 20% of OSN bound gene promoters (45/ 216) had evidence of LIN28
binding to mRNAs transcribed from these loci, demonstrating that only a small subset
of LIN28 targets are a part of this network (Figure 34B, D, E, and F). None of the
tertiary comparisons of two transcription factors and LIN28 target genes indicated
enriched coordination through the same targets either (Figure 34D, E, and F). To
investigate the possibility that any one of the TFs is dominant in driving transcription
of LIN28 target genes, or the developmentally regulated IMP1 and IMP2 target genes,
binary comparisons of gene targets for all these proteins were performed (Figure 35).
The percent of genes in common between any two proteins was largely proportional to
the overall dataset sizes. Returning to the original ChIP-seq datasets and larger
network of LIN28 targets as published for the hgl18 genome build did not significantly
alter these conclusions, with the exception of finding better correlation between TAF1
and LIN28, as expected since a gene must be transcriptionally active (indicated by
TAF1 binding) in order for its mRNA to be available for LIN28 targeting. We may
have expected to see a larger percent of SOX2 and LIN28 genes in common since
these proteins may act together in the nucleus and together coordinate neural
differentiation (Cimadamore et al., 2012; Cox et al.,, 2010). Further functional

information will be required to determine what, if any, influence the small hubs of
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overlap between these RBPs and TFs have on commonly regulated pathways. Looking
to the list of genes in common between OSN and LIN28 (Table 6) suggests some
possible effects of coordinated regulation could generally impact cell cycle (CDK®6),
translation (EEF1A1), or cellular metabolism (AGPAT4, UST, PLOD2, CHCT9).
However, our initial analyses show that widespread overlap of common gene targets
does not seem to occur between stem cell enriched transcriptional and post-

transcriptional regulators.

DiISCUSSION

Different CLIP-seq datasets are a rich information source for RBP studies

Despite minor difference in the details of each approach the large-scale studies
recently completed for LIN28 suggest the same distinguishing features of its
interactions with RNAs. However, the overall gene target sets from each individual
experiment were not completely overlapping. Differences in LIN28 CLIP-seq datasets
can arise from a number of sources. One obvious difference in the Chu et al., 2012
dataset is that it was generated from mouse ES cells rather than human. It has long
been recognized that human and mouse ES cells are not equivalent in gene expression
and differentiation potentials (Rizzino, 2002). For example stage-specific embryonic
antigen 1 (SSEAI1) is a marker of undifferentiated mouse ES cells, but is only
expressed in differentiated human cells (Thompson et al., 1998 (Henderson et al.,
2002; Reubinoff et al., 2000). In addition, mouse ES cells are critically controlled by

leukemia inhibitor factor (LIF) and BMP signaling pathways (Niwa et al., 1998; Ying
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et al., 2003). However, under the same conditions BMP4 will cause hESC
differentiation and LIF alone cannot maintain the pluripotent state of these cells
(Daheron et al., 2004; Xu et al., 2002). Instead, important factors for hESCs are FGF
and a balance of TGFb/Activin and BMP signaling (James et al., 2005; Vallier et al.,
2005; Xu et al., 2005). However, these differences alone cannot account for the large
group of gene targets unique to Lin28a mESC as defined by Cho and colleagues (Cho
et al., 2012).

More likely, variations in LIN28 RNA-bound maps reflect promiscuous
binding of the protein to a large set of transcripts. The ability to identify essentially the
same sequence and structure characteristics for LIN28-mRNA interactions indicates
that the bulk of transcripts detected by any of the given studies represent bona fide
interactions. This cumulative knowledge supports a more general role for LIN28 to act
in the formation of RNA scaffolds and facilitate in the binding of other co-factors.

The underlying algorithms, assumptions, and filters used in analysis of global
datasets can all influence the conclusions drawn from this information. For example,
Graf and colleagues used a priority system when assigning LIN28 binding sites to
genic regions. If multiple Refseqs diverged in annotation at a site (e.g. one transcript
has a coding region, the other a UTR) these authors assigned a single annotation for
that position; choosing in order of preference CSD over 3' UTR or 5' UTR, and any of
these regions above intron. On the other hand our gene models used an aggregate
system to unambiguously assign annotations based on the intersection of multiple

transcripts. That is, at each position of the genome we store information from all
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overlapping isoforms such that we could distinguish between uniquely defined regions
(e.g. coding-exon in all transcripts) versus variable regions, for example that result
from alternative transcript ends (see Figure 36 and Figure 37). Either approach will
have its advantages and limitations. By extracting more information we have the
potential to identify subtle events that would be missed otherwise. For example, in the
analysis of IMP1 enrichment in 5' UTRs we could distinguish between exons that
were always included in gene isoforms, versus variable areas not always included.
Variable exons represent alternative transcription start sites, or less commonly
alternative splicing events in the 5' UTR. This distinction uses binding information to
provide clues about IMP regulation and motivates subsequent studies to address to
potential cause and effect relationship of IMP1 binding to alternative transcript starts.
Similarly, IMP2 was found to preferentially bind 3' UTRs and poly(A) signals
suggesting possible mechanisms of regulation upstream or downstream of IMP2
binding. Together these examples demonstrate the depth of information that can be
gleaned from RBP binding patterns, something that we are continuing to study and
exploit.

For example, another challenge for CLIP-seq studies will be to use this
information to determine the orientation of RBP binding domains. It will be
interesting to know if adaptations like individual-domain CLIP (iDo-PAR-CLIP)
(Graf et al., 2013) are necessary to draw these conclusions or not. Most basically we
will be curious to know the prevalence and distribution of the KH3-KH4 binding

sequences ‘GGACU’ with surrounding ‘ACA’ sites as previously identified in B-actin,
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and described within the SOX2 mRNA here (Figure 32). As suggested here, and
evidenced through CLIP-seq studies from other groups, we expect that there is greater

information content yet to be extracted from even basic RBP binding maps.

Combinatorial approaches improve predictions of RNA regulation from LIN28
binding maps

One of the remaining questions in these studies of RNA-binding proteins is to
understand what distinguishes the function of binding interactions. In the studies of
LIN28 described here several groups have been able to overlay multiple experimental
datasets to extract relevant information about its functional targets and the downstream
pathways and mechanisms it controls, as in regulation of splicing factor abundance
(Wilbert et al., 2012) and translation of endoplasmic reticulum associated proteins
(Cho et al., 2012). This subtle effect of LIN28 on RNA and protein levels has
somewhat limited further conclusions between binding and functional data; however,
improvements in the sensitivity of high-throughput assay applied to these
measurements will likely warrant a revisit of these associations.

The success of combinatorial approaches suggests that additional permutations
with other sources of data, for example presence of co-factors or cellular localization,
will facilitate discoveries from transcriptome-wide studies. For example, RNA-
helicase A has been shown to be critical for LIN28 mediated translation enhancement
of certain mRNA targets. Using information about the transcripts that are commonly
bound by both these RBPs might shed light on the positive versus negatively regulated

targets of LIN28. Localization of LIN28 mRNPs is another deterministic factor that
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can give information about translational state (e.g. stalled translation within P-bodies).
Interrogation of LIN28-RNA interactions within particular subcellular compartments
is another layer of information that should help us understand its control of particular
transcripts.

Some groups of regulators may interact with LIN28 and a subset of its targets
to drive certain pathways. For example, the group of gene targets in common between
LIN28 and the IMP proteins suggest coordinated roles in neural differentiation and
metabolism. Future experiments will be required to test the function and significance
of direct IMP and LIN28 binding to the same transcripts. Evidence suggests that the
coordination between these post-transcriptional regulators is more likely than the
possible link between transcription factors and RBPs that we explored for the
reprogramming factors. Instead of widespread control of the same genes, our results
indicate that LIN28 does not preferentially bind transcripts driven by OSN, thereby
contributing to pluripotency through different pathways or indirect influence on OSN
targets. Despite these global observations it remains to be tested if the sub-network of
OSNL bound genes could contribute to critical control of stem cell metabolism.
Recent findings that LIN28 can enhance tissue repair though changes in glycolysis and

oxidative phosphorylation add support to this hypothesis (Shyh-Chang et al., 2013b).
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Figure 19. CLIP-seq method overview.

The CLIP-seq method for identifying RBP target transcripts can begin with different types of starting
material, (A) either whole organisms, cell culture optionally grown in the presence of photoreactable
ribonucleosides, or tissue samples. (B) UV-irradiation is used to covalently cross-link proteins with
interacting nucleotides. (C) Proteins of the mRNP complex associated with the RBP of interest (LIN28
shown) bound to target RNA. (D) Immunoprecipitation of the protein can be used to co-precipitate
bound RNA transcripts. (E) Unbound RNA transcripts are degraded, for example with MNase
treatment. (F) A 3'qlinker for adaptation to the Illumina sequencing platform is ligated to precipitated
RNAs. (G) Radiolabeling and (H) SDS-PAGE are used to purify and select RBP-RNA complexes of
interest. (I) Proteins bound to RNA transcripts are degraded before (J) ligation of the 5 sequencing
linker and (K) preparation of a cDNA library via RT-PCR and followed by further PCR amplification.
(L) Sequencing is typically performed on the Illumina/Solexa system; reads returned correspond to
RNA transcript originally bound in the LIN28-mRNP complex.
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Figure 20. LIN28 and IMP RNA expression in human stem cells, progenitor cells, and adult tissues.
Primary fetal and adult human tissue samples and cell lines were subjected to custom microarray
platforms profiling mRNA expression. Expression levels are represented by probe intensity normalized
across the array. SC = stem cells; ES = embryonic stem cells; NP = neural progenitor cells.
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Figure 21. Overlaps between LIN28 transcriptome-wide binding datasets
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Datases of LIN28A and LIN28B RNA targets were obtained from in-house and published sources (see
methods). (A) Overlap of gene targets identified by CLIP-seq in hESCs and HEK293 cells, and more
stringent analysis of the LIN28 hES binding data (re-processed) that produced a smaller subset of
targets. (B) LIN28A CLIP-seq target genes in common between hES and HEK293 (Wilbert et al.,
2012)) shown in grey. The total target sets (HEK293 blue; hESCs red) are also given disregarding their
actual overlap. LIN28A and LIN28B PAR-CLIP data from Hafner et al., 2013 are shown in green and
yellow respectively. (C) PAR-CLIP LIN28A and LIN28B targets in HEK293 cells as in B, compared to
LIN28B individual domain and CLIP (iDO-PAR-CLIP) (Graf et al., 20133). (D) LIN28A gene targets
from CLIP-seq in hESCs (as reprocess in A); CLIP-Seq in hES, mES (Cho et al., 2012) and RIP-seq in
hES (Peng et al., 2011). (E) PAR-CLIP LIN28A and LIN28B targets in HEK293 cells as in B and

CLIP-seq in hESCs.
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Figure 22. Secondary structure predictions of LIN28 bound mRNAs.

(A) The predicted secondary structure folding of a portion of the hnRNP F 3' UTR and FUS/TLS last
coding exon with 3' UTR used in design of LIN28 responsive luciferase reporters. The LIN28
recognition motifs GAGAA and GGAGA are highlighted in red. Numbering corresponds to relative

location in the sequence used in construct design for Wilbert et al., 2012.
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Figure 23. Cumulative distribution plots of RNA level changes in response to LIN28.

(A) RNA expression levels were assayed using RNA-seq in hESCs upon control or LIN28A
knockdown. The change in expression for genes with LIN28 CLIP-seq binding (Wilbert et al., 2012) or
not were graphed as a cumulative fraction of the entire gene set. (B) RNA expression levels were
assayed with mircoarray analysis in HEK293 cells with LIN28-V5 overexpression. The change in
expression for genes with LIN28 CLIP-seq binding (Wilbert et al., 2012) or not were graphed as a
cumulative fraction of the entire gene set.
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Figure 24. LIN28 targets respond in a dose dependent manner.
Western blot of the splicing factor proteins TDP-43 and hnRNP-F in Flp-In-293 cells (HEK293 with
FLP recombination site) and Flp-In-293 cells with stable expression of a V5 tagged LIN28 protein.
Clonal LIN28-VS5 lines vary in LIN28-V5 expression from high (LIN28-V5 #4), to mid (LIN28-V5 #6,
two replicates shown), to low (LIN28-V5 #7 & LIN28-V5#5).
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Figure 25. Ribosomal profiling method overview.
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Cells are treated in culture with cycloheximide to freeze translating ribosomes on mRNA transcripts.
RNAse I treatment degrades RNA not protected the by ribosome. Sucrose gradient centrifugation
isolates individual monosomes, from which ~30nt protected RNA fragments can be isolated.
Modification of the ends of these short transcripts makes them compatible with downstream sequencing

protocol, such as the Illumina small RNA-seq kit.
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Figure 26. Overlap of peptides quantified in replicate mass spectral analyses.
Peptides were analyzed using tandem mass spectrometry in replicate samples of LIN28-V5 expressing
HEK293 cells. Sets of peptides detected in biological replicate samples 1,2, and 3 (left) and 4 (right).
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Figure 27. Clustering of genes by correlation of RNA and protein expression change

(A) K-means clustering based on RNA fold-change and protein fold-change in LIN28-V5 expressing
HEK?293 cells versus control. (B) Gene groups i and ii were graphed as a cumulative distribution
relative to the strength of CLIP-seq data as measured by the reads in clusters/ total reads per gene.
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Figure 28. Overlap of gene targets of the IMP family proteins determined by CLIP-seq and PAR-CLIP
CLIP-seq datasets of endogenous IMP1 and IMP2 binding generated in hESCs (A) were compared to
published PAR-CLIP datasets of exogenously expressed IMP1-3 targets in HEK293 cells (B). IMP1
gene targets (C) and IMP2 gene targets (D) were largely in common.
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Figure 29. CLIP-seq binding cover of genic regions.

The total nucleotide occupancy within annotated 5' UTR, intron, coding-exon, and 3' UTR regions was
calculated for the entire transcriptome (background control), and LIN28A, IMP1, and IMP2 CLIP-seq
bound sites, and graphed as a percent of the entire dataset.
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Figure 30. 5' UTR cover of CLIP-seq libraries
The total nucleotide occupancy within annotated 5' UTR exons either constitutively included in
transcripts, or exons variably transcribed, (sometimes not part of the transcript) as in the case of
alternative transcription start sites. The percent of total nucleotide over is graphed as a percent of the
entire dataset. PAR-CLIP data from Hafner et al., 2010 was mapped to our gene annotations. The entire
transcriptome serves as a background control.
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Figure 31. CLIP-seq identifies the IMP zipcode binding sequence in ACTB.
Genome browser view of CLIP-seq reads (green) mapped to the 3' UTR of beta-actin (encoded on the
reverse strand). Significant binding sites (CLIP-seq clusters) of IMP1 (orange), IMP2 (yellow), LIN28
(purple), and IMP1-3 (black)(PAR-CLIP sites) are depicted. The zipcode binding sequence defined at
the active site of IMP binding by previous studies if shown in red.
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Figure 32. The IMP family RBPs bind the 3' UTR of SOX2.

Genome browser view of CLIP-seq reads (green) mapped to the 3' UTR of SOX2. Significant binding
sites (CLIP-seq clusters) of IMP1 (orange), IMP2 (yellow), LIN28 (purple), and IMP1-3 (black)(PAR-
CLIP sites) are depicted. FOX2 CLIP-seq reads, not enriched, are in blue. The IMP1 binding motifs
CGGAC and surrounding CACACU are situated by the last coding exon. The polyA signal motif
AAUAAA is found overrepresented in IMP2 CLIP-seq sites. Below IMP1 reads and clusters mapped
across the entire SOX2 gene.
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Figure 33. Interaction of IMP1, IMP2, and LIN28 RNA bound gene targets
CLIP-seq binding data was used to define significantly bound RNAs of these RBPs in hESCs. The
number of targets in common and unique to each dataset are displayed by venn diagram.
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Figure 34. Intersection of hESC enriched transcription factor and RBPs gene targets.

(A) The number of gene promoters associated with DNA-binding protein occupied sites based on
coordinates published by Lister et al., 2009, mapped to the human genome build hg19. (B) The number
of DNA bound and RNA bound sites associated with annotated genes or protein-coding genes only (%
of protein-coding gene out of all target genes identified). CLIP-seq RNA bound sites were generated
with unique reads only mapped to hgl9. (C-F) Venn diagrams of the gene targets in common between
OCT4 (0), SOX (2), NANOG (N), and LIN28 (L). In (D) the subset of NANOG-OCT4 and (F) SOX2-
OCTH4 target genes are represented as independent groups.
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Transcription factor ChlP-seq gene targets
Figure 35. Binary comparisons of transcription factor and RNA-binding protein target genes in hESCs.

(A) The number of genes found in ChIP- or CLIP-seq datasets for the given proteins in common as
associate based on locations in hgl19 genome coordinates. The percent found in common of total targets
of the first (row) and second (column) datasets are given (e.g. row %/ column %). (B) Using original
hg18 datasets the overlap in (A) were repeated for the transcription factors and published LIN28 mRNA
targets (5,969 genes). The percent of overlap for either protein is given inside the respective colored
box. (C) The information in (B) displayed as a bar chart for clarity.
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Transcript 1

Transcript 2

1+2+3 ivn avnSJ-avbS
Transcript 3
B
Transcript 1 5'//
1+2 itn53
Transcript2 5'm = = =
1+2+3 itn53
Transcript3 5'= = = =
1+2+3+4 evb53 | avb53 itb53

Transcript4 5'

C 5'

e = exon - This region is exonic for all known genes

i = intron — This region is intronic for all known genes

a = alternatively spliced —This region is exonic for 1 or more known genes,
and intronic for 1 or more known genes

t = transcribed — This region is transcribed for all known genes
v = variable transcription region — This region is transcribed for 1 or more known genes,
and not transcribed for a different 1 or more known genes

o = outside transcription region — This region is outside the transcription region of a known gene,
this is used within the program to calculate variable transcription regions

¢ = coding — This region is inside the coding region for all known genes

n = non-coding — This region is outside the coding region for all known genes

b = both coding and non-coding — This region is inside the coding region of 1 or more known genes,
and it is outside the coding region of a different 1 or more known genes

5=5"-This region is in the 5’'UTR of 1 or more of the known genes
3 =3'—This region is in the 3'UTR of 1 or more of the known genes

Figure 36. Intersection of transcripts and their functional region exclusive annotations (FREA)

Three representative transcripts encoded from the same region of the genome. Each transcript
contributes information to the annotations of gene regions. Abbreviations of each regions type are given
in (D). (B) Examples of overlapping transcript ends and transcript annotations that would result from
genes arranged in the genome as in (C). (D) Definitions used to create mutually exclusive categories
based on splicing, transcription, and translation
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Figure 37. Flow chart of FREA dependencies.

Every region of the transcriptome was defined based on overlapping refseqs, mRNAs, and cDNA
information at every position. Regions were given a mutually exclusive annotation encompassing all
variations of exon, intron, transcription, and translation. The flow chart above described how a region is
defined along with abbreviations used in Figure 36.
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Table 5. Enriched GO categories for genes downregulated by LIN28 overexpression or knockdown.

Downregulated upon LIN28 knockdown

All genes (320)

LIN28hES CLIP-seq targets (115)

GO categories GO term Number of target Corrected Number of target Corrected
genes in GO term P-value genes in GO term P-value
Molecular function  Herapin binding 6 186x10° 5 158x 10"
Growth factor activity 1 7.04 x 10-9
Cellular component Nucleus 24 1x10 0
4 -12
Biological process Cell adhesion 17 5.35x 10_5 14 461x10 6
Muscle development 9 8.32x10 5 5 9.99 x 10-5
Neurogensis 13 1.89x 10 6 1.89 x 10

B
Downregulated upon LIN28 expression All genes (240) LIN28v5 CLIP-seq targets (67)
GO categories GO term Number of target Corrected Number of target Corrected
genes in GO term P-value genes in GO term P-value
6 -6
Molecular function DNA binding 24 1.90x 10 0 12 2.33x10 .
Zinc ion binding 40 1.69x 10 12 210x10°
Helicase activity 5 186x10°
Cellular component Nucleus 49 220107 23 539107
-5
DNA replication 5 7.11x10

Biological process




Table 6. Gene targets in common between LIN28, OCT4, SOX2, and NANOG in hESCs

157

Gene Name | Description Gene Name | Description
GULP, engulfment adaptor
ETV1 ets variant 1 GULP1 PTB domain containing 1
peptidylglycine alpha-
GRAMDIB | GRAM domain containing 1B | PAM amidating monooxygenase
1-acylglycerol-3-phosphate
AGPAT4 O-acyltransferase 4 NLGN4X neuroligin 4, X-linked
neural precursor cell
expressed, developmentally procollagen-lysine, 2-
down-regulated 4-like, E3 oxoglutarate 5-dioxygenase
NEDDA4L ubiquitin protein ligase PLOD2 2
calcium channel, voltage-
protein phosphatase 1, dependent, alpha 2/delta
PPP1R12A | regulatory subunit 12A CACNAZ2DI | subunit 1
sema domain,
immunoglobulin domain (Ig), carbohydrate (N-
short basic domain, secreted, acetylgalactosamine 4-0)
SEMA3A (semaphorin) 3A CHST9 sulfotransferase 9
matrix metallopeptidase 16
FATI1 FAT atypical cadherin 1 MMP16 (membrane-inserted)
lysosomal protein eukaryotic translation
LAPTMA4B | transmembrane 4 beta EEF1A1 elongation factor 1 alpha 1
CDK6 cyclin-dependent kinase 6 HK1 hexokinase 1
UST uronyl-2-sulfotransferase AMOTLI angiomotin like 1
QKI, KH domain containing,
QKI RNA binding KIF5C kinesin family member 5C
TFG TRK-fused gene ANTXRI1 anthrax toxin receptor 1
TGFB-induced factor cadherin 2, type 1, N-
TGIF2 homeobox 2 CDH2 cadherin (neuronal)
lecithin retinol acyltransferase
(phosphatidylcholine--retinol
LRAT O-acyltransferase) AKIRINI1 akirin 1
ATP-binding cassette, sub-
family C (CFTR/MRP), propionyl CoA carboxylase,
ABCC4 member 4 PCCA alpha polypeptide
huntingtin interacting protein
HIP1 1 BCOR BCL6 corepressor
peroxidasin homolog myosin VA (heavy chain
PXDN (Drosophila) MYOSA 12, myoxin)
DIAPH1 diaphanous-related formin 1 TLK1 tousled-like kinase 1
DUSP6 dual specificity phosphatase 6 | ALPK2 alpha-kinase 2
capping protein (actin
filament) muscle Z-line,
TMEMI132B | transmembrane protein 132B | CAPZA2 alpha 2
left-right determination
CUL4A cullin 4A LEFTY1 factor 1
SMAD4 SMAD family member 4 KIAAO0319L | KIAA0319-like
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METHODS

ChlP-seq data analysis
Transcription factor-DNA interactions sites were identified by ChIP-Seq in H1

cells by Lister et al., 2010. These sites were the result of combining at least two
biological replicates. These published hgl8 coordinates were converted to BED
formatted files and then to hgl9 using the liftOver tool from the UCSC Genome

Browser utilities (http://genome.ucsc.edu/). We mapped transcription factor bound

regions to genes transcription state sites (TSS) based on ENSEMBL gene annotations

within a defined window upstream and downstream of the TSS.

LIN28 CLIP-seq and PAR-CLIP datasets

Comparisons of LIN28 RNA maps from various groups were made through
conversion of all datasets to ENSEMBL gene IDs and overlap of these gene lists.
Published coordinates of LIN28 bound sites within RNA transcripts were obtained
from Hafner et al., 2010 (LIN28A and LIN28B PAR-CLIP in HEK293 cells) and
assigned to genes using the same annotations and algorithm used for our in-house
LIN28 bound clusters. LIN28 hESC CLIP-seq data from Wilbert et al., 2012 was used
as published but reassigned to target ENSEMBL IDs (where specified), or re-
processed with more stringent parameters to remove all redundant reads mapped the
identical start/stop locations. This refined dataset was compared to the other published
studies. Lin28a bound RefSeq annotations reported by Cho and colleagues (Cho et al.,

2012) were mapped to their human homologues. Published gene symbols from Peng et
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al., 2011 and Graf et al., 2013 were converted to their associated ENSEMBL ID using

annotations downloaded from http://www.ensembl.org/bioma.

PAR-CLIP data
Published PAR-CLIP datasets of IGF2BP binding sites were obtained from

Hafner et al., 2010. The liftOver tool from the UCSC Genome Browser utilities

(http://genome.ucsc.edu/) was used to map the published NCBI36/hg18 coordinates to

the latest GRch37/hgl19 genome build.

CLIP-seq
The CLIP-seq protocol was performed as in (Wilbert et al., 2012) using

antibodies against endogenous IMP1 (Santa Cruz Biotechnology, sc-21026) and IMP2
(MBL, RNOO8P) in the human embryonic stem cell line H9 and HUES®, respectively.

Pre-processing of reads was used to as a quality control step to remove
sequences of low quality and polynucleotide run-ons. The rationale for removing
ploynucleotide run-ons is based on the high likelihood of these sequences resulting
from errors in sequencing or not map to the genome, as in the case of polyA tails that
are added post-transctionally. Sequence resulting from adapters and barcodes are also
removed at this step. This processing was performed using an in house tools or
cutadapt (code.google.com/p/cutadapt), both of which provide similar options, for
example for dealing with partial adapter matches and adapter matches occurring
anywhere in the sequence. Clustering parameters included removing reads with the

same start and stop site (trim), use of an mRNA transcript length as background, and
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searching within windows of 50-200bp. Sets of control clusters were generated by
taking LIN28 CLIP-seq clusters and selecting a same sized sequence a random
distance from the transcript start of the target gene, to control for differences in gene
expression. Control clusters were also confined to the same genic regions as LIN28
CLIP-seq clusters. For all control datasets 10 iterations of randomly selected controls

were generated.

Proteomics sample preparation LIN28-V5 HEK293 cells

To harvest cells each 10cm dish was rinsed with ice-cold PBS and then lysed
with 500 ul 8M Urea/20 mM Tris-HCl/protein phosphatase inhibitor, pH 8.0.
Dissociate the lysate using three 15 s pulses with a microprobe tip at 20W, while
keeping lysates as cool as possible. Centrifugation at 10,000g for 15 minutes was used
to clear the lysate, which was then quantified using the BCA quantification assay
(Thermo Pierce). We removed 1mg of protein, adjusted it to a final concentration of
10mM DTT and then incubated it at 60°C for 30 minutes. After incubation SmM DTT
was added to quench alkylation and then each sample was diluted 4x with 100mM

Tris-HCL-1mM CaCl,, then combined with 10ug trypsin (1:100).

Proteomics sample processing and analysis

Equal amounts of heavy SILAC and light proteins were combined and digested
(Veenstra et al., 2000). Peptides were separated by MudPIT (Wolters et al., 2001) and
analyzed with a LTQ-Velos-Orbitrap. Tandem mass spectra were extracted from raw

files using RawExtract 1.9.9 (McDonald et al., 2004a, b) and were searched against a
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UniProt human database with reversed sequences using ProLuCID (Xu et al., 2006).
Peptide candidates were filtered using DTASelect (McDonald et al., 2004a, b; Tabb et
al., 2002) and relative quantification was determined using Census (Park et al., 2008).
Peptides reliably detected in 3 or 4 (experimental condition LIN28-V5 expressing

cells) or 20f 3 (control HEK Flp-IN-293 cells) were included in further calculations.

Gene ontology analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID
Bioinformatic Resources 6.7; http://david.abce.nciferf.gov/) was used to generate gene
ontology associations and assign functional categories to genes. The set of transcripts

from the human genome hg19 was used as background.

Human mRNA expression arrays

Normalized probe intensity values for triplicate microarray experiments using
GeneChip Human Exon 1.0 ST arrays on human tissues and cell lines were obtained
from published (Yeo et al., 2007) and public sources
http://www.affymetrix.com/support/technical/sample data/exon_array data.affx.

Mean and standard deviation of expression values were calculated using Perl scripts.

RNA expression changes

RNA expression values and changes upon expression of LIN28 in HEK293
cells (LIN28-V5 293 cells) or knockdown in hES HO9 cells were obtained from Wilbert

etal., 2012.



FUTURE DIRECTIONS

Functional annotation of the genome is central to our ability to connect genetic
information with the impact variations have on the organism. The necessity for the
basic understanding of where DNA-binding factors and RNA-binding factors interact
with target transcripts, and the outcome of these contacts has fueled investments in
large, multi-group efforts towards this goal (2011). Understanding the exact point of
interaction between RNAs and regulators provides valuable information on two scales.
Firstly, this information allows us to predict how a change in nucleotide sequence will
affect the ability of that transcript to be properly regulated. This information alone can
inform us of disease susceptibility or drug response. Secondly, connecting mRNP
binding and regulatory maps with other —omics datasets, both static and context
dependent, improves our ability to make predictions of how defects in RBP function
affect downstream pathways controlling cellular function. Combining advances in
these data mining techniques, with the ability to model human development through in
vitro differentiation of pluripotent cells, opens new opportunities for rapid discovery
and conformation of functional polymorphisms affecting human health and

development.

CONNECTING LIN28 RNA REGULATORY MAPS TO DISEASE ASSOCIATED
POLYMORPHISMS
Our CLIP-seq studies and those of other groups enable transcriptome-wide

identification of RBP-RNA interactions at the level of nucleotide contacts. This

162
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resolution allows us to determine if single nucleotide polymorphisms (SNPs) occur
within RBP binding sites and has the potential to connect base pair changes to
functional outcome. A change in nucleotide sequence can affect the ability of an RBP
to bind and regulate a target transcript, resulting in a cascade of downstream effects
and possibly a disease phenotype. This phenomenon has been documented in AGO-
miRNA binding sites. Because of the constraints surrounding miRNA base pairing to
mRNA targets, a change in the sequence of the miRNA or mRNA target due to
genetic variation can disrupt miRNA targeting. However, SNPs can also create
miRNA target sites, or affect the miRNA transcript itself (Iwai and Naraba, 2005).
These polymorphisms that affect miRNA function are known as miRSNPs or miR-
polymorphisms and directly result in disease phenotypes and instances of drug
resistance (Abelson et al., 2005; Calin et al., 2005; Calin et al., 2004; Iwai and Naraba,
2005; Mayr et al., 2007; Mishra et al., 2008; Nicoloso et al., 2010). One such SNP in
LIN28 (rs3811463) upstream of a let-7 binding site has been shown to reduce binding
by the miRNA, leading to an increase in LIN28 protein expression (Chen et al., 2011).
Separate studies have found significant association with this allele in breast cancer and
type 2 diabetes mellitus (Zhang et al., 2013). Similarly, a polymorphism in Lin28b
was identified by another genome-wide association study (GWAS) as a risk factor in
neuroblastoma (Diskin et al., 2012). It is likely that this SNP affects the ability of
LIN28B to properly regulate neural crest progenitors, permitting a transformation into

neuroblastoma. By making this connection we can explain the contribution of LIN28
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to these phenotypes and potentially indicate the appropriate points of therapeutic
intervention in the regulatory cascade.

The connection of LIN28 to type 2 diabetes was also suggested through let-7
targets known to be associated with and contribute to that phenotype (Zhu et al.,
2011). However, less is understood about how the direct mRNA targets of LIN28
affect its contribution to disease and development. It remains to be tested if we can
identify LIN28 contribution to diseases through SNPs in its protein-coding target
genes. Similar to the miRSNP scenario polymorphisms in RBP target sites can affect
their binding and function. It may be possible to use the CLIP-seq approach itself to
screen for changes in RBP binding associated with patient specific genotypes (Figure
38). Using correlations between RBP binding sites and the findings of GWAS it may
possible to connect polymorphisms associated with disease to our RBP-RNA maps.
Adding information about either these direct functional interactions or downstream
connections between genes can add power to GWAS studies. Inspection of our data
revealed that 6 out of 10 genes associated with bone density in humans by the
Framingham Osteroporosis study (Kiel et al., 2007), namely CNTNAP2, GRP9S,
NRGI, VAMPI1, RMBS3, and CTNNBLI, were either strong LIN28 binding targets
and/or had LIN28-dependent alternative splicing changes. Lin28a transgenic mice
were found to have significantly greater bone mineral content and density than wild
type littermates (Zhu et al., 2011). The direct and indirect influence of LIN28 on these

genes involved with bone formation may explain its role in this phenotype. Whether
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LIN28 binding to these targets is directly affected by the sequence changes, as

proposed in the miRSNP scenario, remains to be investigated.

NETWORK MODELING OF REGULATION DURING IN VITRO DIFFERENTIATION

Classic approaches to genome-wide association studies (GWAS) have
historically been limited in their power to associate polymorphisms with disease. Due
to this, the simple overlap of RBP binding sites with known disease causing SNPs
alone could lack the necessary information to connect a single change to subsequent
cascade of disease etiology. Adding additional information content, for example
knowledge of signaling pathways or physical protein-protein interactions, is being
aggressively explored to expand our ability to draw biological knowledge from
network connections. For example, physical protein-protein contacts provide signaling
information and information about the architecture of the cell (2011; Stelzl et al.,
2005; Tarassov et al., 2008; Yu et al., 2008). Entire complexes of molecules involved
in regulation or specific types of modifiers, for example kinase-substrate interactions,
has also been added to these approaches (Linding et al., 2007; Ptacek et al., 2005).
Genetic networks describe combined effects of mutations in a phenotype, often
lethality (Butland et al., 2008; Horn et al., 2011; Linding et al., 2007; Tong et al.,
2001; Typas et al., 2008). These static metrics can, and are, being combined to build
models that explain how the influence of single factors are carried through a network

to affect the system as a whole. Our combinatorial interrogation of LIN28 regulated
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RNA networks in relation to other stem cell regulators warrant further investigation
utilizing the methods applied to these types of connections.

More recently, the incorporation of dynamic measurements in network
mapping creates a picture of interactions across multiple conditions, species or times
(reviewed in Ideker and Krogan, 2012). The measurement of genetic interactions in
the presence or absence of a pharmacological agent is one example (Bandyopadhyay
et al., 2010). This approach has the potential to identify relatively small hubs of
regulation that have the greatest influence, a condition that may describe the small
subset of LIN28 and OCT4, SOX2, and NANOG target genes defined in Chapter 3.
Genetic studies using mouse models have indicated that LIN28 regulation during
embryogenesis is essential for proper metabolic function later in the adult animal
(Shinoda et al., 2013; Zhu et al., 2011). This provides definitive evidence that this key
heterochonic regulator affects tissue specific function long before that tissue has
completed development. Thus, LIN28 expression sets a cascade of events in motion
that continues over time and through development until the ultimate effects are
observed in adult animals. This concept expands our understanding of regulatory
networks across the dimension of time and development. When we look for
associations between mutational loads in a disease for example, we may consider
building information on relationships that include pathways connected by roles across
development. The utility of defining functional interactions within a changing system,
like development, holds the greatest potential to better define the subtle molecular

changes that contribute to the programming of lifelong cellular function.
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Advances in pluripotent stem cell technologies now enable defined in vitro
differentiation to lineages in which LIN28 is required, such as neurogenesis and
skeletal muscle. Overlapping information from LIN28 and IMP regulation with that of
SOX2 in neural development would be a particularly interesting model as all three of
these regulators have been shown to impact this lineage, and to physically interact
with and regulate each other (Polesskaya et al., 2007). Interestingly, LIN28,
commonly thought of as a ubiquitous pluripotency marker, also displays an increase in
expression from the early blastocyst to day E 8.5 of early embryonic development in
the mouse, about a day after peak OCT4 expression (Darr and Benvenisty, 2009). This
may indicate a critical time point in LIN28 driven regulation and warrant exploration
of its action around this stage of early development. LIN28 and IMP2 regulation have
also been commonly associated with metabolic changes and regulation of each other
either through mRNA binding or indirectly through let-7 (Hafner et al., 2013)
motivating the study of their potentially interconnected roles in programming
metabolism.

The ability to reprogram adult somatic cells into induced pluripotent stem cells
(iPSCs) allow us to interrogate how different genetic backgrounds contribute to subtle
changes in development that underlie defects during adulthood. Using these models
we can test how LIN28 regulation (possibly in conjunction with IMP proteins or other
co-factors) interacts with different genetic backgrounds, for example in cells from
patients with type 2 diabetes. Furthermore, breakthroughs in techniques to selectively

modify specific points in the human genome make it possible to accurately compare
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the impact of mutations within the same background of an individual’s unique
genome. These approaches use engineered nucleases that cleave DNA in a site-
specific manner allowing targeted mutagenesis and have been developed using zinc-
finger nucleases (ZNs), transcription activator-like effector nucleases (TALENSs) and
CRISPR-Cas9-derived RNA-guided endonucleases (RGENS) to interrupt protein-
coding regions or non-coding transcripts like miRNAs (Cho et al., 2013; Kim et al.,
2009; Miller et al., 2011; Sung et al., 2013; Urnov et al., 2005). These techniques are
already being used in conjunction with differentiation of human pluripotent cells into
various metabolic cell types to demonstrate phenotypes such as insulin-resistance,
hypoglycemia, and motor-neuron death (Ding et al., 2013). The significant advances
in our understanding of LIN28, in particular its role in mRNA binding and post-
transcriptional control, along with these approaches will enable rapid prototyping of
network models affected downstream of LIN28 that contribute to disease and

development.

CONCLUSIONS

The promises of personalized medicine rely on our ability to interpret how
genetic and epigenetic changes contribute to ones health. To make this connection we
can use protein and genetic interaction maps to provide information about how
pathways are structured and how complex biological instructions are carried out. Our
studies of LIN28 in human ES cells gives important insight into how this protein is

connected to regulation of cell fate through its mRNA targets. The ability of LIN28 to
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bind the same transcripts in different cell-types implies our RNA maps will be useful
for the study of LIN28 in various systems. Now that we have access to this static
information the challenge remains to connect the regulation of LIN28 to networks that
act over the course of development. This will improve our power to discern how its
functions in early life program metabolic and other regulation later in the adult. Our
ability to connect regulatory networks between drivers of transcription and post-
transcriptional regulators, as well as non-coding RNA intermediates like miRNAs,
will greatly enhance our ability to predict downstream effects of subtle genetic or
epigenetic changes between individuals. The application of this information to models
in stem cells and directed differentiation allow us to iteratively test predictions made
from modeling regulatory networks. Understanding these interactions will facilitate
our ability to determine ideal points for therapeutic intervention and enable better
control of in vitro differentiation that may be applied to tissue engineering for

regenerative medicine applications.
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Figure 38. Impact of miRSNPs on miRNA Targeting and Function

A) MiRNAs traditionally target the 3’UTR of protein-coding genes causing down regulation of gene
expression by destabilization through deadenylation or decapping, and degradation of the mRNA, or
prevention of translational initiation or elongation This regulation allows for precise control of a
number of biological processes, such as development, apoptosis and proliferation. It also keeps proteins
at basal levels such that drugs are able to effectively target them. B) When a polymorphism in the
miRNA or target site prevents miRNA binding, the miR-RISC/Ago2 complex is unable to regulate
target mRNA, often leading to overexpression of the protein. This can have aberrant downstream
effects on a number of biological processes leading to a disease phenotype. Similarly, overexpression
of a target protein can result in drug resistance. C) CLIP-seq with immunoprecipitation of the Ago2
protein can detect miRNA binding or lack of miRNA binding. When a miRNA is able to bind its target
mRNA, immunoprecipitation of Ago2 pulls down the bound miRNA and mRNA. However, if a
polymorphism prevents miRNA binding to target mRNA, immunoprecipitation of Ago2 will only pull
down the miRNA. Subsequent processing through our CLIP-seq protocol and sequencing of the RNAs
gives reads corresponding to target mRNA. These reads can be mapped to the genome and and
computational analyses are used to identify significant clusters. These clusters represent the mRNA
targets site of miRNAs.
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